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Ph.D. Haira Duzan Plant Science 

Plants possess higWy sensitive perception systems by which they recognize signal 

compounds originating from microbes. These molecular cues play an important role in 

both symbiotic and pathogenic relationships. Establishment of the soybean (Glycine 

max)-Bradyrhizobium symbiosis is orchestrated by specifie signal molecules exchanged 

between appropriate plant and microbe partners: flavonoids as plant-to-bacteria signaIs, 

and Nod factor as bacteria-to-plant signaIs. How this signaling process interacts with 

stress conditions (abiotic and biotic) is the subject of this thesis. The abiotic stresses were 

suboptimal growth temperature, low pH, and salinity. Suboptimal growth temperatures 

atfected the ability of the microsymbiont, Bradyrhizobim japanicum, to perceive nad gene 

inducers (genistein) and produce Nod factor. Nod Bj-V (C18:I,MeFuc) production by B. 

japonicum strains 523C and USDAIIO was strongly affected by suboptimal growth 

temperature. Nod factor production declined with temperature, from 28 to 15 oc. Strain 

USD AllO was more atfected by decreased temperature than strain 532C. Decreased Nod 

factor production at low temperature was due to both decreased bacterial growth and 

lower production efficiency (Nod factor per ceIl). When al: l mixture of Nod factor Nod 

Bj-V (C18:1, MeFuc) and Nod Bj-V (Ac, C16:0, MeFuc) was applied to soybean roots, root 

hair deformation increased as Nod factor concentration increased under stressfuUy low 

temperature and low pH conditions. High salinity stress strongly reduced the root hair 

deformation caused by Nod factor, and increasing the concentrations of added Nod factor 

did not over come this. Exogenous application of Nod Bj-V (C I8:I, MeFuc), from strain 
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S32C, to soybean root systems under two root zone temperatures (RZTs - 17 and 25 OC) 

reduced the progression of disease (powdery mildew - Microsphaera difussa) 

development on soybean leaves; this effect increased with Nod factor concentration and 

was greater at 17 than 25 oC RZT. The first reaction in phenylpropanoid pathway is 

catalyzed phenylalanine ammonia lyase (PAL). PAL activity was induced by Nod Bj-V 

(C18:1, MeFuc) application to cut stems, and the concentration that caused the mom rapid 

PAL induction and greatest reduction of powdery mildew development foUowing root 

application (the highest concentration tested: 10-6 M). 
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Résumé 

Ph.D. Haifa Duzan Plant Science 

Les plantes possèdent des systèmes de détection sensibles avec lesquels eUes peuvent 

identifier des composés sécrétés par les microbes. Ces signaux jouent un rôle important 

dans les relations symbiotiques et pathogènes. L'établissement de la symbiose du soja 

(Glycine max)-Bradyrhizobium est orchestrée par un échange de signaux moléculaire 

spécifiques entre plante et leurs partenaires microbiens: les flavonoïdes étant sécrétés par 

la plante et les facteurs Nod par la bactérie. Les travaux présentés ici se rapportent à 

comment ces signaux intéragissent à différent stress (abiotiques et biotiques). Des 

températures suboptimales de croissance, l'acidité et la salinité furent sélectionnées 

comme stress abiotiques. Les températures suboptimales de croissance affectèrent la 

capacité du microsymbiont Bradyrhizobium japonicum à percevoir les flavonoïdes et à 

produire des facteurs Nod. La production de Nod Bj-V (C18:1, MeFuc) par les souches 

532C et USDAII0 deB.japonicum a été fortement affectée par des températures 

suboptimales de croissance, diminuant avec la température (28 à 15 oC). La souche 

USDAllO fut affectée davantage par cette diminution que 532C. La diminution de la 

production des facteurs Nod à basse températures était conséquence d'une réduction de la 

croissance bactérienne et de la production des facteurs Nod. Lorsqu'un mélange 1: Ides 

facteurs Nod Bj-V (C18:h MeFuc) et Nod Bj-V (Ac, C16:0 , MeFuc) fut appliqué aux 

racines de soja, la déformation racinaire augmenta avec la concentration des facteurs Nod 

sous des conditions de stress (bas pH et basse températures). Des conditions de salinité 

élevées menèrent à une forte inhibition de la déformation racinaires provoquée par les 
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facteurs Nod; cette inhibition ne fut pas renversée par un ajout de facteurs Nod. 

L'application des facteurs Nod à deux zones de température aux racines (17 et 25 OC) 

inhiba la progression du développement du mildiou (Microsphaera difussa) sur le soja; 

cet effet augmenta avec la concentration de facteur Nod, se trouvant à son point culminant 

à 17 oC plutôt qu'à 25 oc, L'activité de la lyase d'ammoniaque de phénylalanine (PAL) a 

été induite par le facteur Nod, et la concentration causant l'induction de PAL la plus 

rapide et la plus grande inhibition du développement du mildiou était identique (10-6 M). 
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ChapterI 

Generai Introduction 

Plants possess highly sensitive perception systems by wruch signais originating from 

potentially infecting organisms, both symbiotic and pathogenic, can be recognized 

(BoUer, 1995). During the early stages ofrhizobia -legume associations, rhizobia 

excrete signal molecules, Nod factor, wruch are perceived with high specificity by the 

appropriate partners, resulting in formation of a specialized compartment, the nodule, 

where the microsymbiont resides and fixes nitrogen. Nod factor are lipo

chitooligosaccharides, comprised of a chitin oligomer backbone and a fatty acid side 

chain at the non-reducing end, and aIso, possibly, "decorations" in the form of a variety of 

substitutions on the chitin backbone wruch contribute to specificity regarding the host 

plant to be nodulated (Schultze and Kondorosi, 1998). 

In addition to roles in the early stages of symbiosis, induding root hair 

deformation, nodule initiation, calcium spiking, and medium alkalinization (Schultze and 

Kondorosi, 1998), Nod factor have been implicated in other, more general, plant 

physiological responses. Nod factor enhance early growth of soybean [G.{vcine max (L.) 

Merr.] seedlings (Souleimanov et al., 2002). In non-Iegume systems, Nod factor has been 

reported to act as a substitute for auxin and cytokinin causing enhanced cell division and 

promoting somatic embryo development in Norway spruce (Picea abies); the latter has 

been attributed to the presence of endogenous Nod-factor like molecules, suggesting the 

ability of Nod factor to suppress embryogenic ceH death (Dyachok et al., 2000; Dyachock 



et al., 2002). In addition, mycorrhizal colonization ofnodulating and non-nodulating 

soybean was stimulated by Nod factor treatment (Xie et al., 1995). 

Nod factor and chitin oligomers induce similar plant responses, expression of 

early nodulin gene enod40, in soybean roots (Minami et al., 1996). Nod factor and chitin 

oligomer both induce a cytosolic calcium [Ca2+] increase in transgeruc soybean cells; both 

compounds are potent at nanomolar concentrations with most activity being observed for 

Nod factor possessing a longer chitin back bone (pentameric), while trimeric and dimeric 

forms induce markedly lower levels of calcium increase. This suggests a vital role for 

calcium increase in the signal transduction related to Nod factor, with calcium acting as a 

second messenger (Müller et al., 2000). Similar results have been reported in chitin

challenged transgenic soybean cens, suggesting that the early rapid increase in Ca2
+ 

concentration is part of a mechanism by which plants sense and recognize elicitors, 

leading to activation of defense responses (Mithôfer et al., 1999). 

Nod factor and chitin oligomers aIso induce the expression of genes potentially 

involved in defense-related reactions against pathogens (Savoure et al., 1997). 

Modification of Nod factor substitutions resulted in loss of ability to induce cytosolic Ca2
+ 

increases, suggesting the presence of specifie plant receptors for Nod factor (Müller et aL, 

2000). However, in soybean roots and suspension ceIl cultures a chitin-binding protein 

was identified in the plasma membrane; purified Nod factor [Nod Bj-V (CIS:!, MeFuc)] 

acted as a competitive inhibitor of chitin oligosaccharide binding to this protein, 

suggesting that soybean perceived both molecules at the same binding site, based on a 

similar structural features, the chitin backbone (Day et al., 2001). 
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Induction of plant defense reactions is associated with activation of a number of 

enzymes of the phenylpropanoid pathway, such as the key enzyme phenylalanine 

ammonia-lyase (pAL); PAL initiates the first reaction in the pathway (Dixon and Paiva, 

1995), leading to the production of secondary metabolites, such as phytoalexins, which 

are characterized by antimicrobial activity (Morrison and Buxton, 1993). Stimulation of 

PAL activity in soybean by chitin and chitosan oligomers was observed in soybean, 

suggesting the induction of tbis defense-related metabolic pathway in soybean plants 

(Khan et al., 2003). 

Abiotic stress factor, such as salinity, low pH, and low root zone temperature can 

cause poor legume nodulation in the presence of otherwise compatible symbionts. Early 

events in the symbiosis, such as signal production and excretion, rhizobial attachment, 

root hair curling, infection thread formation, and nodule initiation are particularly 

sensitive to these stresses (Tu 1981; Mckay and Djordjevic, 1993; Zhang and Smith, 

1996; Hungria and Stacey, 1997; Hungria and Vargas, 2000). The main purpose ofthis 

investigation is to study soybean-Bradyrhizobium interactions under abiotic and biotic 

challenges, in particular, the effects of low root zone temperatures on induction of B. 

japonicum nod genes and the subsequent ability to produce Nod factor. Further, the 

perception and response to Nod factor by soybean under abiotic stress conditions 

including: suboptimal temperature, low pH, and salinity was investigated. FinaHy, the 

work contained in this thesis describes investigations Nod factor effects on a biotic stress, 

disease development, when plants are under low and optimal root zone temperature 

(RZT) conditions and also the development of disease response related PAL activity when 

soybean is exposed to Nod factor. 
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2.i. The soybean. crop 

Chapterll 

Literature Review 

The ability to establish a nitrogen-fixing symbiosis with rhizobia is restricted to legumes, 

with the exception of sorne species in the genus Parasponia of the Celtidaceae family 

(Denarie et al., 1992; Systma et al., 2002). Leguminous plants exhibit very diverse 

morphology, habitat, and ecology, ranging from arctic annuals to tropical trees (Denarie 

et al., 1992). Many ofthese are able to form root nodules and fix atmospheric nitrogen, in 

association with appropriate rhizobia. The cultivated soybean, Glycine max (L.) Merr. 

belongs to the family Fabaceae (Homer et al., 2003). 

Soybean is a plant of tropical to subtropical origin and, as such, requires 

temperatures in the 25 to 30 oC range for optimal growth and symbiotic N2 fixation (Jones 

and Tisdale, 1921). At low soiI temperatures, legume nodulation and N2-fixation activity 

are strongly and negatively affected (Walsh and Layzell, 1986). Therefore, in short 

season areas low temperature is considered to be a major growth limiting factor for 

soybean (Whigham and Minor, 1978). Soybean is the world' s mû st widely-produced 

nitrogen (N2) fixing crop. In symbiûtic association with Bradyrhizobium japonicum, 

soybean can fix 100 to 200 kg ha-1 yr-1 of atmospheric N (Smith and Hume, 1987). 
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Soybean is a globaUy important crop, grown to at least sorne extent in most parts 

of the world as a primary source of vegetable oil and protein (Sinclair and Backman, 

1989). Annuai global production of soybean is on the order of 154 x 106 t, of which 

Canada accounts for approximately 2.8 x 106 t (Wrather et al., 2001). Canadian soybean 

production has been increasing steadily for several decades, and since 1994 there has been 

sharp increase in Quebec; soybean is sometimes the top field crop in Ontario (McClary, 

1997). Total Canadian area planted with soybean increased from 836 000 ha in 1994 to 

966000 ha in 1998 (Wrather et al., 2001). 

2.2. The 1"00t nodule 

Rhizobia are gram negative bacteria capable of reducing atmospheric dinitrogen to 

ammonia in association mainly with roots of many leguminous plants, forming a highly 

specialized structure, the nodule, in which biological nitrogen fixation occurs. Nodulation 

is a multistep infection process that involves specific plant and bacterial gene expression. 

Before the attachment step, and during the preinfection stages, symbionts must be 

exposed to each other for a period of time. Bacteria multiply and colonize the root 

surface and induce root hair tip curling forming pocket-like deformations where they are 

trapped, providing appropriate attachment for the later steps of infection, penetration into 

the root hair, forming the infection thread, which is initiated by ceU wall invagination and 

develops toward the base of the infected root haïr ceUs. This is followed by cortical cell 

division and subsequent nodule meristem development in the cortex. Rhizobia multiply 

and remain contained within the infection thread which will eventually reach the nodule 

primordium, where bacteria released into cells of the nodule meristem in the form of 
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bacteroids, the differentiated form of rhizobia which fixes nitrogen (Schultze and 

Kondorosi, 1998; Geurts and Bisseling, 2002). The most frequently nodulated region of 

the root is located above the zone of rapid root elongation and below the smaUest 

emergent root hairs present at the time of inoculation (Bhuvaneswari et al., 1980). 

2.3. Recognition 

The establishment of compatible symbiotic N2-fixing associations between rhizobia and 

legumes is a multi-step process, the success ofwhich is partly determined by preinfection 

events in the rhizosphere. These events involve recognition between two appropriate 

partners. The process starts with coordinated mutual exchange of molecular signaIs 

between the bacterium and host plant. The first step in this exchange is production and 

excretion of chemical attractants, especially Oso )flavonoids, from the plant roots, 

(Schultze and Kondorosi, 1998). These signal compounds are often exuded by the 

portion of the root with emerging root hairs, a region that is highly susceptible to infection 

by rhizobia (Verma, 1992). These compounds activate the expression of nod genes in 

rruzobia, stimulating production ofbacterial Nod factor (Geurts and Bisseling, 2002). 

Flavonoid molecules that act as early nodulation signais between legumes and their 

rhizobial symbiotic partners vary in both kind and relative amount from one type ofhost 

plant to another (Kosslak et al., 1987; Appelbaum, 1990). 

In the soybean - B. japonicum symbiosis the isoflavones genistein and daidzein 

are recogruzed as the primary signal molecules between soybean and B. japonicum nod 
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genes (Kosslak et al., 1987; lp et al., 2001). A variety of other flavonoid compounds can 

also act as inducers of nod genes. Both quercetin and kaempferol, are known inducers of 

soybean microsymbiont nad genes, having 10 and 29%, respectively, of the reported 

genistein activity (Kosslak et al., 1987). Application of genistein has been shown to 

increase soybean nodulation and N2 fixation at suboptimal root zone temperatures 

(RZTs). The duration of the root hair curling stage is shortened by inoculation with 

genistein-preincubated B. japonicum, especiaHy under low temperature conditions (Zhang 

and Smith, 1994). 

Cho and Harper (1991) reported a strong positive relationship between root 

isoflavone concentrations and soybean nodule numbers. For instance, a hypemodulating 

soybean mutant, derived from the cultivar Williams, had higher root concentrations of 

isoflavone compounds (genistein, daidzein, and coumestrol) than did Williams at 12 days 

after inoculation. 

In response to flavonoids exuded by the host roots, bacterial nad gene 

transcription is stimulated; nod genes specify the synthesis of nove! signal molecules 

termed Nod factor (Geurts and Bisse!ing, 2002). Nodulation genes are usuaHy cIassified 

into categories, which inc1ude the following: 1. the common nodulation genes, nodA, 

nodB, and nodC,which exhibit homology among Rhizobium and Bradyrhizobium species 

and are host inducible and essential for nodulation. They are involved in the biosynthesis 

ofsubstituted Iipo-chitooligosaccharides [LCOs, i.e. Nod factor] (perret et al., 2000; Wais 

et al., 2002). Nod factor biosybthesis is intiated by elongation of the non-reducing end, 

catalyzed by the Node protein UDP-N-acetyl glucosaminyltransferase, nodC also 
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encodes for B-glucososyl transferases catalyzing the incorporation ofN-acetyl 

glucosamine into cell wall polysaccharides (Hirsh et al., 2000; Perret et aL, 2000). 

Subsequently, the NodE protein, deacetylase, removes the acetyl group from the non

reducing terminus sugar (Stokkermans et aL, 1995), and finally, the NodA protein, 

acyltransferase catalyzes the addition of a fatty acyl chain by linking the acyl chain to the 

acetyl-free C-2 carbon ofthe non-reducing end of the oligosaccharide (Perret et al., 2000). 

II. nodD, an initial regulatory gene that positively regulates the transcription of structural 

nod genes (Stougard 2000). Rhizobia can posses more than one regulatory NodD protein, 

such as, NodDl and NodD2, the two component regulatory genes (e.g. nolA and nodVW 

in B. japonicum) have been identified in B. japonicum. In the absence of flavones 

(inducers), NolA is induced and negatively regulates the nodulation genes by activating 

the transcription ofnodD2; the resulting protein product represses the transcription ofnod 

genes (Garcia et al., 1996, Loh and Stacey, 2001). III. Genes that determine host range 

specificity (hsn, host-specifie nodulation). N. Genotype specifie nodulation (GSN) 

genes, which appear to specify the abiIity to nodulate selected genotypes within a legume 

species. The nodulation genes are localized on a megaplasmid (pSym) in fast growing 

rhizobia, whereas in Bradyrhizobium and Azorhizobium they are located on the 

chromosome (Hungria and Stacey, 1997). 

Over 60 Nod factor structures, produced by 17 different rhizobial strains, have 

been identified (Priee, 1999). Each rhizobial species has a characteristic set ofnodulation 

genes that specify the length of the chitooligosaccharide backbone, the type of 

substitutions along the chitin backbone and the nature (length and degree ofunsaturation) 

of the lipid side chain (Denarie et al., 1996). An these molecules have a similar basic 
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structure, composed of a chitooligosaccharide (a linear chain of 3-1, 4-linked N

acetylglucosamines) linked to an acyl chain (Mergaert et al., 1997). In addition to the 

acyl substitution, severa! other modifications of the Nod factor molecules have been 

described for both reducing and nonreducing end residues. For example, carbamoylation 

and N-methylation of the nonreducing terminal glucosamine is found on Nod factorfrom 

Bradyrhizobium elkanii, Rhizobium sp. NGR234, and Azorhizobium caulinodans (Priee et 

al., 1992; Carlson et al., 1993; Mergaert et al., 1993). Additionally, acetylation at 0-6 of 

this gIucosamine residue is reported for the Nod factor from B. japonicum and B. elkanii 

(Carlson et al., 1993). A number of modifications of the reducing end residue at 0-6 

were identified, such as, sulfation (Truchet et al., 1991), acetylation (Firmin et aI., 1993), 

and fucosylation (San juan et al., 1992; Carlson et al., 1993). 

Analysis of the structure-function relationships ofvarious Nod factor molecules 

has shown that specificity is determined by the various residues present on the core lipo

chitin backbone. For example, in the case of B. japonicum, specificity is determined, in 

part, by the presence of a 2-0-methylfucose residue attached to the terminal, reducing 

residue (San juan et al., 1992). When 2-0-methylfucose is removed from B. japonicum 

Nod factor, complete 10ss ofbioactivity results (Stokkermans et al., 1995). However, 

Nod factor with a broad variety of structures are active on bean roots. The common Nod 

factor produeed by bean rhizobia, a pentameric Nod factor with an N-methyl substituent, 

is also produced by rhizobia that do not nodulate bean (Hungria and Stacey, 1997). 

Bradyrhizobiumjaponicum USDA110 and 532C produce one major lipo

chitooligosaccharide (Sanjuan et al., 1992; Souleimanovet al., 2002) and a number ofless 

abundant ones; however, B. japonicum strain USDA135 produces several abundant lipo-
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oligosaccharides (Spaink et al., 1992). At least two distinct Nod factors [Nod Bj-V (Cu!:!, 

MeFuc) and Nod Bj-V (CI6:0, MeFuc)] were found to be produced by the microsymbionts 

ofsoybean, B.japonicum strains USDAllO, and USDA135, andB. elkanii strain 

USD A61. At least two Nod factor are required for induction of early nodulin gene in 

soybean roots (Minami et al., 1996). 

The nomenclature of Nod factors can most easily be explained with an example. 

In the case of Nod Bj-V (CI8:1, MeFuc) Bj refers to N2 fixing microorganism 

Bradyrhizobium japonicum, and V to the length of the chitin backbone, while C18:1 refers 

to the length of fatty acyl moi et y with one unsaturation and MeFuc is stand for the type of 

substitution, methyl fucose, on the chitin backbone (Souleimanov et al., 2002). 

In addition to Nod factor, other types of rhizobial signal molecules are involved 

and required for successful nodulation, for instance, the nodO gene of Rhizobium 

leguminosarum bv viciae is essential for nodulation and encodes a Ca2
+ - binding protein 

required for Ca2
+ transport via and ion channel, allowing nod factor transport across 

membranes (Stougard et al., 2000). Other types of extracellular proteins, known as 

nodulation outer proteins (Nops), are excreted by rhizobia upon flavonoid induction. 

Impaired nodules was formed on Crotalaria juncea roots when inoculated with 

Rhizobium sp. NGR234 mutated in nopX and nopL,genes (Marie et al., 2003), similar 

results were reported for Sinorhizobium fredit USDA257 symbiont of soybean (Krishnan 

et al., 2003). 
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The rhizobial structural polysaccharides also appear to be essential signal 

molecules during the early infection process. Non functional nodule formation was 

observed when Vicia sativa sp. nigra was inoculated with exopolysaccharide-deficient 

mutants (Exo mutants) of Rhizobium leguminosarum bv. viciae (Vanworkum, et al., 

1995), moreover, decreased nodulation competitiveness was aiso reported in 

exopolysaccharides-mutated rhizobia (Krishnan and Pueppke, 1998). Enhanced strain 

competitiveness for nodulation was observed due to the production of trifolitoxin, an 

antirhizobial peptide produced by sorne strains of R leguminosarum (Triplett et al., 

1994). 

Likewise, a number of molecular signaIs other than (iso )f1avonoids are produced 

by symbiotic legumes and play major roIes in nodulation, such as, betains, aikaloids, 

sugar acids, and amine acids. Rhizobia chemotactic responses toward legume roots are 

mediated by the amine acids glutamate and aspartate (Ndakidemi and Dakora, 2003). 

Betaines are a second class signal molecule released by Medicago saliva L. root system. 

They cause the induction of nodulation genes in Rhizobium meliloti, white, in the M. 

littoralis symbiosis only betains act as nod gene indu cers (Phillips et al., 1994; 1995). 

Moreover, rhizobia nod genes were induced by alkaloids (trigonelline and stachydrine) 

exuded by alfalfa roots, while, in lupin sugar acids (erythronic and tetronic acids) acted as 

a signaIs for nod gene induction (Ndakidemi and Dakora, 2003). 

Uridine, ethylene and mimosine are regulators of nodulation process. Cortical cell 

division is activated by diffusion of uridine from the stele into the cortex in the 

protoxylem zone of the roots, whiIe, ethylene synthesized in the pericycle and diffuses 
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into the cortex and bloeks celI division (Lazarowitz and Bisseling, 1997). Mimosine, is a 

non-protein amino acid. It is toxie and is produced by the tree legume Leuceaena, 

allowing higher competitiveness to mimosine degrading rhizobia (Soedarjo and 

Borthakur, 1998). 

2.4. Plant physiologicai responses to Nod fador 

Purified or ehemically synthesized Nod factor can elicit various effeets on legume plants. 

Exogenous applications of pure Nod factor have been shown to induce several 

physiological responses in the plant that are also induced by rhizobial infection. These 

responses include root-hair deformation, formation of pre-infection threads, cortical ceU 

divisions, alkalinization, and calcium spiking (van Brussel et al., 1992; Schultze and 

Kondorosi, 1998; Lhuissier et al., 2001). Moreover, in sorne legume systems the 

formation of mature structures resembling authentic, although empty (lacking bacteroids), 

nodules was aIso observed on Nod factor treated roots. At 10.7 M, Nod factor induced 

pseudo nodule formation on fOots of the legume Macroptilium atropurpureum (Relié et 

al., 1993). Chemically synthesized and naturally purified Nod factor from B. elkanii 

strain USDA61 were shown to induce the formation of complete nodule structures on G. 

soja. The most active lipo-chitooligosaccharides induced complete nodular structures at 1 

ng oflipo-chitooligosaccharide per spot inoculation (Stokkermans and Peters, 1994; 

Stokkermans et al., 1995). The formation offull-size nodular structures, including fully 

formed vascular systems, after induction with Nod factor, has also been shown for 

Medicago plants. For Medicago, this exceptional ability might be related to the ability of 

wild genotypes to form root nodules spontaneously in the absence of added Nod factor 
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(Truchet et al., 1989). However, G. soja is not known to fonu nodules spontaneously and 

yet it aiso has the ability to fonu nodule structures when its roots are exposed to Nod 

factor. Thus, it was concluded that the Nod factor alone are sufficient for development of 

complete nodule structures, at least on sorne legumes (Stokkermans and Peters, 1994; 

Stokkermans et al., 1995). Even so, failure of Nod factor to indu ce complete nodules is 

reported (San juan et al., 1992), and trus may he due to application of insufficient Nod 

factor (Stokkermans et al., 1995) or plant genotype differences. 

Enhanced mycorhizal colonization ofnon-nodulating and nodulating soybean 

genotypes, as weIl as Lab/ab purpureus, has been observed foHowing Nod factor 

application (Xie et al., 1995; 1997). Moreover, addition of Nod factor to non-ho st tomato 

suspension-cultured cell induced alkalinization, a reaction commonly elicited by chitin 

application (Staehelin et al., 1994). Further more, induced expression of genes encoding 

the enzymes of the isoflavonoid biosynthetic pathway in Medicago roots, including 

cha1cone synthase, chalcone reductase, isoflavone reductase and a pathogen related 

protein was also reported with Nod factor application (Savoure et al., 1997). In a 

comparable study, both, chitin oligosaccharides and the main nod factor produced by B. 

japonicum [Nod Bj-V (C 18:1, MeFuc)] elicited similar phytoactive defense responses in 

soybean cell cultures (Day et al., 2001). 

2.5. Abiotic factors iimiting symbiosis 

Abiotic stress factors, such as salinity, low pH, and low soil temperature can cause poO! 

nodulation in the presence of otherwise compatible symbionts. Early events in the 
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symbiosis, such as signal exchange and excretion, attachment, root haïr curling, infection 

thread formation, and nodule initiation, are particularly sensitive to these stresses (Tu, 

1981; Mckay and Djordjevic, 1993; Zhang and Smith, 1996; Hungria and Stacey, 1997; 

Hungria and Vargas, 2000; Duzan et al., chapters three and four). 

2.5.1. The effect of low temperature on the rhizobia-Iegmne symbiosis 

Low temperature is a major limiting factor for soybean growth and nodulation in areas 

with relatively short growing seasons (Whigham and Minor, 1978). Early studies showed 

that root temperatures in the 25 to 30 oC range are optimal for soybean N2 fixation (Jones 

and Tisdale, 1921). Low seasonal temperatures (usually May to September) restrict the 

growth ofN2 fixing soybean in eastern Canada (Lynch and Smith, 1993), affecting aH 

stages of symbiosis establishment including, signal exchange, root haïr curling, infection 

thread formation and penetration, and nodule development and function, with the 

infection processes being the most sensitive steps (Walsh and Layzell, 1986; Zhang and 

Smith, 1994). Low root zone temperatures (RZTs) also reduce the N 2 fixation activity of 

the nitrogenase enzyme complex (Layzell et al., 1984). When the RZTwas between 25 

and 17° C, the time between inoculation and the onset ofN2 fixation was delayed by 2 

days for each degree decrease in temperature, whereas between 17 and 15 Oc each degree 

delayed the onset ofN2 fixation by about 1 week (Zhang et al., 1995). Similar results 

have been observed in field bean, presumably due to a prolonged pre-infection period (24 

days at 10°C,. 8 days at 18 OC) as weB as slower differentiation of nodules at the lower 

temperature (Fyson and Sprent, 1982). Under optimal conditions only 24 h is required for 

the initiation of infection threads (Fyson and Sprent, 1982). 
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Suboptimal soil temperature inhibits the release of plant-to-bacteria signal 

molecules by soybean roots and their perception by rhizobia, resulting in less nad gene 

expression (nodY-lacZ fusion of B. japonicum USDA11 0), and, presumably, less Nod 

factor production as temperature declined from 17 to 15 oC (Zhang and Smith, 1996; Pan 

and Smith, 1998; Duzan et ai., chapter three). Similar results were reported for R 

leguminosarum bv. trifolii Nod factor production (McKay and Djordjevic, 1993). Low 

temperature may aIso limit the rate offixed nitrogen export, in the form ofureide, from 

nodules, resulting in accumulation of nitrogen inside the nodule, causing feedback 

inhibition ofN2 fixation (Sprent, 1979). 

2.5.2. The effect of low pH on the rhizobia-legume symbiosis 

Nodulation under low pH conditions has been attributed to sensitivity of early events in 

the symbiosis (Mckay and Djordjevic, 1993). Both, the ability of the host plant to excrete 

signal molecules and their perception by rhizobia were adversely affected by Iow pH 

conditions. The most low pH sensitive stage in the Rhizobium meliloti 1 Medicago sativa 

L association is the curling process (Muons, 1968). 

Reductions in the amounts of excreted nod gene indu cers by subterranean dover 

(Trifolium subterraneum L.) roots was inhibited at a pH ofless than 5, consequently, 

limited induction of nod genes was detected in three tested strains of Rhizobium 

leguminosarum biovar trifolti. Further restriction was observed at pH 4.8 (Richardson et 

al., 1988a), and a lower concentration ofnod gene encoded metabolites was detected, 
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presumably due to inhibition of Nod factor excretion rather than production; even so, 

there were differences among tested strains (Mckay and Djordjevic, 1993). 

At pH 4.0, Bradyrhizobium japonicum AlO17 exhibited a greater sensitivity to 

low pH-stress thauRhizobiumfredii P220. This was attributed to the ability of the fast 

growing R fredii to maintain higher contents ofhomospermidine as weIl as cellular Mg2
+ 

levels (Fujihara and Y oneyama, 1993). Nodule initiation, number, and dry weight for 

soybean are negatively affected by Iow pH, with the lowest pH tested, pH 4.5, causing the 

most negative effects (Alva et al., 1987). Similar results were reported for beau; adding 

nod-gene indu cers (genistein) potentially overcomes the stress imposed by low pH growth 

conditions (Hungria and Stacey, 1997). 

Low pH may also be associated with low concentrations of calcium and 

molybdenum, and toxic levels of aluminum, and manganese (Sprent, 1979). In the 

presence of calcium, induction of nod A in Rhizobium leguminosarum bv. trifoUi was less 

affected by low pH (Richardson et al., 1988b). An indirect effect oflower pH is 

decreased phosphate availability; lower Nod factor excretion levels were observed under 

phosphate limited growth conditions (McKay and Djordjevic, 1993). 

2.5.3. The effed of salinity on the rhizobia-Iegume symbiosis 

Salinity stress is a major environmental constraint on rhizobia-Iegume associations, 

affecting their capacity for nodulation and N2 fixation. At high solute concentrations 

water is withdrawn osmoticaHy from nodules (Sprent, 1979). The growth and 
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development of root and nodule dry weights ofFaba bean were decreased by 100 mM 

NaCI (Cordovilla et al., 1999). A 50% reduction in soybean nodule number and weight 

was associated with extreme sensitivity of nodule initiation to salt treatment, and this was 

attrihuted to limited root growth and decreases in the proportion of infected root hairs 

(Singleton and Bohlool, 1984; Saadallah et al., 2001). Inhibition of foot hair curling, 

shrinkage of root hairs, and reductions in nodule numbers were observed for NaCI 

treatments. Nodulation was completely eliminated at 1.2% (205.6 mM) NaCI (Tu 1981; 

Ikeda, 1994). 

The impact of salinity on the growth and survival of free living rhizobial cens has 

aiso been investigated. Generally, rruzobia are less affected by salt stress than their plant 

hosts (reviewed by Garg and Gupta, 2000). Rhizobium starins are more salt-tolerant than 

strains of Bradyrhizobium and differential responses of Bradyrhizobium sp. strains were 

reported to increasing concentrations ofNaCI (50-400 mM) (Elsheikh, 1998). 

2.6. Other environmental fadors Hmiting the symbiosis 

Water supply has a major effect on nodulation and nitrogen fixation. Infection is 

restricted in dry soUs owing the absence of normal root hairs. Instead, short, stubby root 

hairs develop, which are inadequate for infection by Rhizobium (Lie, 1981). 

Decreased soil water potential reduces the number of infection threads, root and 

root haïr growth (Sprent, 1979). This effect is reversible when the plants are rewatered; 

immature hairs resume normal growth and can become infected. Reduced water supply 
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foHowing successful infection may aiso retard nodule development, accelerate 

senescence, and generaUy lead to lower nitrogen fixation rates (Sprent, 1979), with 

accompanying reductions in the nodule respiration, transport of fixed nitrogen out of the 

nodules, and photosynthate supply from a stressed shoot system (Huang et al., 1975). 

Nodulation increases with soil water content until waterlogging occurs. Excess 

water is particularly detrimental to nitrogen fixation as even a thin layer of water on the 

nodule surface markedly reduces fixation (Lie, 1981). Low availability of oxygen 

reduces root growth and function, root-hair deformation, nodule development and nodule 

size; moreover, ethylene is produced in anaerobic soil, which, at very low concentrations, 

restricts nodulation (Lie, 1981). Wet and oxygen Iimited soil conditions aiso provide an 

optimal environment for the occurrence of root rot organisms such as Phytophthora 

megasperma var. sojae (Hicks, 1978). 

In the field, a temporary layer of water around the nodule occurs after any 

significant rainfall or irritgation event. This can be an important regulator of nitrogen 

fixation. Under prolonged exposure to water logging, plants may develop special 

structural changes on the nodule surface, such as, ruptures, protuberance and lenticles 

(Sprent, 1979). 

The supply of essential nutrients in the soil affects both root and nodule 

development. The most notable effect on nodule development and function is brought 

about by the presence of mineraI nitrogen. Increasing soil mineraI nitrogen reduces 

nodule number, size, and metabolic activity. Nodule number, fresh weight, and size, were 
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reduced by 33,50, and 25%, respectively, and less nitrogen was fixed when nitrogen 

fertilizer was applied (Hicks, 1978). It is clear that mineraI nitrogen inhibits the 

development of the Iegume-rhizobia symbiosis at many steps, and it has been 

demonstrated that the production of plant-to-bacteria signaIs is inhibited (Zhang et al., 

2000). 

Combined nitrogen [generally nitrate (N03), ammonium (NH4), and urea] has 

been demonstrated to inhibit aH components of symbiotic N z fixation. Symbiotic N2 

fixation is affected at all stages, from the initial bidirectional signal exchange between 

symbionts through to nodule senescence. This has been attributed to a shortage of 

carbohydrates and/or reducing power necessary for the competing metabolic processes of 

N03- assimilation and symbiotic N z fixation (Waterer and Vessey, 1993). Under field 

conditions, nitrogen application markedly decreased the concentrations of isoflavonoids, 

signaIs excreted by the macrosymbiont, resulting in decreased nodulation (Eardly et al., 

1984). 

2.7. Biotic factors limiting soybean production 

Soybean production worldwide is limited by a number of diseases caused by a range of 

pathogens, such as, nematodes and fungi. The parasitic cyst nematode (Heterodera 

glycines Ichinohe) is one of the most destructive soybean pathogens in North America. It 

attack the root system causing considerable yield Iosses. Serious diseases are aiso caused 

by a variety of fungal pathogens, sometimes leading to major yield reductions, for 

example Septoria glycines (Hemmi) is the causal agent ofbrown spot, Sclerotinia 

sclerotiorum (Lib.) de Bary is the causal agent of sclerotinia stem rot, and Microsphaera 
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difussa Cke. & Pk. 15 the causal agent ofpowdery mildew (Wrather et al., 2001). 

Powdery mildew can disrupt leaf structure, leading to declines in photosynthetic activity 

as great as 50010, and yield losses ofup to 35% in naturaHy infected fields of susceptible 

soybean cultivars (Dunleavy, 1979; Mignucci and Boyer, 1979; Phillips, 1984). In Brazil, 

losses caused by soybean powdery mildew were estimated at 30 to 40% (Gonçalves and 

Di Mauro, 2002). Recently, serious outbreaks of soybean powdery mildew were reported 

in eastern Asia (Takamatsu et al., 2002). The earliest reported occurrence of soybean 

powdery mildew is :from the D.S. (Lehman, 1931). 

Similar to the symptoms of other mildews, soybean powdery mildew causes 

irregular dust-like white patches to form on soybean leaf surfaces. The fungus possesses 

the ability to directly penetrate the cuticle and epïdermal cell wall and form a specialized 

structure, the haustoria, the structure by which the fungus obtains nutrients from its hosto 

The anamorphic stage is characterized by substraight to flexuous hyphal growth and multi 

to moderately lobed appressoria. Conidiophores produce conidia which are oval, 

ellipsoïdal or cylindrical in shape. Two fungal species were identified as casual agents in 

soybean powdery mildew, Erysiphe glycines in eastern Asia, and E. difussa (= 

Microsphaera difussa) in North America, both species are known to produce perfect stage 

ascomata possessing two differentÏal types of appendages (Takamatsu et al., 2002). 

In general, the control of powdery mildew has relied on extensive use of 

fungicide, however, some ofthese are environmental concems, and their continued use 

inevitably leads to development ofresistant strains of the pathogen. Several studies have 

been conducted to find safe, alternative, environmentally-friendly methods of disease 
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management, among them, biological control and induced resistance (Singh and 

Prithiviraj, 1997). When the biocontrol agent Trichoderma harzianum (T39) was applied 

to the cucumber root zone, induced resistance was observed against powdery mildew 

disease development (EIad, 2000). Similarly, induced resistance against cucumber 

powdery mildew was reported using Milsana (extract from knotweed) and this was 

associated with activation of genes encoding biosynthetic enzymes of the 

phenylpropanoid pathway (Fofana et al., 2002). Recently, induction of systemic 

protection against barley powdery mildew was confirmed by application of methyl 

jasmonate (Walters et al., 2002). Systemic acquired resistance was induced against 

powdery mildew when the synthetic BTH was applied (Heitefuss, 2001). 

A key enzyme in the phenylpropanoid pathway is phenylalanine ammonia-Iyase 

(PAL), which initiates the first reaction in the pathway, resulting in the formation of 

cinnamic acid (Dixon et aL, 1995). Cinnamic acid is metabolized to supply intermediates 

for the synthesis of secondary metabolites such as phytoalexins, which are characterized 

by antimicrobial activities (Morrison and Buxton, 1993). PAL activity can be induced by 

abiotic factors and during plant-pathogen interactions (Dixon and Paiva, 1995), however, 

PAL can be induced during early stages of symbiosis establishment. Infection of soybean 

roots with B. japonicum induces PAL genes (Estabrook et al., 1991). Additionally, Nod 

factor induced the expression of genes involved in plant defense induction in Medicago 

cell cultures (Savoure et al., 1997). PAL activity can also be stimulated by a number of 

elicitors, induding chitin and chitosan. Recently, the stimulation ofP AL activity in 

soybean was observed in soybean foHowing treatment with chitin and chitosan oligomers, 
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suggesting the induction of defense-related metabolic pathways in soybean plants (Khan 

et al., 2003). 
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2.8. Hypotheses 

Successful Iegume N2-fixing symbioses require tripartite interactions between the 

nitrogen fixing microorganism, such as, Bradyrhizobium japonicum, and a higher plant, 

such as, soybean, under favorable environmental conditions. The success of the 

symbiosis is highly dependant on mutuai exchange of specifie signal molecules between 

the two appropriate partners. These early stages, in particular, can be disrupted by a 

number of abiotic factors, such as, low root zone temperature, low pH, salinity and biotic 

factors, such as diseases caused by diverse types of plant pathogens. 

Symbiosis, in the broad sense, means beneficial and parasitic relationships, in this 

case between plants and a wide range of microorganisms. The interaction between plant 

and microsymbiont can be beneficial such as the symbiotic N2 fixation relationship of 

legumes, or parasitic. Both types of associations involve induction of similar genes and 

metabolic pathways (Baron and Zambryski, 1995). In rhizobia-Iegume associations, Nod 

factor induce genes encoding enzymes involved in plant defense reactions, which 

suggests the possible use of Nod factor for induction of plant disease resistance. Thus the 

hypotheses underlying the research contained in this thesis are: 

1. Low RZTs inhibit bacteria-to-plant signaling at the beginning of the establishment 

ofthe soybean nitrogen fixing symbiosis, particularly, the ability of the bacteria to 

produce Nod factor and the ability of the soybean root system to respond to them. 
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2. Low RZTs, low pH, and salinity affect Nod factor perception by soybean root 

hairs, affecting their biological activity. 

3. Addition of Nod factortothe soybean-bradyrhizobia system potentially induces 

plant defense responses against soybean powdery mildew. 

4. Both, pathogenic infection (powdery mildew on soybean leaves) and controUed 

infection (symbiosis, root infection by rhizobia) are similarly affected by low 

RZTs. 
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2.9. Objectives 

1. To test the e:ffects of suboptimal growth temperature on production of the Nod 

factor [Nod Bj-V (C18:1, MeFuc)] production and the efficiency of Nod factor 

production by B. japonicum strains 532C and USDAll o. 

2. To examine the response of soybean root hairs to Nod factor under three abiotic 

stress conditions: low temperature, low pH, and salinity. 

3. To determine the effect of application of Nod factor to the root system on soybean 

powdery mildew disease progression. 

4. To evaluate the effect of Nod factor application on the activity ofP AL the tirst 

enzyme in the phenylpropanoid pathway. 

5. To evaluate the effect of Nod factor on fungal growth and development (powdery 

mildew) in soybean tissues. 

6. To determine the effect of low RZT on powdery mildew infection of soybean 

leaves. 
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Fig.2.I. The structure of Nod factor. Nod factor frorn B. japonicum denoted as Nod Bj-V 

(C18:1, MeFuc). Bj stands for B. japonicum, V indicates the number of N

acetylglucosamine residues in a chitin backbone. In the bracket, the length ofthe acyl 

chain and degree of unsaturation, and substitutions on the reducing terminal sugar residue 

are mentioned. The R groups stand for hydrogen (RI), fatty acyl chain (Rz), hydroxy (R3, 

and Rs), MeFuc (~) and n = 5 (chitin pentamer) (source: http://www.glycoforurn.gr.jp). 
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Preface to Chapter m 

Chapter 3 is comprised of a manuscript prepared by H. Duzan, A. Souleimanov, and D.L. 

Smith, to be submitted for publication to Soil Biology and Biochemistry. The format has 

been changed to be consistent within this thesis. Aliliterature cited in tms chapter are 

listed in the reference section at the end of the thesis. AlI Figures for this chapter are 

presented at the end of this chapter. 

The co-authors in this chapter are as follows: Professor D.L., Smith, and Dr. A. 

Souleimanov. Their contributions are described in detail in the previous section of 

contributions of authors. 

The Bradyrhizobium-soybean symbiosis, is affected by a number of environmental 

factors, incIuding low RZT, which can be a limiting factor to soybean production in short 

season areas such as Eastern Canada. Early stages, in particular signal exchange between 

the two partners, can be affected by suboptimal growth temperature. Previous work in 

our laboratory addressed the effect of 10w RZTs on soybean signaIs from the plant to the 

rhizobia. In this section, 1 have shown that suboptimal growth temperatures inhibit the 

soybean-rhizobia association by inhibiting production of Nod factor, the bacteria-to-plant 

signaIs that play a key role in nodule initiation. 
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ChapterIU 

Nod Bj-V (C18:h MeFuc) Production by Bradyrhizobiumjaponicum (USDAHO, 

532C) at Suboptimal Growth Temperatures and its Biological Activity 

H. M. Duzan, A. Souleimanov and D.L. Smith* 

*Department of Plant Science, Macdonald Campus ofMcGiH University, 21, 111 

Lakeshore, Sainte-Anne-de-Bellevue, QC, H9X 3V9, Canada 
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3.1. Abstrad 

Nod factor (Lipo-chitooligosaccharides, or LCOs) act as bacteria-to-plant signal 

molecules that modulate early events of the Bradyrhizobiumjaponicum - soybean 

symbiosis. Sub-optimal rruzosphere temperatures suppress plant-to-bacteria signaling by 

decreasing production of flavonoid signais, particularly genistein, resulting in poor 

nodulation and lower amounts of fixed nitrogen. Addition of appropriate flavonoids to 

soybean inoculants partially compensates for the impact oflow soi! temperature early in 

the growing season, however, the effect on bacteria-to-plant signaling is largely 

uninvestigated. Thus, the objective of this study was to evaluate the effects of low 

incubation temperatures on the production of Nod factor (LCO) by B. japonicum. Two 

strains of B. japonicum, 532C and USDA11 0, were tested for ability to synthesize Nod 

Bj-V (CI 8:1, MeFuc) at three incubation temperatures (15, 17 and 28 OC). The greatest 

amounts of the major Nod factor, Nod Bj-V (C18:1,MeFuc), were produced at 28 oC by 

both strains. At 15 and 17 oC, the Nod factor production efficiency, per ceU, of B. 

japonicum 532C and USDAllO was markedly decreased with the lowest Nod factor 

concentration per ceU occurring at 15 oc. Strain 532C was more efficient at Nod factor 

production per œIl than strain USDA 110 at an temperatures. The biological activityof 

the extracted Nod factor was unaffected by temperature. This study constitutes the first 

demonstration ofreduced Nod factor production (per ceIl production) under low 

temperatures, suggesting another way that lower temperatures inhibit establishment of the 

soybean N2 fixing symbiosis. 
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3.2. Introduction 

Rhizobia associate with the roots and stems of many leguminous plants, forming a highly 

specialized structure, the nodule, where the appropriate bacterial partner resides and 

biological nitrogen fixation occurs. Nodulation is a multi-step process that requires 

coordinated communication, through the exchange of specific signaling molecules, 

between plant and bacterial symbiotic partners. The first step involves the secretion of 

phenolic compound s, mainly flavonoids, by the plants. These compounds activate the 

Nod D protein wruch, in tum, binds to the Nod box and activates transcription of the 

common nod genes in rhizobia, resulting in production ofbacteriaI Nod factor .. Nod 

factor induces pronounced root hair curling where, presumably, rruzobia is entrapped. 

This is followed by actual entry ofbacterial cens through an invagination of the plasma 

membrane where rhizobia will be contained. Cortical cens then differentiate, giving rise 

to nodule primordia. Infection threads continue to grow toward the target cells and once 

they reach the nodule primordia bacteria, contained inside plasmalemma, will be released 

into the nodule. Presumably due to an unknown signaI from the plant, rhizobia dividing 

and differentiate into bacteroids, where nitrogen will be fixed and exchanged for nutrients 

supplied by the plant.(Schultze and Kondorosi, 1998; Hungria and Stacey, 1997). 

Flavonoid molecules that act as early nodulation signaIs between legumes and 

their rhizobial symbionts vary in type and relative amount from one type of host plant to 

another. Nodulation and N2 fixation by legume plants are directly affected by flavonoid 

concentrations (Appelbaum, 1990). Genistein and daidzein are the primary flavonoids 

acting as signal molecules between soybean [Grycine max Merr. (L.)] and B. japonicum 
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(Kosslak et al., 1987; Sutherland et al., 1990). Quercetin and kaempferol are aIso known 

soybean inducers of B. japonicum, but have less activity than genistein (Kosslak et al., 

1987). In response to signaIs from the plant, the bacteria synthesize and release lipo

chitooligosaccharides, Nod factor, which trigger root hair curling. Bradyrhizobia are 

entrapped in the root hair curl and this aHows an intimate association with the host plant 

leading to infection thread formation and eventual nodule differentiation (Schultze and 

Kondorosi, 1998; Lhuissier et aL, 2001). 

AlI Nod factors have a similar basic structure, being composed of a linear chain of 

6-1,4-linked N-acetylglucosamines Iinked to an acyl side chain on the non-reducing end 

and a variety of substitutions on the reducing end (Mergaert et al., 1997; Hungria and 

Stacey, 1997). For example, the most abundant Nod factor produced by Bradyrhizobium 

japonicum USDAII0 is Nod Bj-V (CI8:1, MeFuc). Several other less abundant lipo

chitooIigosaccharides, have been characterized from B. japonicum strain USDA135 

(San juan et al., 1992; Spaink et al., 1992). Nod Bj-V (C18:1, MeFuc), was aiso extracted 

and purified from Bradyrhizobium japonicum 532C (Souleimanov et al., 2002) 

Purified or chemically synthesized Nod factor can elicit various responses from 

legume plants. These responses include root-haÏr curling, root-haïr deformation, 

formation of pre-infection threads, depolarization of plasma membranes, cortical cell 

divisions, induction of sorne early nodulation genes, the formation of thick short roots, 

and, in sorne cases, the formation of structures resembling fuHy formed nodules (van 

Brussel et al., 1992; Schultze and Kondorosi, 1998). Nod factors are effective at 

extremely low concentration, 10-15 M or l ng per spot inoculation were able to trigger root 
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hair deformation and nodule structure development (Stoklœrmans and Peters, 1994; 

Stokkermans et al., 1995). 

Soybean growth, when dependent on the rhizobia-Iegume symbiosis, is affected 

by a number of environmental factor induding low root zone temperature (RZT), which 

can be a limiting factor to soybean production in short season areas such as Eastern 

Canada. Temperature is considered to be a major limiting factor for soybean growth in 

cool areas with relatively short growing seasons (Whigham and Minor, 1978). Early 

studies showed that the 25 to 30 oC range of root temperatures is optimal for soybean Nz 

fixation (Jones and Tisdale, 1921). Low soil temperature is an important factor in 

symbiotic effectiveness and yield ofsoybean (Lie, 1981; Lindemann and Ham, 1979). 

The effeet of a given temperature on nodulation and Nz fixation varies with bacterial 

strain and cultivar (Gibson, 1971; Lindemann and Ham, 1979). Selection ofhost plants 

and bacterial strains adapted to prevailing conditions will minimize adverse 

environmental effects on nodulation and Nz fixation (Gibson, 1971). The adaptation of 

plants and their symbiotic partners was demonstrated under aretic conditions (Ek-Jander 

and Fahraeus, 1971; Bordeleau and Prevost, 1994). Sensitivity of the host plant to low 

temperature can be modified by the strain ofbaeterial symbiont used (Lie, 1981). Dari et 

al. (1976) recommended that B. japonicum strains be seleeted at soil temperatures likely 

to be encountered during growth. 

Because soybean requires temperatures in the 25 to 30 oC range for optimum Nz 

fixation and yield low seasonal temperatures (generally May and September) restrict the 

growth ofNz fixing soybean in eastern Canada (Lynch and Smith, 1993). AU stages in 
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establishment of the soybean-Bradyrhizobium symbiosis (root hair curling, infection 

thread formation and penetration, nodule development and function) are inhibited by 

suboptimal RZTs; however, infection processes are the most sensitive steps (Zhang and 

Smith, 1994). Studies of the effects of suboptimal RZTs on soybean concluded that these 

conditions decrease N fixation activity by the nitrogenase enzyme complex (LayzeU et al., 

1984) and suppress or delay root infection and nodulation (Walsh and Layzell, 1986). 

Between 25 and 17 oC the time from inoculation and the onset ofN2 fixation was delayed 

by 2 days for each degree decrease in temperature, whereas RZTs between 17 and 15 oC 

were more strongly inhibitory, and each degree decrease delayed the onset ofN2 fixation 

by about one week (Zhang et al., 1995). In field bean (Phaseolus vulgaris L.), the period 

from sowing to induction of nitrogenase activity was about 3 times as long at 10°C (45 

days) as at 18 Oc (14 days); tms difference was attributed to a greatly prolonged pre

infection period (24 days at 10°C, 8 days at 18 OC) and slower differentiation of nodules 

at the lower temperature. Under optimal conditions only 24 h are required for the bacteria 

to initiate infection threads in field bean (Fyson and Sprent, 1982). In addition, the fatty 

acid composition offree-Iiving R. leguminosarum bv. viciae strains CBh5 and CBp7 were 

markedly affected by low temperatures (Theberge et al., 1996). 

A Iesser genistein content in soybean roots was reported at Iower RZTs, in 

addition, bacterial nod gene induction (nodY-lacZ fusion of B. japonicum USDAll 0) was 

inhibited at low incubation temperatures, adding a higher genistein concentration 

overcomes this inhibitory effect (Zhang and Smith, 1996; Pan and Smith, 1998). Nod 

factor production/excretion by Rhizobium leguminosarum bv. trifolii was disrupted at low 

incubation temperatures, and this was attributed to effects on transcription, translation, or 
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post-translation events involved in Nod factor production (McKay and Djordjevic, 1993). 

Taken together data ofprevious studies show that low RZTs suppress signaling between 

symbiotic partners. Addition of appropriate flavonoids (the plant-to-bacteria signaIs) to 

soybean inoculants partiaUy compensates for the impact oflow RZTs. Low temperature 

also affects the growth of rrnzobial cells and, in the end, the direct measure of effects 

specificaUy on Nod factor production must be Nod factor produced per œIl, or Nod factor 

production efficiency, however, the effect of low RZTs on the efficiency of signaling 

from the bacteria (lipo-chiooligosaccharides) is largely uninvestigated. Thus the 

objective of tbis study is to evaluate the effects of low growth temperatures on the 

production of the major Nod factor [Nod Bj-V (C18:1, MeFuc)] produced by cells ofB. 

japonicum strains (532C and USD Al 10). 

3.3. Materials and Methods 

3.3.1. Batteria) strains 

Two strruns of B. japonicum, 532C and USDA11 0, were obtained from Liphatech Inc. 

(Milwaukee, WI, USA) and tested for Nod factor production at three incubation 

temperatures (15, 17, and 28 OC). These strains were selected as they are, or have been, 

widely used in commercial B. japonicum inoculants sold in Canada. Strain 532C is 

currently used in most Canadian inoculants and strain USDA11 0 was used in Canadian 

inoculants and is still used in American inoculants. 
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3.3.2. Bacterial culture and growth conditions 

This experiment was conducted to study the effect ofthree growth temperatures (15, 17, 

and 28 OC) on Nod factor production. Two strains were utilized: B.japonicum 532C and 

USDAI10. The treatments consisted offactorial combinations of the two strains and the 

three growth temperatures. Bach treatment was replicated five tîmes. In order to observe 

clear separation and elution of the targeted Nod factor peak, isolated and quantified by 

HPLC, the B. japonicum ceUs were grown in Bergersen minimal (BM) medium and 

prepared as described by Spaink et al. (1992). 

The cultures were grown in 200 mL ofBergersen minimal (BM) medium at 28 oC, 

originating from starter cultures of the same OD (A 620 0.08) values for the two strains 

tested. On the sixth day of culture, five replicates of each strain were transferred to 17 oC, 

and five to 15 oC incubation temperatures. Five were also left at 28 oc. Throughout the 

work the cultures were held in glass flasks and shaken at 150 rpm on an incubator orbital 

shaker (model4580, refrigerated console, Forma Scientific Inc. USA). After 24 h of 

acclimatization to the new growth temperatures, 5 IlM genistein were added to each 

replicate (flask). Nod factor extraction was perfonned after five days. It is known that 5 

!lM genistein provides for maximum Nod factor production, on a whole culture basis, at 

optimal temperatures (Kosslak et al., 1987; Zhang and Smith, 1995; Zhang et al., 1996); 

concentration was utilized in order to determine the effects of temperature on Nod factor 

production under standard conditions. 
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3.3.3. Population density assay 

Nod factor was extracted and purified form bacterial strains incubated under suboptimal 

growth temperatures; therefore, there was a need to determine whether reductions in Nod 

factor production, due to low temperature, at the culture level were because of reduced 

production per œIl or reduced œIl numbers or both. Therefore, a œIl density assay was 

conducted for each bacterial culture of each treatment and replicate. SeriaI dilution and 

spread-plate methods (Somasegaran and Hoben, 1994) were performed to determine the 

number of viable cells in the cultures. In order to achieve a countable œll number (30 to 

300 cens mL-l
) a range of 10-1 to 10-8 culture dilutions was prepared. Four sub-replicates 

of 0.1 mL from each dilution per replicate per treatment, for a total of 4 x 5 x 3 x 2 = 120 

treatments, were plated on yeast extract mannitol agar (Vincent, 1970) and incubated at 

28 oC. Numbers of colonies were counted after 7 to 9 days of incubation. Number of 

colony forming units 1 mL (CFU/mL) was determined with the following formula: 

CFU/ml = L No. of colonies per plate 1 No. of plates counted * 1/mL of aliquot 

*l/decimal dilution 

3.3.4. Nod fador extraction and purification 

The 200 mL cultures of each treatment/replicate were extracted with 40% HPLC-grade 1-

butanol, followed by shaking the mixture for 5 to 10 minutes, then allowing the two 

phases to separate for 24 h. The organic phase (butanollayer) was collected and 

evaporated at 80 oC in a Yamato RE500 Rotary evaporator (Yamato Scientific American 

Inc., NY, USA). The extract was dissolved in 1 to 2 mL of 18% of acetonitrile and stored 
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in the dark in glass tubes at 4 oC for 24 h. Samples were eentrifuged for 10 minutes at 12 

g, and the supematant was collected for HPLC analysis. 

Two hundred I-lL of the Nod factor extract were injected into a Waters HPLC 

system (Waters Associations Ine., Milford, MA) consisting ofa model 712 WISP, two 

model 510 pumps and a model 441 UV detector operating at 214 mll. Separation was 

earried out with a Vydac C18 reversed-phase eolumn (5 ~m, 46 X 250 mm, Vydac, 

USA). A program of gradients of acetorutrile and water was used to elute Nod factor from 

the column: 18% acetomtrile (10 min), from 18 to 60% aeetonitrile (20 min), from 60 to 

100% acetonitrile (5 min). The Nod Bj-V (C18:1, MeFue) was eluted at 30.to 71 min of 

HPLC run time (Fig. 3.2.). The elution time was comparable to the elution time of a 

standard (a gift from Prof G. Stacey, Center for Legume Research, University of 

Tennessee, Knoxville, USA). 

3.3.5. The biological activity of Nod Bj-V (C18:1,MeFuc) 

The Nod factor was isolated by HPLC. There was a concem that different temperature 

regimes could cause the production of non-Nod factor compounds that co-elute with the 

Nod factor ofinterest. Thus, we bioassayed the material coHected from the HPLC, and 

assumed to be the major Nod factor produced by B. japonicum. Nod Bj-V (C18:1, MeFuc) 

was extracted and purified from each bacterial culture incubated, at a range of growth 

temperatures. 
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For root hair deformatÎon assay, soybean (OAC Bayfield) seeds were surface 

sterilized in 2% sodium hypochlorite for 2 minutes and washed thoroughly, severaI times, 

with distiUed, sterilized water. Two seeds were placed on Petri plates containing 1.5 % 

water agar, and incubated in the dark at room temperature. After 5 to 7 days, lateral roots 

of similar length and showing abundant root hairs were aseptically excised and placed on 

slides. Three slides per treatment were prepared; each contained three laterai roots, for a 

total of9 observations per Nod factor extracted from each incubation temperature. Two 

concentrations, 0 (distilled water control) and 1 0-6 M were appHed to lateral roots as 10-6 

Mis known to trigger root hair deformation (Prithiviraj et al., 2000; Duzan et al., chapter 

four). Slides were kept in a cIosed moist chamber and incubated for 24 h at 25 oC in the 

dark. Roots were fixed with staining solution (prithiviraj et al., 2000). Fields ofroot hair 

deformations were observed using light rnicroscopy (Jenalumar, Jena Instruments Ltd, 

Germany) in the zone where susceptible root hairs occur, [generaUy zones 1 and II where 

active root hair elongation is occurring, but not zone III where elongation is finished, 

about 1 to 2 (prithiviraj et al., 2000) mm above the root tip for domestic soybean] until an 

root hairs in the susceptible zone were observed (Stokkermans et al., 1995; Prithiviraj et 

al., 2000). The entire experirnents were conducted twice with similar results in both 

instances. 
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3. 4. ResuUs 

3.4.1. The etfect of incubation temperature on pel' culture Nod factor production 

The greatest amounts of the major Nod factor (San juan et al., 1992; Souleimanovet al., 

2002), Nod Bj-V (C18:1,MeFuc), were produced by the two strains at 28 oC. However, the 

concentration varied between the tested strains (Fig. 3.1. A). At 5 j.!M genistein, and at 28 

oC Nod factor production by B. japonicum 532C was much greater than by USDAllO. 

When incubation temperature dropped to 17 oC, a large decrease in Nod factor 

concentration was observed, as compared with concentrations detected at 28 oC, an 

optimal growth temperature. The lowest level of Nod factor production occurred at 15 oC 

for both strains (Fig. 3.1. A). 

At sub-optimal incubation temperatures (15 and 17 OC) the growth rates of strains 

532C and USDAllO in the culture medium were markedly decreased. CeU density was 

different between the two tested strains. At 17 and 28 oC, USDA11 0 had more CFU / mL 

than 532C, while, at 15 oC USDA110 had fewer CFU/mL than 532C (Fig. 3.1. B). 

The greatest production of Nod factor per bacterial cell was observed at the 

optimal growth temperature (28 OC) for both strains. There was a direct relationship 

between growth temperature and efficiency ofbactenal cens for Nod factor production, 

with the lowest efficiency occurring at 15 oC. In general, 532C was more efficient than 

USDAIIO in Nod factor production at the three tested growth temperatures (Fig.3.!. C). 
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3.4.2. Effect of temperatures on tbe biological activity of Nod factor 

Nod Bj-V (C18:b MeFuc) from 532C and USDAIlO, produced by aU treatments, 

exhibited bioactivity on soybean root hairs. Three types of root haïr deformations were 

observed in the root hairs ofthe susceptible zones: wiggling, bulging, and curling. In 

general, Nod factor from aIl the treatments manifested activity (root haïr deformation) 

levels that were not different at 10-6 M when appHed to soybean root hairs. Control 

solutions, without Nod factor, showed none of the typical Nod factor induced HAD 

activity (Fig. 3.3. B to F). 

3.5. Discussion 

Soybean-bradrhizobia symbiosis establishment cau be affected by a number of abiotic 

stress conditions, such as Iow temperature, which can be a major limiting factor for 

soybean nodulation and N2 fixation (Whigham and Minor, 1978). Previous studies 

addressed the inhibitory effect oflow RZTs on "inter-organismal signal exchange", 

particularly the inhibition of genistein accumulation (the plant-to-bacteria signais) in 

soybean roots (Zhang and Smith, 1996; Pan and Smith, 1998). Here we present evidence 

regarding the effect ofsuboptimal growth temperature on production of Nod factor, the 

bacteria-to-plant signal, by two strains of B. japonicum. 

When the growth temperature was reduced to 17 and 15 oC lower Nod factor 

concentrations resulted for both of the tested strains. This is in agreement with the 

previously described effect of Iow incubation temperatures (18 OC) on the detected whole 
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culture level of Rhizobium leguminosarum bv. trifolti Nod factor production (McKay and 

Djordjevic, 1993). The progressive reduction in Nod factor production as temperature 

decreased from 28 to 15 oC, for both strains, does not necessarily indicate direct effects of 

the growth temperature on Nod factor production; it is possible that the low growth 

temperature disrupts Nod factor excretion rather than Nod factor production, as reported 

by McKay and Djordjevic (1993); this was not tested in the CUITent study. Furthermore, 

nod gene expression in B. japonicum USDA11 0 is inhibited by low incubation 

temperatures (Zhang et al., 1996), hence, it is reasonable, although previously 

undemonstrated, to observe lower Nod factor production by at least strain USD Al 1 0 

grown under suboptimal growth temperatures. 

As incubation temperature decreased, so did ceIl density, for both strains, 

however, the ceIl density ofUSDAllO was higher, at 28 and 17 oC, but lower at 15 oC, 

than 532C. Conversely, 532C produced more Nod factorthan USDAl10 at an 

temperatures. Perhaps at the lowest incubation temperature (15 OC) USDAIIO is more 

sensitive and thus rate of cell growth and metabolism is highly affected by low 

temperature, which would have resulted in the Iowest production of Nod factor. The 

better growth of 532C than USD Al 1 0, at 15 oC may contribute the better suitability of the 

former for use in commercial inoculants in Canada, where spring soil conditions are 

generally cool. Perhaps it is not surprising that low incubation temperatures affected the 

gross rate of Nod factor production and rate per cell. Zhang et al. (1996) previously 

reported the inhibitory effect oflow incubation temperature on growth rate and efficiency 

ofbacterial ceU in nad gene induction for USDAllO. Similar results, in general, were 

reported by (Zhang et al., 2002), though, we can not specifically compare their findings 
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with data reported in the current study for four reasons: 1) Zhang et al (2002) monitored 

bacterial growth rate based on OD observations, 2) bacterial cultures were induced with 

suboptimal levels of genistein (0.1, 1.0 JlM), 3) yeast extract mannitol broth (YEM) 

medium was used to grow the culture, and 4) the range of temperature tested for Nod 

factor production was not the same (orny 17 and 25 OC). It should also be noted, that 

repression of nod gene induction has been reported at high B. japonicum population 

densities, mediated by a quorum signal and governed by the regulatory NodD2 expression 

(Loh et al., 2001), which can lead to lesser Nod factor production at higher population 

densities. DifferentiaI sensitivities to quorum sensing signal, or differential production of 

this signal, could cause differences in Nod factor production at high population densities. 

Both, the rate of growth ofbacterial strains and the efficiency of Nod factor 

production (amount of Nod factor produced per ceIl) were reduced by Iow incubation 

temperature, and when production at lower temperatures were expressed as a percent age 

of production at an optimal incubation temperature (28 oC) the decreased concentration of 

Nod Bj-V (CI8:1, MeFuc) produced by strain USDAllO at 15 oC was primarily due to 

lower numbers ofbacterial cells (decreased by 80%) ratherthan efficiency (decreased by 

69%), while, efficiency of532C in Bj-V (C18:1, MeFuc) production was more affected 

(decreased by 70%) than the rate of growth (decreased by 38 %). At 17 oC a similar 

pattern was observed for the two strains (USDAl1 0, 532C), where the efficiencies were 

more affected (decreased by 55 and 63%) than the growth rate (30 and 29 %) 

respectively. Per ceIl production of Nod factor was more affected by Iow temperatures 

for strain USD AlI ° than strain 532C. DifferentiaI rates of Nod factor production among 

strains of R. leguminosarum bv. trifolii at suboptimal growth temperature was previously 
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reported (McKay and Djodjevic, 1993). Nod factor production, both per œU and on a 

whole culture basis, was greater for 532C than USDA11 0 at aIl three growth 

temperatures; perhaps this is another mechanism contributing to the superior performance 

of strain 532C over a range oftemperatures, contributing to its widespread use under 

Canadian conditions (Hume and Shelp, 1990; Lynch and Smith, 1993). Suboptimal 

growth temperature has been shown to reduce the amount of genistein in soybean mots 

and inhibit the expression of nod genes, resulting in delayed nodulation and onset ofN2 

fixation (Zhang and Smith, 1994; Zhang et al., 1996). In the present study, low gmwth 

temperatures have been shown to inhibit the production of Nod factor, the bacteria-to

plant signal. 

The earliest visible response of mot hairs to Nod factor application is mot hair 

deformation (Lhuissier et al., 2001). Here we conducted qualitative tests of the growth 

conditions and biological activity relationships of purified Nod factor. The data allows us 

to conclude that Nod Bj-V (C18:1, MeFuc) extracted from B. japonicum strains 

(USDAII0, 532C) maintained its bioactivity, ability to induce soybean mot hair 

deformations, at aIl temperatures. Recently, the effect of low incubation temperature on 

the perception of Nod factor by soybean root hairs was addressed (Duzan et al., chapter 

four). 

In conclusion, these experiments showed that 1) low growth temperature inhibits 

the biosynthesis/excretion of Nod Bj-V (C18:1, MeFuc) production by two strains 

commonly used in commercial inoculants, 2) the growth rates were reduced by low 

incubation temperature, 3) low gmwth temperature affects the response of the 
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microsymbiont to nad gene inducers, 4) an Nod factor extracts caused root hair 

deformations that were not different when the Nod factor solutions were tested at the 

same concentration, 5) strain 532C was more efficient in Nod factor production per ceIl, 

over the range of tested growth temperatures, than USD AllO. 

Further studies should investigate the impact of low temperature on: Nod factor 

biosynthesis, excretion and chemical structure, and their influences on the ability of the 

microsymbiont to produce Nod factor at low temperature, and the perception of Nod 

factor by the macrosymbiont. We evaluated Nod factor production under unfavorable 

growth conditions using 5 ~M genistein, the concentration that induced the highest level 

of nad gene expression at 25 oC (Zhang et al., 1996). Therefore, it is reasonable to 

hypothesize that induction of nad genes with higher concentrations of genistein 

potentially overcomes the stressful effects of low temperature on metabolites involved in 

Nod factor production; however, this was not tested in the work reported here. 
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Fig. 3.1. The effect ofincuxbation temperatuxre on Nod Bj~V (C18::t. MeFuxc) 

production in two strains of B. japonicum (USDAUO and 532C). Each value is 

piotted as the mean ± S.E. (n = 5). 
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Fig. 3.2. HPLC profile of n-butanol extra ct from Bradyrhizobium japonicum 

(USDAll0,532C). Nod Bj-V (C18:b MeFuc) with retention time 30.71 min, 

Nod Bj-V (Ac, CI6:!), MeFuc) with retention dme 32.56 min. 
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Fig. J.J. Types of root hair deformations manifested by Nod factor treatments. (A) 

Root hair brancbing (magnification = (15). (B) Root bau curling (magnification = 

308). (C and D) Root hair bulging (magnification = 288). (E) Untreated root bain 

(control, magnification = 4(2). (F) Root bail' wiggiing (magnification = 384). 
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Preface to Chapter IV 

Chapter 4 is comprised of a manuscript prepared by H. Duzan, Dr. X. Zhou, Dr. A. 

Souleimanov, and D.L. Smith, for submission to Journal of Experimental Botany. The 

format has been changed to be consistent withln tms thesis. AH literature cited in this 

chapter are listed in the reference section at the end of the thesis. AlI Figures for this 

chapter are presented aï the end ofthis chapter. 

The co-authors to this chapter are Dr. D.L. Smith, Dr. X. Zhou, and Dr. A. 

Souleimanov. Details of their contributions were described in the section of contributions 

ofauthors. 

In the previous chapter we addressed the effect of suboptimal growth temperature 

on Nod factor production by B. japonicum and found that this contributes to the low RZT 

reduction of soybean nodulation. In this chapter we investigated the effect ofthree 

abiotic stresses (suboptimal temperature, low pH, and salinity) on the biological activity 

of Nod factor and their perception by soybean root hairs. 
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ChapterIV 

Recognition of Bradyrhizobiumjaponicum Nod factor by Soybean [Glycine max (L.) 

Merr.] Root Haïrs under Abiotic Stress Conditions 

H. M. Duzan, X. Zhou., A. Souleimanov., and D.L. Smith* 

*Department of Plant Science, Macdonald Campus of McGill University, 21, III 

Lakeshore, Sainte-Anne-de-Bellevue, QC, H9X 3V9, Canada 
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4.1. Abstrad 

Suboptimal growth conditions, such as low rhizosphere temperature, high salinity, and 

low pH can negatively affect early stages of the rhizobia-Iegume symbioses, resulting in 

poor nodulation and lower amounts of fixed nitrogen. Nod factor act as bacteria-to-plant 

signaIs that modulate early events of the Bradyrhizobium japonicum - soybean [Glycine 

max (L.) MeIT.] symbiosis. Addition of Nod factor to rhizobia-legume systems partiaHy 

compensates for abiotic stresses in the early growing season; however, the effect on 

bacteria-to-plant signaling, particularly, root hair deformations is unknown. Thus, the 

objective of this study is to evaluate the perception of Nod factor by root hairs under three 

stress conditions, low temperature, low pH, and high salinity. Three experiments were 

conducted using al: 1 ratio of Nod Bj-V (CI8:1, MeFuc) and Nod Bj-V (Ac, C16:0, MeFuc). 

Nod factor induced four types of deformations, wiggling, bulging, curling, and branching. 

Under optimal experimental conditions the response of root hairs to the three tested 1evels 

of Nod factor (10-6
, 10-8

, and 10-10 M) was dose dependant. There was no interaction 

between low temperature and Nod factor concentration, or Iow pH and Nod factor 

concentration. Root hair deformation (HAD) decreased with temperature over the range 

tested (25, 17, and 15 OC). Low pH, high salinity and low temperature aIl reduced RAD 

caused by Nod factor. Salinity strongly inhibited HAD responses to Nod factor; there 

was no increase in RAD as Nod factor concentration increased when the root hairs were 

exposed to saline conditions, but, this relationship was seen in control (no salinity) plants, 

resulting in a Nod factor concentration by salinity concentration interaction. 
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4.2. Intmduction 

Successful rhizobia-Iegume symbioses depend on efficient plant root nodulation and 

subsequent N2 fixation. During the early stages of infection and nodule organogenesis, 

bacteria attach to the plant roots in response to an attractant exuded by the roots, mainly 

flavonoids, which activates bacterial NodD protein, causing transcription ofthe bacterial 

nod genes. Expression of the nod genes results in synthesis ofbacteria-to-plant signal 

molecules, Nod factor; these compounds are composed of tri- to penta-chitin backbones 

and possess an N-acyl group at the non-reducing end and a variety of substitutions at 

locations along the chltin backbone. Differences among Nod factor specify compatibility 

between macrosymbiont and microsymbiont species (Schultze and Kondorosi, 1998). 

Application of appropriate Nod factor to soybean (Glycine max (L.) Merr.) roots triggers 

responses such as root hair deformation, and can cause the initiation of nodule primordia 

or the formation of complete nodule structures (Carlson et al., 1993; Stokkermans et al., 

1995). It is now known that the root hair deformation elicited by Nod factor involves 

signal transduction through phospholipase C and D (Hartog et al., 2001). Recently, the 

role of phospholipase D in root hair morphogenesis was confirmed in Arabidopsis 

thaliana (Ohashl et al, 2003). 

Abiotic stress factor, such as salinity, Jow pH, and Iow root zone temperature can 

cause poor nodulation in the presence of otherwise compatible symbionts. Early events in 

the symbiosis such as, signal production and excretion, rhizobial attachment, root hair 

curling, infection thread formation, and nodule initiation, are particularly sensitive to 
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these stresses (Tu, 1981; Mckay and Djordjevic, 1993; Zhang and Smith, 1996; Hungria 

and Stacey, 1997; Hungna and Vargas, 2000; Duzan et al., chapter three). 

Salinity stress is a major environmental constraint on rhizobia-legume 

associations, atfecting their capacity for nodulation and Nz fixation. The development of 

shoot; root, and nodule dry weights by faba bean (Vicia faba L.) were decreased by 100 

mM NaCI (Cordovilla et al., 1999). A 50% reduction in soybean nodule number and 

weight was associated with extreme sensitivity of nodule initiation to salinity, and this 

was attributed to limited root growth and decreases in the proportion of infected root hairs 

(Singleton and Bohlool, 1984; Saadallah et al., 2001). Further, reduction in soybean 

nodule number by 10.0 dS mol (195.9 mM NaCI) resulted in decreased N2 fixed per 

nodule (Elsheikh and Wood, 1995). At l.2 % (205.6 mM) NaCl, soybean nodulation was 

completely eliminated (Tu, 1981). 

The growth and survival of free living rhizobial ceUs can aiso be atfected. 

Generally, rhizobia are less atfected (growth and survivaI) by salt stress than their plant 

host (reviewed by Grag and Gupta, 2000). Rhizobium strains are more salt-tolerant than 

Bradyrhizobium strains and ditferential responses among Bradyrhizobium sp. strains were 

reported to increasing concentrations ofNaCl (50 - 400 mM) (Elsheikh, 1998). 

The sensitivity of early stages, in particular the mutuai exchange of signal 

molecules between nitrogen fixing microorganism and higher plant, to low pH was also 

addressed (McKay and Djordjevic, 1993; Hungria and Stacey, 1997). Excretion ofnod 

gene inducers by subterranean clover (Trifolium subterraneam L.) roots was inhibited at 
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pHs below 5 (Richardson et al., 1988a); and, further, limited induction ofnod genes in 

three tested strruns of Rhizobium leguminosarum biovar trifolii under low pH conditions 

was reported (Richardson et al. 1988b). Poor expression of the common nod genes (nod 

ABC) was associated with poor root hair curling (Djordjevic et al., 1985). At pH 4.8 

reduced concentrations of nod gene encoded metabolites were measured, and this was 

attributed to inhibition of Nod factor excretion rather than production, with differences 

occurring among tested strruns (McKay and Djordjevic, 1993). Furthermore, nodule 

initiation, number, and dry weight for soybean plants were negatively affected by low pH 

(Alva et al., 1987); similar results have been reported for bean (Phaseolus vulgaris), 

where addition ofnod-gene indu cers (eg. genistein) potentially overcomes the stress 

imposed by low pH growth conditions (Hungria and Stacey, 1997). Rhizobia growth and 

survival can aIso be affected by low pH growth conditions. At pH 4.0, B. japonicum 

AIOI7 exhibited a higher sensitivity to low pH-stress thanR.fredii P220. This was 

attributed to the ability of the fast growing bacteria to maintain higher contents of 

homospermidine and cellular Mg2
+ (Fujihara and Y oneyama, 1993). 

The optimum temperature for soybean nodulation and N2 fixation is the 25-30 oC 

range (Jones and Tisdale, 1921). In eastem Canada, low seasonaI temperatures (usually 

May to September) restrict the growth ofN2 fixing soybean (Lynch and Smith, 1993), 

affecting aIl stages of symbiosis establishment induding signal excretion, root hair 

curling, infection thread formation and penetration, and nodule development and function, 

with the infection pro cesses being the most sensitive steps (Walsh and LayzeH, 1986; 

Zhang and Smith, 1994). Low RZTs also reduce the N2 fixation activity of the 

nitrogenase enzyme complex (Layzell et al., 1984). 
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When the RZT was between 25 and 17 oC, the time between inoculation and the onset of 

N2 fixation was delayed by 2 days for each degree decrease in temperature, whereas 

between 17 and 15 oC each degree delayed the onset ofN2 fixation by about 1 week 

(Zhang et al., 1995). SimiIar results have been observed in field bean, presumably due to 

a prolonged pre-infection period (24 days at 10 oC, 8 days at 18 OC) as well as slower 

differentiation of nodules at the lower temperature (Fyson and Sprent, 1982). Under 

optimal conditions only 24 h are required for the initiation of infection threads (Fyson and 

Sprent, 1982). 

Suboptimal soil temperature inhibits the excretion of genistein (soybean to 

Bradyrhizobium signal) resulting in less nod gene expression (nody-lacZ fusion of B. 

japonicum USDA110), and less Nod Bj-V (C18:1, MeFuc) production as temperature 

declined from 17 to 15 oC (Zhang and Smith, 1996; Pan and Smith, 1998; Duzan et al., 

chapter three). Similar results were reported for Rhizobium leguminosarum bv. trifolti 

Nod factor (McKay and Djordjevic, 1993). 

During the early stages of symbiosis, the first visual response induced by Nod 

factor in the presence of rhizobia is root hair curling. Under optimal growth conditions, 

addition of purified Nod factor to legume root system indu ces diverse types of root haïr 

deformation, including, wiggIing, curling, bulging, and branching (Heidstra et al., 1994; 

Cullimore et al., 2001; Kelly and Irving, 2002). However, how this phenomenon 1S 

affected by abiotic stress factors is not known. Thus, we evaluated the biological activity 

ofan equivalent ratio of Nod Bj-V (CI8:1, MeFuc) and Nod Bj-V (Ac, C16:0,MeFuc) 
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extracted and purified fromB.japonicum and added to soybean [Glycine max (L.) Merr.] 

roots under three abiotic stress conditions: salinity, low pH and Iow temperature. 

4.3. Materials and Meiliods 

4.3.1. Bacterial culture 

Bradyrhizobium japonicum 532C was obtained from Liphatech Inc. (Milwalkee, WI, 

USA). This strain was selected as it is widely used in commercial B. japonicum 

inoculants in Canada. The culture was grown at 28 oC in 250 mL yeast mannitol broth 

(YEM) with shaking at 150 rpm for 4 to 6 days on an incubator orbital shaker (model 

4580, refrigerated console, Forma Seientific Ine. USA), and thereafter subcultured into 

2000 mL (25 mL per 2000 mL ofYEM medium). After 7 days of subculture (OD620 of 

0.4 to.0.6), bacterial cultures were induced for Nod factor synthesis and production 

through the addition of 5 !lM genistein and incubated for an additional 48-96 h. 

4.3.2. Nod factor extraction and purification 

The resulting 2 L of culture was extracted with 40% HPLC-grade 1-butanol by shaking 

the mixture for 5-10 minutes and then aUowing the two phases to separate for 24 h. The 

organic phase (butanollayer) was eoUected and evaporated at 80 oC in a Yamato RE500 

Rotary evaporator (Yamato Scientific American Ine., NY, USA). The final volume, 2 to 

3 mL, was dissolved in 4 mL of 18% of acetonitrile and stored in the dark in glass tubes, 

57 



at 4 oC for 24 h. Samples were centrifuged for 10 minutes at 12,000 g, and the 

supematant was coUected for HPLC analysis. 

For analytical purposes, during the first ron, two hundred J1L of the Nod factor 

extract were injected into a Waters HPLC system (Waters Associates Inc., Milford, MA) 

consisting ofa mode1712 WlSP, two model510 pumps and a mode1441 UV detector 

operating at 214 nrn. Separation was carried out with a Vydac C 18 reversed-phase 

colurnn (5 !lm, 46 X 250 mm, Vydac, USA). To elute Nod factor from the column, a 

gradient of acetonitrile and water was used: 18% acetonitrile (10 min), a linear gradient 

from 18 to 60% acetonitrile (20 min), a linear gradient from 60% to 100% acetonitrile (5 

min). A chromatographie peak with retention time 31.71 min was identified as Nod Bj-V 

(CI8 :1, MeFuc) by comparing its retention time with a standard ofthis Nod factor (kindly 

provided by Prof G. Stacey, Center for Legumes Research, University of Tennessee, 

Knoxville, USA). A second peak with retention time of 32.56 min was also purified by 

preparative HPLC. Mass spectrometry analysis (electrospray in negative mode) carried 

out at the Biomedical Mass Spectrometry Unit, McGill University (Dr. 0. Marner) 

allowed us to identify this peak as Nod Bj-V (Ac, Cl6:0, MeFuc) (Fig. 3.2, chapter three). 

4.3.3. Root hair deformation assay 

Soybean (cv. OAC Bayfield) seeds were surface sterilized in 2% sodium hypochlorite for 

2 minutes and washed thoroughly, several tîmes, with distiHed sterilized water. Two 

seeds were placed on each Petri plate, containing lOto 20 mL 1.5 % water agar, and 

incubated in the dark at room temperature. Mer 5 to 7 days, laterai roots of similar 
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length and showing abundant root hairs were selected for uniformity of length and 

aseptically excised and placed on slides containing equivalent concentrations of Nod Bj-V 

(C18:1, MeFuc) and Nod Bj-V (Ac, C16:0, MeFuc). The slides were kept in a closed moist 

chamber for 24 h. Roots were fixed with a staining solution (Prithiviraj et al., 2000). Root 

hair deformations were observed using Hght microscopy (Jenalumar, Jena Instruments 

Ltd, Germany) with observations focused on the root haïr susceptible zone (Stokkermans 

et al., 1995). Each treatment had three replicates. Each experimental unit had three 

samples ofIateral roots, on the same slide. Microscope fields were counted along the 

entire length of root holding root hairs with focusing on the root zone susceptible to Nod 

factors and the counts from aH fields were added together for determination of percentage 

of root hairs deformed. Microscopie observations were also made for the control 

treatment. Roots showing substantial frequencies of overlapping root hairs were not used 

for data collection as this overlapping tended to cause root hair deformation by itself; root 

hair deformations caused by Nod factor were considered only in root hairs not entangled 

by others (Truchet et al., 1985). With the exceptions just noted, aH of the mot hairs in 

each microscopie field were counted. 

4.3.4. Soybean root hair response to Nod fadors treatment under, salinity, low pH, 

and low incubation temperature stress conditions 

Three studies were conducted to evaluate how soybean root hairs respond to exogenous 

Nod factor applications under three abiotic stress factors: salinity, low pH, and low 

incubation temperatures. In each experiment, the treatments consisted of factorial 

combinations of a control where only distilled sterilized H20 was used, and three Nod 
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factor concentrations (10-6
, 10-8

, 10-10 M) where the Nod factor consisted of al: 1 mixture 

ofBj-V (C18:1, MeFuc) and Nod Bj-V (Ac, C16:0, MeFuc). The LCO material was freeze 

dried and dissolved in distilled sterilized water to produce the required LCO solutions. 

Modifications were applied, based on the type of stress to be tested, as foUows: 

To test the effect oflow incubation temperature on Nod factor bioactivity a study 

was carried out with three incubation temperatures (15, 17, and 25 OC). The range of 

incubation temperatures was chosen based on the finding of Zhang and Smith (1994), 

where a progressive delay of 1-2 days °Cl in the early stages of soybean infection process 

was reported as temperature dedined from 25 oC (optimum) to 17.5 oC RZTs. Between 

17.5 to 15 oC the delay was much larger, at 7-10 days °Cl
. Solutions ofpre-chilled Nod 

factor (10-6, 10-8
, 10-10

, and 0.0 M) were prepared as previously descirbed and kept at 4 

oc. In the control treatment, distilled sterilized water was applied to the laterai roots. 

To test the effect oflow pH on Nod factor bioactivity, Nod factor solutions (10-6, 

10-8
, 10-10 M) were adjusted to 2levels of pH (4 and 5) using HCI. Two control 

treatments were used in this study, Nod factor solution with a control pH of 6 and, similar 

to the first study, a distilled sterilized water control. 

To test the effect of salinity on Nod factor bioactivity, two concentrations ofNaCl 

(100, and 200 mM) were prepared by dissolving the NaCI in distiBed sterilized water and 

mixing this with Nod factor solutions; the final volume was adjusted according to the 

assigned concentrations. Two controls were applied to the lateral fOotS: distilled sterilized 

water, NaCI-ffee Nod factor solutions. 
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In the three studies, soybean laterai roots of similar lengths and showing abundant 

fluffy root hair growth were aseptically excised and placed on microscope slides 

containing Nod factor solutions. To ensure complete coverage of root hairs extra Nod 

factors solution was added to each specimen and incubated in the dark in a moist chamber 

at 25 oC for salinity and low pH stress factors, while for low temperature stress 

experiments, slides were incubated at three different temperatures (15, 17, and 25 oC). 

After 24 h root hairs were stained with methylene blue (0.01%) and then scored for HAD 

under the microscope (Prithiviraj et al., 2000). 

4.3.5. Experimental design and statisticai analysis 

The studies were conducted twice. Because similar data was observed in both 

experiments, data were combined after applying Bartlett' s test for homogeneity of 

variance and subjected to statistical analysis. In each experiment, the treatments were the 

result of factorial combinations of two factors, and the treatments were organized 

following a randomized split-plot design. The main plot units consisted of the 

temperature, salinity, or pH levels, white Nod factor concentrations formed the subplots. 

The percent deformation data for Nod factor treated roots were square root (SQRT) 

transformed priorto statisticaI analysis (Steel and Tome, 1980). The control data was 

excluded from the statistical analysis because root hair deformations were not detectable 

in tbis treatment. The Statistical Analysis System (SAS InstÏtute Inc., 1988) was used for 

analysis of variance. When a significant treatment effect (P .:: 0.05) was observed by 

ANDV A, a least significant difference (LSD) test was conducted to determine differences 

arnong rneans at P .:: 0.05. 
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4.4. Resuits 

4.4.1. Soybean root hair responses to Nod factor 

When Nod factor was appIied to soybean root hairs, four types of soybean root haïr 

deformations were observed in this study: wiggling, bulging, curling, and branching (Fig. 

3.5. chapterthree). None of the typical Nod factor induced RAD were seen in the control 

treatment slides. In general, soybean root hair deformation responded in a concentration

dependant manner. Nod factor treatment increased root haïr deformation, relative to the 

control s, in an experiments. 

4.4.2. Biological activity of Nod factor at low incubation temperature 

The frequency of root hair deformation was dose-dependant. In general, 10-6 M Nod 

factor provoked the highest response (28.5%) ofroot hair deformations over a range of 

tested Nod factor. As the Nod factor concentration dec1ined, marked reductions in HAD 

were observed, where 20.6 and 14.5 % was the lowest levels for Nod factor treatments at 

10-8 and 10-10 M (Fig. 4.1). Our data is in agreement with previous studies with respect to 

the values of root hair deformations evoked by a variety of Nod factor and leguminous 

plants. There was no interaction between Nod factor and incubation temperature. Sub

optimal incubation temperature markedly affected the response of soybean root hairs to 

Nod factor. As temperarure decreased lower frequencies of root hair deformations were 

detected, at 17 oC, RAD was 82% of the control (plant roots incubated at 25 OC), while, at 

15 oC this was only, 64% (Fig. 4.1). 
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4.4.3. Bioiogical adivity of Nod fador under low pH conditions 

In these experiments, again, no interaction between Nod factor and pH effect was 

detected. Over aIl, fi ft y one percent of soybean root hairs were deformed when treated 

with 10-6 M Nod factor at pH 6. Root hair deformation decreased as Nod factor 

concentration decreased; average of34 and 19.7% ofroot hairs were deformed by 10-8 

and 10-10 M Nod factor, respectively (Fig. 4.2). The smallest response to Nod factor 

solution occurred at pH 4, with 29.8% ofroot hairs deformed. The degree ofresponse at 

pH 5 was 37.8% RAD (Fig. 4.2). 

4.4.4. Biological adivity of Nod fador under salinity stress 

There was an interaction between salinity and Nod factor treatment. AlI Nod factor 

treatments elicited root hair deformation for the control treatment; the greatest response of 

soybean root hairs to Nod factor treatment resulted :from treatment with salt-free Nod 

factor solution where the proportional HAD was 42,27, and 14 % at 10-6
, 10-8

, 1O-10 M, 

respectively (Fig. 4.3). The biological activities ofNaCl-amended Nod factor solutions 

were markedly diminished at the two tested salt concentrations (200 and 100 mM) and 

there were not differences. 

In the absence of salt stress, root hair deformation increased as Nod factor 

concentration increased. Salinity reduced these responses and there was no difference 

among Nod factor concentrations under saline conditions. At 10-10 M Nod factor the 
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degree of mot hair deformation was not different between the control and Nod factor 

treatments (Fig. 4.3). 

4.5. Discu.ssion 

Nod factor, when applied to soybean mots, caused mot hair deformations in a dose

response pattern. Because root hair curling induced by Nod factor requires the physical 

presence of rhizobia for the redirection of root hair tip growth that results in the classic 

curling (Lhuissier et al., 200), and since Nod factor was applied in the absence ofbacteria 

in these studies, we evaluated aU types of root hairs deformation aU together and 

considered this to represent HAD active for Nod factor. A range of deformations were 

observed. As previously reported for other legumes, (San juan et al., 1992; Relic et al., 

1993; Stokkermans et al., 1995; Prithiviraj et al., 2000) where root haïr branching was the 

least cornrnon reported deformation. When the biological activity of single Nod factor, 

purified formB. elkanüUSDA61 andB.japonicum USDA110 and 532C, such as, the 

main Nod factor Nod Bj-V (C18:I, MeFuc) was evaluated on G. soja and G. max root 

hairs, no branching response was reported (San juan et al., 1992; Prithiviraj et al., 2000; 

Duzan et al., chapter three). Nod Bj-V (Ac, CI6:0, MeFuc) from B. japonicum strain 532C 

triggered the three most common deformations ofsoybean root hairs (unpublished data), 

but did not cause branching. It is possible that the intensity and distinctness ofthe 

response of soybean root hairs to Nod factor application observed in the CUITent study, 

and especially branching, requires a specific combination of Nod factor. PartiaUy purified 

Rhizobium sp. NGR234 Nod factor elicited curling and branching of M atropurpureum 

root hairs (Relic et al., 1993), which might be related to the known ability of strain 

64 



NGR234 to produce a wide range of Nod factor, coHectively active on many host plants 

(Priee et al., 1992), however, branching was detectable on Vicia sativa root hairs, even 

though a single Nod factor, Nod Rlv-V (CI8:4, Ac), was applied (Heidstra et al., 1994). 

Root hair deformations of Vicia sativa were also detectable foUowing treatment with a 

broad range of Nod factor (Carlson et al., 1993). 

In tms study we tested the biological activity of al: 1 mixture of!wo Nod factor 

form B. japonicum 532C. Previous studies showed that the greatest number of nodules 

were formed when a mixture oftwo Nod factor (around 60:40) was applied to alfalfa root 

systems (Truchet et al., 1991). Further, en0d2 expression in soybean roots, an early 

events involved in nodule initiation, was detected only when a mixture of Nod Bj-V 

(CI8:1, MeFuc) and Nod Bj-V (CI6:0, MeFuc) were used, and their combined effectiveness 

was ratio dependant, requiring an equal or higher proportion of Nod Bj-V (C18:h MeFuc), 

the main Nod factor produced by microsymbionts of soybean (Minami et al., 1996). 

The impact of suboptimal root zone temperatures on soybean-bradyrhizobia 

associations, particularly at early stages of symbiosis, has been addressed in a number of 

studies (Zhang and Smith, 1994, 1995, 1996; Zhang et al., 1996); here we present 

evidence of negative effects of low temperature on the bioactivity of Nod factor. 

Previously, we addressed the negative effect of low growth temperature on Nod factor 

production by B. japonicum 532C and USD AlI 0, a prior step in the symbiotic 

recognition process (Duzan et al., chapter three). Our data corroborates the low 

temperature inhibitory effect on the early stages of nodulation, specificaUy, on root hair 
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curling, the first visible step in nodulation, and the step immediately following Nod signal 

excretion by rhizobia in the presence of a compatible legume partner. 

There was a reduction in Nod factor activity at under low pH conditions. This is 

in agreement with previous observations regarding the low pH-sensitivity of early steps in 

the nodulation process including, root hair deformation, nod gene expression, Nod factor 

production, and root hair curling, all ofwruch are probably related to effects on both 

rhizobia and the plant root system (Evans et al., 1980; Richardson et al., 1988a; McKay 

and Djordjevic, 1993; Staley, 2003). In white clover, morphological parameters ofroot 

growth and development, such as, totallength, diameter, tip number, and surface area 

were not affected by low soil pH, while, rhizobia proliferation and function were, 

suggesting that the inhibitory effect of low pH occurs at the microbial level, affecting 

nodule primordia initiation (Staley, 2002; Staley, 2003). In this study, only the external 

response of soybean root hairs to Nod factors application under low pH stress was tested. 

Salt stress decreased the soybean root hair responses to Nod factor. This is 

reasonable as salinity can directly affecting the Iegume restrict root growth, affecting the 

responses of roots to rruzobia and Nod factor (Tu, 1981). Salinity levels of 255 and 340 

mM NaCl caused shrinkage of soybean root hrurs, affecting the early stages of symbiosis, 

particularly root hair deforma1Ïon (curling), resulting in inhibition of infection process, 

respectively (Tu, 1981; Elsheikh, 1998). There rnay be other, less direct, environmental 

effects on nodulation due to low pH, such as limiting the arnount of Nod factor excreted 

by the rnicrosymbiont through reduced availability of phosphate (McKay and Djordjevic, 
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1993). Minor effects of osmolarity have been reported on nodD and nodABC expression 

in B.japonicum (Wang and Stacey, 1990). 

In conclusion, to our knowledge, this is the first study addressing the effect of 

abiotic stresses on Nod factor perception by root hairs. Vnder control conditions, and in 

the presence of Iow pH and low temperature stresses, the degree of root hair deformation 

increased with increasing Nod factor concentration, and diminished as the applied stress 

increased. For low RZT and pH stresses there was no interaction between Nod factor 

level and stress level. However, for salinity the increase in root hair deformation with 

increasing Nod factor concentration occurred in the control, but not when salt stress was 

present. Thus, adding additional Nod factor helped overcome the measured stress effect 

associated with low temperature and low pH, but this is not the case for salinity. 
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Fig. 4.1. (A) Root hair deformations as a function of Nod factor concentrations. 

(D) Root hair deformations at three incubation temperatures. Bars 

foUowed by a different letter are significantly different, by an ANOVA 

(p = 0.05) proteded LSDo.ostest. Note: There was no interaction 

between Nod fador and temperature). 
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Fig. 4.2. (A) Root bail" deformations as a fundion of Nod fador concentrations. 

(B) Root bair deformations tested at different pH levels. Bars followed by 

the same letter are not significantly different, by an ANOVA Cp = 0.(5) 

proteded LSDo.ostest. Note: Tbere was no interadion between Nod fador 

and pH. 
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Preface to Cbapter V 

Chapter 5 is compromised of a manuscript prepared by H. Duzan, Dr. X. Zhou, Dr. A 

Souleimanov, and Dr. D.L. Smith, to be submitted to Molecular Plant-Microbe 

Interactions for publication. The format has been changed to be consistent within this 

thesis. AIlliterature cited in this chapter are listed in the reference section at the end of 

the thesis. AlI Figures for this chapter are presented at the end of this chapter. 

The contributions of the co-authors are described in details in the section of 

contributions of authors. 

In the previous two chapt ers we examined the effects of abiotic stresses on the 

ability of B. japonicum ceUs to produce Nod factor, and soybean roots to recognize and 

respond to Nod factor, and found that abiotic stresses inhibit both these elements of signal 

between soybean and B. japonicum. In this chapter we investigated the ability of B. 

japonicum Nod factor to reduce the effects of a biotic stress (powdery mildew) on 

soybean, and its potential roie in inducing resistance in soybean against the plant 

pathogen causing powdery mildew, and the effects of low RZT on this response. Also, 

the effect of Nod factor application on the activities of phenylalanine ammonia lyase 

(PAL specifie activity) 
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ChapterV 

Application of Nod Factor Induces Resistance in Soybean Against Powdery Mildew 

H. M. Duzan, X. Zhou, A. Souleimanov and D.L. Smith* 

*Department of Plant Science, Macdonald Campus ofMcGill University, 21, III 

Lakeshore, Sainte-Anne-de-BeUevue, QC, H9X 3V9, Canada 
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5.1. Absrrad 

Plants possess highly sensitive perception systems by which signal molecules can be 

recogruzed, which in mm induce various plant responses. In the Bradyrhizobium-soybean 

(Glycine max (L.) Merr.) symbiosis, the recognition process is initiated through mutual 

exchange of signal molecules, generally flavonoids from soybean plants and lipo

chitooligosaccharides (Nod factor) from the microsymbiont. Application of the Nod 

factor Nod Bj-V (C18:1, MeFuc) induced soybean resistance against powdery mildew 

caused by Microsphaera difussa at two RZTs (17 and 25 OC). Addition of Nod factor, at 

concentrations ranging from 10-6 to 10-10 M, to soybean root systems led to reductions in 

disease incidence at both RZTs. The lowest disease incidence was caused by Nod factor 

treatment at 10-6 M and this effect persisted throughout the experiment for plants kept 

under a 17 oC RZT. The effect of Nod factor application on fungal growth and 

development was measured at 4, 12, 48, and 96 h after inoculation. Colony diameter and 

number of germ tubes per conidium were decreased by 10-6 M Nod factor treatment, 

especially for plants kept at 17 oC RZT. Treatment of soybean seedIings with Nod factor, 

through stem wounds, induced phenylalanine ammonia lyase (PAL) activity. The most 

rapid increase in PAL foUowed treatment with 10-6 M Nod factor, the highest 

concentration tested. 
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5.2. Introduction 

World population and food demand continue to rise, resulting in a need for increased crop 

production (Wennemann, 2002). Over the last 50 years, global crop production has kept 

up with world population, however, as crop protection has intensified the use of 

potentially environmentally damaging inputs, such as fungicides, insecticides and 

herbicides, has increased; there is a need to develop crop production methods that produce 

rugh yields but, at the same time, require fewer inputs, making them more sustainable in 

the long term. 

Soybean (Glycine max [L.] Merr.) growth and development can be atfected by 

diverse types of pathogens. In 1998, the total estimated yield loss due to soybean diseases 

was valued at U.S. $6.29 billion (Wrather et al., 2001), including fungal diseases such as 

powdery mildew, caused by the obligate foliar parasite Microsphaera diffusa Cke. & Pk 

(Mignucci et al., 1979). Powdery mildew can disrupt leaf structure, leading to declines in 

photosynthetic activity as great as 50%, and yield losses ofup to 35% in naturally 

infected fields of susceptible soybean cultivars (Dunleavy, 1979; Mignucci and Boyer, 

1979; Phillips, 1984). The earliest reported occurrence of soybean powdery mildew is 

from the U.S. (Lehman, 1931). Recently, serious outbreaks ofsoybeanpowdery mildew 

were reported in eastem Asia (Takamatsu et aI., 2002). 

The earliest event in the establishment of the rhizobia-Iegume association is a 

sophisticated exchange of signal compounds, required for a successful symbiosis. Plant 

roots exude signal molecules, mainly flavonoids, which activates the Nod D protein. This 
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protein causes the induction ofbacterial nod gene expression resulting in the synthesis of 

bacteria-to-plant signal molecules, Nod factor, which play a vital role in the early events 

of the legume-rhizobia symbiosis (Lhuissier et al., 2001). The exact structure of the Nod 

factor produced varies among rhizobiaI strains, and this is a component of specificity in 

the rhizobia-Iegume nitrogen fixing symbiosis (Schultze and Kondorosi, 1998). In 

general, Nod factor are oomposed of a tri- to penta-chitin backbone possessing an N-acyl 

group at the non-reducing end and a variety of substitutions along the chitin backbone. 

The structure of the acyl chain and substitutions on the chitin backbone play a key role in 

specifying compatibility of rhizobial strains with macrosymbiont species, allowing 

recognition by the correct plant host (Schultze and Kondorosi, 1998). The main Nod 

factor produced by the soybean microsymbiont, Bradyrhizobium japonicum is Nod Bj-V 

(C18:1, MeFuc) (San juan et al., 1992; Souleimanovet al., 2002). 

Application of appropriate Nod factor to soybean roots evokes a number of 

physiological responses, such as plasma membrane depolarization (Ehrhardt et al., 1992), 

calcium spiking (Felle et al., 2000), root haïr deformations (Heidstra et al., 1994; 

Prithiviraj et al., 2000; Duzan et al., chapters three and four), induction of incipient 

nodule meristems (Stokkermans and Peters, 1994), and enhancement of early growth 

stages oflegume and non-Iegume plants (Souleimanov et al., 2002). When extremely low 

concentrations of purified Nod factor were applied to G. soja roots, complete, although 

empty of rhizobia, nodule structures developed (Stokkermans and Peters, 1994). 

It is interesting to note that the signaling occurring at the beginning of the N2 

fixation symbiosis involves the exchange of flavonoids and chitin based compounds. 

Plants have a weIl characterized ability to detect chitin fragments, elicitors of plant 

77 



defense reaction and constituents of fungal cell walls, and to produce phytoalexins in 

response (Ebel and Mithofer, 1998). Thus, if may be that during the course of evolution a 

hostile signaling system, established to detect and respond to the presence of pathogenic 

fungi, has been converted to a friendly signaIing system, used in the establishment of an 

extremely important symbiosis. It may also be that vestiges of the original protective 

function remain in the symbiotic signaling system. 

In addition to the reported effects of rhizobia on plants, the potential role of 

rhizobia in the biological protection of the macrosymbiont against pathogenic organisms 

was recently reviewed by (Dakora, 2003). Legumes grown in soit treated with rhizobia 

were less affected by a number of fungal pathogens, such as, Phytophthora megasperma, 

Fusarium solant fsp. phaseoli (Tu, 1978; Buonassissi et al., 1986). In vitro, reduced 

sporulation of Phytophthora megasperma, Pythium ultimum, Ascochyta imperfecta, and 

Fusarium oxysporum was reported when B. japonicum was inoculated onto the culture 

medium (Tu, 1979). Under field conditions, soil inoculation with rhizobial strains 

resulted in protection of sorne crops, induding soybean, against Rhizoctonia solant, 

Macrophomina phaseolina, and Fusraium spp. (Ehteshamul-Haque and Ghaffar, 1993). 

Though it is not clear how rhizobia act against pathogens Tu (1979) suggested that they 

directly interfere with the early stages of the pathogenic infection, inhibiting the 

attachment of the pathogen to the host plant, perhaps by parasitizing the hyphal tips of the 

fungus. 

FoBowing recent advances in understanding of the signaling processes involved in 

establishment of the symbiotic association between rhizobia and leguminous plants, 
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increasing evidence suggests roles for rhizobial Nod factor that go beyond the nodulation 

proœss. Nod factor are known to affect phytoalexin concentrations in plant tissues 

(Dakora, 2003). Plant isoflavonoid biosynthesis was stimulated by the presence of 

rhizobial cens (Dakora et al., 1993). Further, an increase in medicarpin, a phytoalexin of 

Medicago saliva, was observed following œIl culture treatment with 10-6 M Nod Rm-IV 

(C16:2, S) but not desulfated Nod Rm-IV (C16:2). Nod factor also induced expression of 

genes encoding enzymes of the isoflavonoid biosynthetic pathway in Medicago roots, 

including chalcone synthase, chalcone reductase, isoflavone reductase and a pathogen 

related protein (Savoure et al., 1997). 

A key enzyme in the phenylpropanoid pathway is phenylalanine ammonia-lyase 

(pAL), which initiates the tirst reaction in the pathway, resulting in the formation of 

cinnamic acid (Dixon et al., 1995); cinnamic acid is metabolized to supply intermediates 

for the synthesis of secondary metabolites such as phytoalexins. Phytoalexins are 

characterized by antimicrobial activities (Morrison and Buxton, 1993). PAL activity can 

be induced during plant-pathogen interactions as weB as by non-pathogenic agents, such 

as environ mental conditions (Dixon and Paiva, 1995). Infection of soybean roots with B. 

japonicum indu ces PAL genes and this has been attributed to post infection events 

(Estabrook et al., 1991). PAL activity can also be stimulated by a number of elicitors, 

including chitin and chitosan. Recently, the stimulation ofP AL activity in soybean by 

chitin and chitosan oligomers was observed in soybean, suggesting the induction of this 

defense-reIated metabolic pathway in soybean plants (Khan et al., 2003). In the present 

study we investigated the capacity of Nod Bj-V (C18:1, MeFuc) to induce PAL activity and 

powdery miIdew resistance in soybean plants. 
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5.3. Materials and Methods 

5.3.1. Plant materials 

Plants were produced following, in general, the methods ofZhang and Smith (1994). 

Briefly, soybean cv. OAC Bayfield seeds were surface sterilized in 2% sodium 

hypochlorite for - 2 minutes and washed several times with distilled sterilized water. The 

seeds were planted in trays containing sterilized vermiculite. After about four days, 3 

germinated seeds showing vigorous seedIing growth were selected and transferred 

together into a growth pouch; the pouches were then placed in one of 4 tanks with two 

tanks set at 17 ± 2 oC root zone temperature (RZT), and two at 25 ± 2 oC RZT. RZTs 

were controlled by circulating cooled water around the growth pouches. After four days 

two of the three seeds in each pouch were removed; the ones left were selected for 

uniformity of growth. 

5.3.2. Bacterial culture 

Bradyrhizobiumjaponicum 532C was obtained from Liphatech Inc. (Milwaukee, WI, 

USA). This strain was selected as it has been widely used in commercial B. japonicum 

inoculants in Canada. The culture was grown at 28 oC in 250 mL yeast extract mannitol 

broth (YEM), with shaking at 150 rpm, for 4 to 6 days, and thereafter for production of 

Nod factor on a larger scale bacteria were subcultured into 2 L (25 mL per 2000 mL of 

YEM medium). After 7 days of subculture (OD620 0.4-0.6), Nod factor synthesis and 

production by bacterial cultures was induced through the addition of 5 !lM genistein and 
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further, bacterial cultures were incubated for an additiona148 to 96 h, followed by Nod 

factor extraction. In addition, a non-induced bacterial cultùre was prepared, to act as a 

control for HPLC analysis. This was subject to the same Nod factor isolation procedure 

as the induced cultures. 

5.3.3. Nod fador extradion and purification 

The 2 L culture was extracted with 40% HPLC-grade I-butanol by shaking the mixture 

for 5 to 1 0 minutes and then allowing the two phases to separate for 24 h. The organic 

phase (butanollayer) was eolleeted and evaporated at 80 oC in a Yamato RE500 Rotary 

evaporator (Yamato Scientifie American Ine., NY, USA). The resulting material (volume 

of 2 to 3 mL) was dissolved in 4 mL of 18% of aeetonitrile and stored in the dark in glass 

tubes at 4 oC for 24 h. Samples were then centrifuged for 10 minutes at 12,000 g, and the 

supematant was collected for HPLC analysis. 

For analytical purposes, during the first ron, two hundred!JL of the Nod factor 

extraet were injeeted into a Waters HPLC system (Waters Assoeiates Ine., Milford, MA) 

consisting of a model 712 WISP HPLC, fitted with two model 510 pumps and a model 

441 UV detector operated at 214 nm. Separation was carried out with a Vydac C 18 

reversed-phase column (5 /lm, 46 X 250 mm, Vydae, USA). To elute Nod factor from the 

eolumn, a program ofacetonitrile and water gradients was used: 18% aeetonitrile (10 

min), a linear gradient from 18 to 60% acetonitrile (20 min), a linear gradient from 60 to 

100% acetonitrile (5 min). A chromatographie peak was identified as Nod Bj-V (C1S:l , 

MeFuc) by comparing its retenti on time with a standard ofthis Nod factor (a gift from 
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Prof G. Stacey, Center for Legumes Research, University of Tennessee, Knoxville, 

USA). The identity ofthis peak has also been confirmed by mass spectrometry. For Nod 

factor production on a large scale, the previous method was applied except that two mL 

was injected into the HPLC system. The resulting Nod factor was freeze-dried and 

redissolved in distilled sterilized water. 

5.3.4. Effect oftemperature and Nod factor concentration on disease intensity 

In this experiment, four levels of Nod Bj-V (C18:1, MeFuc) were tested. Seedlings were 

maintained in the growth pouches and watered with steriIized H20 for the fIfst week, after 

which plants were watered with nitrogen-free Hoaglands solution (Zhang and Smith, 

1995). Because low temperature was one of the stress factors tested in relation to Nod 

factor production and activity in the other chapters of this thesis, and because low RZT is 

known to inhibit stages of the infection process during establishment of the soybean

bradyrhizobia symbiosis (Zhang and Smith, 1994), two RZTs [17 oC (critical temperature 

for soybean nodulation and nitrogen fixation) and 25 oC [optimum temperature for 

soybean nodulation and N2 fixation (Zhang et al., 1995)] were included in this 

experiment. The experiment was organized following a completeIy randomized split-plot 

design. Temperature was the main plot factor. The subplot factor was Nod factor 

concentration (10-6, 10"8, 10"10,0.0 M) with 2 replicates per treatment. Photoperiod of 

16/8 h day/night cycle at 25 ± 2 oC, and ~ 75% relative humidity was maintained 

throughout the experiment. Nod factor was added to each growth pouch with a sterile 

syringe. Non-induced B. japonicum was cultured and maintained on YEM (Vincent, 

1970). OD was adjusted to anA620 of 0.08 (approximately 108 cells mL"l) with sterilized 
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water,adjusted to temperatures appropriate to the treatment RZTs, and 1 mL was applied, 

with a sterilized syringe, onto each plant root system. Inoculum from naturally infected 

soybean was maintained by infecting soybean leaves that were grown in a separate room, 

under the same conditions, in the greenhouse. Given the type of symptoms caused by 

powdery mildew infection and the presence of sign of symptoms, the anamorph stage of 

the fungus on soybean leaves which were confirmed under the microscope. There was no 

other fungal growth or secondary infection on soybean leaves. Because Nod factor 

stimulate transcription of genes encoding enzymes of plant defense-related responses over 

at least a 48 h period (Savoure et al., 1997) powdery mildew fungus was appIied to 

soybean leaves 48 h after Nod factor addition to soybean root systems. Soybean leaves 

heavily infested with powdery mildew were used to inoculate the test plants when the first 

trifoliate leafwas fully developed (Lohnes and Nickell, 1994) by tapping the infected 

leaves over the leaves of the test plants, thus depositing spores on the surface of the leaves 

of the test plants. The inoculated plants were monitored for initial signs of powdery 

mildew and once initial disease symptoms were evident, data on disease incidence were 

taken weekly for three weeks. By three weeks after inoculation powdery mildew 

infection reached 100% on at least sorne plants in most treatments at 25 oC RZT. The 

degree of infection (% of disease intensity) was scored from 0 to 5 according to percent 

of leaf tissue showing powdery mildew symptoms, with 0 = none, 1 = trace to 10%, 2 = 

10.1 to 25%, 3 = 25.1 to 50%,4 = 50.1 to 75%,5 = over 75% (Singh and Prithiviraj, 

1997). Disease intensity was calculated for each replicate per treatment using the 

following equation: 

Disease intensity = Sum of rating (0 to 5)/ (Maximum possible score x Total number of 

leaves examined) x 100. 
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The entire experiment was conducted twice, with similar results in both instances. Data 

was combined after subjection to Bartlett' s test followed by statisticaI analysis. 

5.3.5. Assessment of dfect Nod factor on phases of pathogen development 

In this experiment, the effect offour concentrations (10-6, 10-8
, 10-1°,0.0 M) of Nod factor 

treatment on fungal growth and development was studied, for control treatment (0.0 M), 

plants were treated with distilled sterilized water in addition to the bacterial inoculnum B. 

japonicum. As in experiment one, after Nod factor treatment and fungal inoculation, 

three plants from each treatment, for three replicates, were coHected at each sampling, at 

the!wo RZTs (17, and 2S OC). Samples were collected from one tank of each RZT. 

Therefore, there were !wo experiments, one at each RZT, and the structure of each 

experiment followed a completely randormzed design. The data was collected from the 

third nodalleaves of each plant at intervals of 4, 12,48, and 96 h after fungal inoculation. 

Data were taken on germination at 4 h, germination and appressorium formation at 12 h, 

number ofhyphal tubes per conidium and colony size, measured as the average of the 

greatest colony diameter, at 48 h, and colony size at 96 h ailer fungal inoculation. At 

least, 100 conidia per replicate were observed in order to calculate percent frequency of 

conidial germination and appressoria formation at 4 and 12 h after fungal inoculation. 

Collected samples were fixed following the method ofCarver and Adaigbe (1990). 

Briefly, samples were placed carefully into Petri plates containing ethanollacetic acid 3: 1 

until completely cleared of cWorophyll, then placed on other filter paper in a Petri plate 

containing lactoglycerol (glycerol: lactic acid: water; 1: 1: 1; v:v). Slides were prepared 

with methylene blue (0.01%) for microscopic observations. Data were subjected to 
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angular transformation (Frey and Carver, 1998) before statistical analysis. The 

experiment was conducted twice with similar results at the both instances. 

5.3.6. Enzyme assay (PAL) 

5.3.7. Plant materials 

Assays from PAL activity followed the method of Khan et al. (2003), for both treatment 

of plant materials and application oftreatments. Briefly, soybean cv. OAC Bayfield seeds 

were surface sterilized using 2% sodium hypochlorite for approximately 2 minutes, rinsed 

thoroughly with distilled sterilized water, and then planted in sterilized perlite in a 

greenhouse under a 16/8 h day/night cycle at 25 ± 2° C, and -75% relative humidity. 

5.3.8. Nod factor treatment 

Plants at the first trifoliate stage were selected for growth uniformity. Plant stems were 

excised using scalpel, cutting each at the base of the stem and placing each into 4 mL 

glass test tubes containing 0.5 mL of Nod factor solution. When the solution was 

completely taken up, seedHngs were immediately transferred into glass tubes containing 

distilled water. Plants were kept under constant light (85 ~mol.m-2 SI). The leaves of 

three plants, representing each of the three blocks of each treatment, were collected at 

regular intervals (4, 12,24,48, and 96 h) afterNod factortreatment, weighed, and stored 

immediately at -80 Oc. 
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5.3.9. Enzyme extraction 

Leaf samples (300 mg fresh weight) were ground with a cold mortar and pestle containing 

4 mL ofbuffer (50 mM Tris pH 8.5, 14.4 mM 2-mercaptoethanol, 5% w/v insoluble 

polyvinylpolypyrorolidone). Samples were kept on ice at an times. Extracts were 

centrifuged at 6,000 g for 10 minutes at 4 oC and the supematant was collected and 

centrifuged at 10,000 g for an additionallO minutes at 4 oC. 

5.3.10. PAL enzyme assay 

PAL activity was assayed as described by Beaudoin-Eagan and Thorpe (1985); 100 /lL of 

enzyme preparation was mixed with 500 /lmol of Tris-HCI buffer (pH 8.5), and 6/lmol of 

L-phenylalanine in a final volume of 1 mL of reaction mixture and incubated at 40 oC for 

60 min. A blank with no L-phenylalanine was also prepared. The reaction was stopped 

by the addition 50 /lL of 5 N HCI. The product (trans-cinnamic acid) was detected and 

quantified by measuring absorbance at 290 nm against a blank. Enzyme activity was 

expressed in nM (trans-cinnamic acid) mg protein-l min-l, where 1 U is defined as 1 nM 

(trans-cinnamic acid) mg protein-l min-1
. The total protein concentration in enzyme 

extracts was determined by the Bradford method (Bradford, 1976). 
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5. 3. Il. Statistical analysis 

Data on disease intensity and phases of fungal growth and development were analyzed 

through analysis ofvariance (ANOVA) using the Statistical Analysis System (SAS 

Institute lnc., 1988). Treatment effects were considered significant when detected at P :s 

0.05. When this occurred a least significant difference (LSD) test was conducted to test 

for differences among means (P < 0.05). 

5.4. ResuUs 

5.4.1. Effects of Nod factor on disease intensity 

Nod factor treatment slowed disease development at aH as indicated by disease intensity 

at the first sampling (at one week after inoculation). At 17 oC RZT, a reduction in disease 

intensity was detected for aH Nod factor concentrations, with the least development of 

disease symptoms occurring at the highest Nod factor concentration (10-6 M, Fig. 5.1). 

Disease intensity in the control treatment was approximately three fold higher than for the 

10-6 M Nod factor treatment. A similar pattern was observed at RZT 25 oC; at higher Nod 

factor concentrations the incidence of disease was 75 % Iower for the 10-6 M Nod factor 

treatment than the control (Fig. 5.1. a). 

The disease intensity at two weeks mer inoculation increased for aH treatments, 

however, the 10-6 M Nod factor treatment continued to have the Iowest level of powdery 

mildew infection at both RZTs (Fig.5.1. b). 
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By the third observation (third week) disease intensity had increased rnarkedly. 

The overall progression of disease was slower for the lower than the higher RZT and at 

the higher RZT infection levels were high and not different among Nod factor 

concentrations. At 17 oC RZT plants treated wÎth 10-6 M Nod factor had a lower intensity 

of disease than the control plants (Fig. 5.1. c). 

5.4.2. Effed of RZTs on disease development 

Disease incidence was always higher at 25 oC RZT than at 17 Oc RZT. There was an 

interaction between Nod factor and RZT at the tirst sarnpling (1 week after inoculation). 

At the second and the third samplings there were no differences among treatrnents at 25 

oC RZT, but differences persisted at 17 oC RZT (Fig. 5.1. a). 

5.4.3. Effed of Nod fador on fungal growth at 17 oC RZT. 

There was no evidence that Nod factor treatrnent affected conidial germination or 

appressorium formation by M diffusa on soybean leaves at 4 and 12 h after inoculation. 

However, a reduction was observed in colony diameter and number ofhyphal tubes per 

conidium due to treatrnent with 10-6 M Nod factor 48 h after inoculation. At 96 h after 

inoculation, colony diameter was rnarkedly reduced by aIl Nod factor treatments, as 

cornpared to the control treatment, and this effect was dose-dependant, the greatest 

reduction in colony size occurring at 10-6 M, the highest Nod factor concentration tested 

(table 5.1). 
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5.4.4. Effed of Nod fador on fungal growth at 25 oC RZT. 

Nod factor did not affect fungal conidial germination on soybean leaves 4 and 12 h after 

inoculation, while appressorium formation was reduced to sorne extent 12 h after 

inoculation. By 48 h after inoculation reduced colony size and number of germ tubes per 

colony were observed at the highest Nod factor concentration (l0-6 M), compared to the 

control (table 5.2). By 96 h after inoculation an over lapping offungal colonies was 

observed and, therefore, it was not possible to take data of the colony size. 

5.4.5. PAL response to Nod fador treatment 

PAL specific activity was induced in soybean leaves by aIl Nod factortreatments of 

excised leaves. Although, biphasic and differential amplitudes and timing ofP AL activity 

induction was measured among tested levels of Nod factor. At 24 h leaves collected from 

plants treated with 10-6 M Nod factor exhibited a maximum level ofP AL specific activity 

(23.2 U) followed by 10-8 M (19.2 U) and 10-10 M (18.9 U), an ofwhich were greater than 

the control plants (16.9 U). After 48 h PAL activity declined for the 10-6 M treatment 

(20.6 U), although it remained higher than the control, while levels continued to increase 

for 10-8
, 10-10 M treatments (20.2 U, and 19.2 U, respectively), although the latter was not 

greater than the control (18.4 U) at this time. At 96 h plants treated with 10-10 M showed 

the highest PAL specific activity (26 U) and exceeded the control (Fig. 5.2). 
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5.5. Discussion 

In this study the role of Nod factor in inducing plant-defense reactions was studied. Our 

data are at least partially in agreement with the findings of (Savoure et al., 1997) where 

Nod factor-mediated defense reaction was observed in Medicago cell cultures and fOotS. 

FeUe et al. (2000) reported data not completely in agreement with Savoure et al. (1997). 

FeUe et al. (2000), reported that an increased concentration of cytosolic calcium caused 

by Nod factor treatment of alfalfa fOot hairs did not exceed the (hypothetical) threshold 

required for signal transduction associated with activation of defense-related reactions, 

when compared to the effect of chitin oligomer. The difference between the findings of 

Savoure et al. (1997) and those ofFelle et al. (2000) was attributed to the lower 

concentration of Nod factor applied to alfalfa root hrurs by FeUe et al. (2000) (10-7 M), as 

compared to the higher Nod factor concentration (10-6 M) applied to Medicago ceH 

cultures in the work of Savoure et al. (1997). On the other band, alkalinization of 

soybean suspension cultures, caused by Nod Bj-V (ClS:}, MeFuc), the same Nod factor 

tested in the CUITent study, was felt to suggest eIicitation of a defense-related response 

(Day et al., 2001). 

In the present study, the Iowest incidence of disease occurred when plants were 

treated with 10.6 M Nod factor. This concentration has been shown to evoke defense 

related responses in M sativa roots in the form of induced expression of a set of genes 

related to isoflavonoid biosynthesis and pathogen related proteins (Savoure et al., 1997), 

and non-pathogenic responses in the form ofmot hair deformations (prithiviraj et al., 

2000; Duzan et al., chapter four). 
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It has been shown that Nod factor treatment suppresses endogenous saHcyHc acid 

levels in soybean plants (Martinez-Abarca et al., 1998), which suggests that host defense 

responses might be compromised during the early stages of symbiosis. This may explain 

how rhizobia are able to successfuHy infect legume roots, in that they may inhibit the SA

dependent host plant defense responses. However, this suppression of SA related defense 

responses might be associated with concomitant activation of other defense responses that 

protect the soybean plants during these early stages of their growth. In sorne cases, up 

regulation of jasmonate disease resistance signaling results in down regulation of SA 

signaling (Dong, 1998). Methyl jasmonate-mediated induction ofpowdery mildew 

resistance has recently been demonstrated in barley leaves, and this was associated with 

marked increases in PAL activity (Walters et al., 2002). Thus, Nod factor treatments may 

be activating one set of disease responses and inhibiting another. 

There was an effect of Nod factor treatment on later stages of fungal growth, such 

as colony size and secondary growth parameters, particularly, number ofhyphal tubes per 

conidium, while germination and appressorium formation were not affected at either 

RZT. Primary stages of powdery mildew growth, such as germination and appressorium 

formation, in general, are not affected by elicitor treatments (Singh and Prithiviraj, 1997; 

Frey and Carver, 1998). Germination and appressorium formation do not necessarily 

indicate successful infection, however, establishment ofbiotrophy by powdery mildew 

can be observed by 4 h after inoculation, indicating the formation of functional haustoria, 

which support further secondary fungal growth (Smith et al., 1996). At 17 oC RZT and 96 

h after inoculation, colony diameter was smaller for all Nod factor treatments than the 

control, indicating indirect effects on haustorium functioD. Haustoria are the interface 
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between fungus and plant host, through which parasitism is supported by unidirectional 

flow of nutrients to the fungus. At 25 oC RZT, appressorium formation, colony size, and 

number ofhaphai tubes per conidium were affected at 12 and 48 h after Nod factor 

treatment. This may have affected infection establishment at later stages. At 25 oC RZT 

it was not possible to observe the rate of fungal growth, and therefore treatment effects on 

this variable, by 96 h after inoculation. 

PAL is a key enzyme in the phenylpropanoid pathway, catalyzing the first reaction 

of the pathway and providing precursors for the synthesis of compounds with 

antimicrobial activity, such as phytoalexins. Application of Nod factor to cut soybean 

seedling stems increased PAL activity, with the most rapid increase occurring at the 

highest concentration of Nod factor (10-6 M). The lowest level of Nod factor applied (10' 

10 M) caused the slowest increase in PAL activity, but eventually caused the greatest 

increase. It would appear that the relatively rapid increase in rate of disease incidence, 

observed with the 10.10 M treatment, is not related to induced PAL levels, but may be 

associated with timing of induction. It may be that the levels of PAL activity at the 

lowest Nod factor concentration simply rose too slowly and the disease became 

established before the plant defenses were in place. However, one must be cautious about 

making direct comparisons between cut tissue and root applications of Nod factor. It has 

been reported that treatment of ceU cultures with 10.6 M Nod factor increases production 

ofmedicarpin (a phytoalexin with antimicrobial activities) by M sativa (Savoure et al., 

1997). Accumulation of flavonoids (genistein, coumestrol, and daidzein) was reported in 

soybean root exudates treated with 10 nM of Nod Bj-V (CI8:!, MeFuc, OH) and various 

types ofNodNGR over a range of [10.8 
- 10.10 M] (Schmidt et al., 1994), in keeping with 
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our findings; flavonoids and medicarpin is synthesized via the phenylpropanoid pathway, 

through steps downstream from PAL. 

In the present study, we have shown that Nod factor induce soybean resistance to 

powdery mildew, and that tbis effect depends on Nod factor concentration, with greater 

concentrations inducing more resistance, at least over the range tested. Because of the 

chemical similarity between Nod factor and chitin oligosaccharides, known elicitors of 

plant defense reactions, it is possible that Nod factor induction of plant defense responses 

is related to Nod factor structure (Baier et al., 1999), particularly the cbitin backbone 

(Day et al., 2001). Foliar spraying and root treatment with chitin oligosaccharide induced 

resistance ofwheat to powdery mildew (YaJun et al., 2001). Moreover, Nod factor and 

chitooligosaccharide applications to Medicago cell suspension cultures elicited 

transcription ofgenes encoding enzymes of the phenylpropanoid pathway, which is 

involved in plant defense reactions (Savoure et al., 1997). On the other hand, Minami et 

al. (1996) reported that, like Nod factor, chitin oligomer induced the expression of the 

early nodulin ENOD40 in soybean. In addition, it is known that Nod factor imitate chitin 

oligosaccharides in their induction of chitinase activity in host and non-host plants 

(StaeheIin et al., 1994). 

Nod factor also act as elicitors and provoke alkalinization and oxidative burst 

reactions in non-Iegume plants, similar to the response provoked by chitin fragments. 

Thus, it is reasonable to assume that Nod factor acted as an elicitor of plant defense 

reactions (Baier et al., 1999). Even though the presence of chitin as a structural unit of 

Nod factor suggests possible degradation of certain Nod factor by root hydrolytic 
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enzymes, such as chitinases, which are often associated with defense reactions against 

fungal attack, evidence presented by Staehelin et al. (1994; 2000) suggested that the 

certain Nod factor substitutions protect the compounds from inactivation by legume 

chitinases. Moreover, perception of substituted and non-substituted Nod factor by the 

host plant has been reported, suggesting "the existence of two signal perception systems, 

one transmitting the host-specific signal, the other representing an ancient reception 

system for a generic Nod factor structure" (FeUe et al., 1996). However, in soybean roots 

and suspension cell cultures chitin-binding protein was identified in plasma membrane 

preparations; the purified Nod factor [Nod Bj-V (C I8:1, MeFuc)] acted as competitive 

inhibitor of chitin oligosaccharide binding to this protein, suggesting that soybean 

perceived both molecules by the same binding site, based on similarity of structural 

features, the chitin backbone for example, so that Nod factor might be anticipated to 

induce defense plant responses (Day et al., 2001). This finding supports, at least in part, 

the data presented in the CUITent study. In addition, we have observed PAL induction by 

Nod factor, and PAL induction has also been reported for chitin oligomers (Khan et al., 

2003). 

It is known that sub-optimal RZTs negatively affect the growth rate ofsoybean 

(Zhang et al., 1995) so that plants growing under favorable RZTs exhibit faster growth. It 

is possible that this is, indirectly, the reason underlying the differential rates of disease 

progression observed at the two RZTs. Disease development was slower at the lower 

RZT. This is interesting as the disease developed on the leaves, which were at the same 

temperature for both RZTs, implying that the difference between the two RZTs was due 

to materials translocated from the roots to the shoots. The difference in disease 
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progression between the two RZTs was maintained, particularly at 10-6 M, throughout the 

experiment (Fig. 5.3). It is known that the phenylpropanoid pathway, which stms with 

PAL, can be induced by abiotic stress factors, such as low temperature, and that levels of 

PAL induction can vary with the stage of plant development, genotype, and 

environmental conditions (Dixon and Paiva, 1995). Thus, it is reasonable to assume that 

the low RZT and Nod factor treatment might have an additive effect on plant defense 

reactions, through PAL induction. Our disease data suggest that P AL induction was 

greater or somehow more effective, at the lower RZT than at the higher one. It is not 

possible to show a correlation between PAL induction and disease incidence for two 

reasons, 1. the PAL assay was conducted under optimal temperature conditions, 2. Nod 

factor was applied to cut plants for PAL assay and to intact roots in the disease 

development work. It is worth noting that two types of infection, symbiotic (Zhang et al., 

1995) and pathogenic, can be slowed by Iow RZT, while N2 fixation occurs in the roots 

and the powdery mildew development is on the leaves, suggesting the presence of 

common factor in the plant effecting both types of infection, even if the infection is 

caused by a symbiont in one case and a pathogen in the other. 
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Fig. 5.1. Tbe effect of Nod factor concentration and temperature on disease intensity 

on soybean ieaves. A,:8, and C represent data for weeks 1, 2, and 3. Ban associated 

witb tbe same lower case letter are not significantly different, by an ANOVA (p = 

0.05) proteded LSDo.05 test. 
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Table 5.1. Errect of Nod factoR' tR'eatment on the gR'owth and development of 

powdery mildew on soybean leaves at 17 oC RZT. 

Treatment h after germination Appresorium Colony No. of hyphal 
*(M) treatment ave. (%) formation diameter tubes / spore 

ave. (%) ave.(~m) (ave.) 

10-6 4 5.2 *** -

10-8 4 7.7 

10-10 4 5.6 

0.0** 4 6.7 

10-6 12 11.7 70.5 

10-8 12 10.6 72.2 

10-10 12 14.0 66.6 

0.0 12 14.6 68.8 

10-6 48 146.0 b 2.6c 

10-8 48 192.2 a 3.1 ab 

10-10 48 190.5 a 3.0b 

0.0 48 202.5 a 3.3 a 

10-6 96 670.8 c 

10-8 96 744.2 c 

10-10 96 852.5 b 

0.0 96 931.6 a 

Values in the same column foHowed by the same letter are not significantly different by 

an ANOVA-protected LSDo.05 test. * = Molar, ** = control, *** = not applicable. 
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Table 5.2. Effed of Nod fador treatment on the growth and development of 

powdery mildew on soybean ieaves at 25 oC RZT. 

Treatment h after germination Appresorium Colony No. of hyphal 

*(M) treatment ave. (%) formation diameter tubes / spore 

ave. (%) ave·(l1m) (ave.) 

10-6 4 18.6 *** 

10-8 4 22.2 

10-10 4 20.9 

0.0** 4 20.5 

10-6 12 25.5 80.9b 

10-8 12 24.3 84.5 b 

10-10 12 29.5 88.8 ab 

0.0 12 29.5 92.5 a 

10-6 48 382.4 b 3.7b 

10-8 48 404.5 b 3.8 ab 

10-10 48 418.2 ab 3.9 a 

0.0 48 453.1 a 4.0 a 

Values in the same column followed by the same letter are not significantly different by 

an ANOV A-protected LSDo.05 test. 

* = Molar. 

** = Control. 

*** = not applicable. 
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(A) Control (B) Nod factor 10.6 M 

Fig. 5.3. Effect of Nod factor on disease incidence at 17 oC RZT. (A) Control withont 

Nod factor treatment. (B) Nod factor treated soybean. Arrows show typical 

powdery mildew symptoms, irregnlar white patch es on soybean h~aves. 
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Cbapter VI 

Generai Discussion 

Symbiosis, in the broadest sense, means organisms living together. This can be beneficial 

to both orgarusms, as in the rhizobia-Iegume N2-fixation association, or detrimental to one 

organism, as in interactions between disease causing pathogenic rnicroorganisms and host 

plants. In the case of plant-microbe relationsrups, the establishment of such relationships 

requîres three conditions: an appropriate rnicroorganism, an appropriate host plant, and 

favorable environmental conditions (Agrios, 1997). The outcome of the two types of 

interaction depends on recognition between the microbe and the plant; an early step 

leading to a phytopathogenic reaction, or to a compatible symbiotic rhizobia-legume 

association, in both cases, leading to infection. 

Plants are able to recognize chitin fragments and these can act as elicitors of 

disease responses; the se fragments are structural constituents of fungal cell walls (Ebel 

and Mithôfer, 1998). Similarly, the recognition step in the rhizobia-legume association 

requires coordinated exchange of specific signal molecules, generally flavonoids, 

excreted by legume root systems and Nod factor excreted by the micorsymbiont (Geurts 

and Bisseling, 2002). The presented research was designed and accomplished to 

investigate 1. the effect of suboptimal growth temperatures on the production of Nod 

factor by two strains of B. japonicum, 2. the interaction of abiotic stresses (low 

temperature, Iow pH and salinity) and Nod factor levels on the ability of soybean root 

hrurs to respond to Nod factor forrn B. japonicum, and 3. the interaction of Nod factor and 

low RZT stress, on the ability of Nod factor treatrnents to induce resistance to the 
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development of a foliar disease, soybean powdery mildew, and the role PAL induction 

might play in this. 

Suboptimal RZT exerts negative effects on the early stages of soybean nodule 

development, especially below 17 oC RZT. This has been related, at least in part, to 

reduced levels of gerustein [the major soybean-to-B. japonicum signal (Zhang and Smith, 

1994; Pan and Smith, 1998)]. Exposure of B. japonicum cells to genistein causes nod 

gene induction, leading to Nod factor synthesis, which plays a vital role in root hair 

deforrnation, causing pockets where rhizobia are entrapped during the early stages of 

nodulation. Thus, 1 tested the effects ofthree growth temperatures (two stressful and one 

optimal) on the production of Nod factor by two strains of B. japonicum cornmonly used 

in commercial inoculants under American and Canadian conditions. 

In chapter three 1 showed that the greatest production, on a per œIl basis, of the 

main Nod factor produced by B. japonicum occurred at an optimal growth temperature 

(28 OC), and this was observed for both of the tested B. japonicum strains, 532C and 

USD AI 10, while suboptimal incubation temperatures negatively affected the ability of 

both stains to produce Nod factor. Nod Bj-V (C18:1, MeFuc) was first purified and 

identified as the main Nod factor produced by B. japonicum USDAll 0 by San juan et al. 

(1992), and from 532C by Souleimanov et al. (2002). Work in our laboratory has shown 

that other Nod factor form B. japonicum 532C possess different length acyl side chains 

and different substitutions along the chitin backbone, similar to those isolated from 

cultures ofB.japonicum strains USDA135 (Carlson et al., 1993). 
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As growth temperature decreased, progressive reductions in Nod factor production 

were observed, therefore we postulated that this might contribute to the already reported 

low RZT related reductions in soybean nodulation and delay in onset of nitrogen fixation 

(Zhang et al., 1995). The observed higher Nod factor production, both on total culture 

and per cell bases, as temperature increased to an optimum level (chapter three) indicates 

that at least part of the low RZT inhibition of soybean nodulation is caused by inhibition 

of Nod factor production, even when an appmpriate level of genistein 1S present. The 

observation that strain 532e, which is known to be well adapted to the Canadian growth 

conditions (Hume and Shelp, 1990) produces more Nod factor than USDAII 0 at lower 

RZTs suggests a mechanism for its better performance in inoculants under cooler 

Canadian conditions. 

When Nod factor is perceived by a legume root system, the first visible response 

is mot haïr deformation. The effect ofthree abiotic stresses (low temperature, low pH 

and salinity) on the ability of Nod factor to trigger this stage of the rhizobia-legume 

symbiosis establishment was the subject of chapter four. The greatest degree of root hair 

deformation (HAD) in response to Nod factor application was observed with the highest 

concentration (10-6 M) appIied. This concentration has previously been shown to be 

effective at inducing HAD in the absence of abiotic stresses, and induction of specific 

defense-related responses, respectively (Savoure et al., 1997; Prithiviraj et al., 2000). 
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The inhibitory effect exerted by suboptimal growth temperature on Nod factor 

production (chapter throo) was aiso observed for root haïr deformation (chapter four). 

This response was concentration and incubation temperature dependant, and therefore, 

lower Nod factor bioactivity was observed at lower incubation temperatures. Low RZT 

inhibits early stages of symbiosis, particularly root hair deformation (Zhang and Smith, 

1995). Since Nod factor, in conjunction with rhizobia, play a vital role in the root hair 

curling process (Lhuissier et al., 2001), and can even cause formation ofanatomically 

complete nodules, on Glycine soja, in the absence of the microsymbiont (Stokkermans 

and Peters, 1994), and, given my data on RAD at low temperature ( chapter four), il can be 

concluded that low rhizosphere temperatures negatively affects the bioactivity of Nod 

factor at the tested levels and contributes to inhibition of soybean nodulation at 

suboptimal RZTs. 

The bioactivity of Nod factor was aiso evaluated under low pH stress conditions. 

Nod factor activity was concentration and stress-Ievel dependant under low pH stress, 

with the lowest Nod factor bioactivity observed at pH 4. There was no interaction 

betwoon Nod factor concentration and pH so that roots at low pH were not more affected 

by addition of Nod factor than those at high pH. Thus, perception of Nod factor is not 

specifically inhibited by low pH, but addition ofhigher levels of Nod factor could help 

overcome low pH inhibition of at least the first steps of soybean nodulation. 

Salinity strongly inhibited soybean root hair deformation, and this was not 

improved by addition ofhigher Ievels of Nod factor. Thus, salinity may inhibit soybean 
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nodulation through specificaUy inhibiting the ability of soybean foots to respond to Nod 

factor, but adding addition al Nod factor is unlikely to overcome this inhibition. 

In these experiments a 1: 1 mixture of two purified Nod factor from B. japonicum 

532C were tested for their biological activity under three stress conditions (chapter four), 

each of which inhibited root hair deformation. The Nod factor solution caused root hair 

deformation, but, in general, at a lower frequency than when the main Nod factor was 

used alone, as seen in the data of Supanjani et al. (submitted). However, the intensity and 

distinctness ofHAD was greater with two Nod factor than with one (chapter four). The 

published literature indicates that B. japonicum strains generally produce more than one 

biologically active Nod factor (Heidstra et al., 1994; Stokkermans et al., 1995), and that 

these work together to trigger root haïr curling (Lhuissier et al., 2001). Nodulation in 

soybean B. japonicum is restricted to only part of the root system (Sadowsky et al., 1995) 

and it is generally the case that very large numbers of nodules are not formed. It may be 

that the lower frequency ofroot haïr deformation resulting from a mixture of Nod factor 

(the natura! condition) than a single Nod factor (Supanjani et al., submitted) is one of the 

mechanisms by which nodule number is controlled. The most frequently nodulated 

region of the root is located above the zone of rapid root eIongation and below the 

smallest emergent root hairs present at the time of inoculation (Bhuvaneswari et al., 

1980). 

We attempted to mimic stress effects, in vivo, on early stages of Nod factor 

perception in the soybean-rhizobia association ( chapter four). Because of the size of 

soybean seeds and the nature and number of treatments required we followed the method 
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described by Prithiviraj et al. (2000), a method proven to trigger a range oftypes and 

appreciable frequencies of soybean root hair deformation when compared to other 

methods (eg. Heidstra et al., 1994; Stokk:ermans et al., 1995) and the data from my 

controls showed that good frequencies ofHAD were observed with this method. 

We found that Nod factor induced soybean resistance to powdery mildew, caused 

by a biotrophic fungus with known effects on both photosynthesis and yield development 

(Dunleavy, 1979). It is worth noting that there are similar features between the two types 

of infection, symbiosis and disease, particularly the development of specialized interfaces 

by which nutrients are obtained. In the case ofbiotrophic fungi this interface is the 

haustoria, which sUITounded by an invagination of plasma membrane, in the infected leaf 

cell (Harrison, 1999), and in the case of symbiotic infection, it is the bacteroid, the 

differentiated form ofbacteria that fixes nitrogen, surrounded by plant derived membrane 

known as the peribacteroid membrane and located in root nodules (Schultze and 

Kondorosi, 1998; Geurts and Bisseling, 2002). In the latter case nutrient transfer is 

mutual (bidirectional), while in the pathogenic relationship it is unidirectional. 

It is interesting that two types of soybean infection are controlled by a signal 

originating from the same microorganism (chapter five), and can be differentially 

recognized by the plant perception system with responses such as nodule formation or 

elicited pant defense responses inducing disease resistance. AlI Nod factor treatments 

reduced the incidence of disease on soybean leaves, with greater concentrations being 

more effective. The greatest inhibition and most persistent effect on disease progression 

was observed at the highest concentration of Nod factor (10-6 M) at both tested RZTs. It 
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is possible that tbis relatively high concentration caused a sbift among biosynthetic 

pathways and triggered plant-defense responses against powdery mildew, as suggested by 

my PAL data. Schultze and Kondorosi (1998) postulated that the reported induction of 

defense-related plant reactions to Nod factor in the study of Savoure et aL (1997) was due 

to the high concentrations of Nod factor applied, that is, concentrations rugher than the 

plants would normally see during a symbiotic infection. The expression of nod genes is 

tightly regulated, and thus specific types and amounts of Nod signal are required for 

symbiosis. An analogous observation was found with PAL specific activity. PALis a 

key enzyme in phynelpropanoid pathway, through which a variety of phenolic 

compound s, such as phytoalexins, are produced. Nod factor, at 10-6 M, induced the 

accumulation of the phytoalexin medicarpin in Medicago cell cultures (Savoure et al., 

1997). In chapter (five) Nod factor, at 10-6 M, induced the greatest PAL specific activity 

24 h after treatment application, which is in accordance with the treatment effect on 

disease progression, though, after 96 h, PAL induction was detected following treatment 

with 10-10 M Nod factor. A possible explanation and consequences of this response was 

discussed in (chapter five). 

Previous studies reported sensitivity of soybean to low RZTs, particularly during 

the early stages ofnodulation (Zhang and Smith, 1994). 1 showed thatthe production of 

Nod factor and their perception by root hairs are also affected by low temperature 

(Chapters three and four). In chapter five the effects of exogenous Nod factor application 

to root systems on powdery mildew disease development was found to be Nod factor 

concentration and RZT dependant. In aH cases the plant sensitivity and response to Nod 

factor was higher at low RZTs, and therefore, disease progression was lesser at low RZTs. 
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The low RZT plants developed more slowly and it may be that younger plants are more 

responsive to Nod factor treatment and more efficient in eliciting defense-related plant 

reactions than plants grown at optimal RZT. It is known that abiotic stresses can induce 

responses associated with biotic stresses, such as PAL induction, and it could also be that 

tbis aUowed the low RZT plants to respond more quickly and/or to a greater degree than 

plants at an optimal RZT. It is not possible to directly compare PAL induction data with 

disease progression data, as the Nod factor was applied through cut soybean stems for the 

PAL work, and to intact root systems for the disease work, however, it seemed that the 

patterns of disease resistance and PAL activity, following Nod factor treatment, were 

consistent with each other. 

Given the structural similarities between Nod factor (chitin-back bone) and 

oligochitin, elicitors of plant defense reactions, perhaps it should not be terribly surprising 

that Nod factor also elicits defense responses, such as PAL induction, leading to slower 

powdery mildew development. Recently, the induction ofP AL activity in soybean leaves 

by chitin oligomers was reported (Khan et al., 2003). Further, in soybean roots and 

suspension œIl cultures a chitin-binding protein has been identified in the plasma 

membrane for which the purified Nod factor [Nod Bj-V (CIS:l , MeFuc)] acts as 

competitive inhibitor of chitin oligosaccharides, suggesting that soybean perceived both 

molecules at the same binding site and based on similarity of structural features, a chitin 

backbone (Day et al., 2001), so that both would potentially induce defense responses. 

However, one must be cautious about making direct comparisons between modes of 

action for Nod factor and chitin oligomers based on similar chemical structure, 

particularly the chitin back-bone; modification of Nod factor structural features, such as 
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removal of sulfate, resulted in loss oftheir elicitor-like activity in Medicago. A similar 

10ss of activity was aiso observed in Nod factor biological activity, suggesting the 

presence of a distinct perception system for Nod factor (Staehelin et al., 1994; Savoure et 

al., 1997). In addition, the amphipathic nature of Nod factor suggests an important role 

for the fatty acid moiety, perhaps allowing perception and insertion into the plasma 

membrane (Geurts and Bisseling, 2002) and protection against degradation by chitinases 

(Staehelin et al., 1994). 

Over an, Nod factor at 10-6 M evoked the greatest frequency of root HAD in aH 

experiments (chapter four) and the Iowest frequency ofpowdery mildew symptom 

development, and induced the most rapid PAL activity increase suggesting sorne 

commonality among aIl ofthese responses. 
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ChapterVll 

Acceptance or Rejection of Hypotheses and Contributions to Knowledge 

The work conducted in the presented thesis is considered to contaÎn original contributions 

to knowledge regarding the effects of suboptimal growth temperature on Nod factor 

production by B. japonicum, the ability of soybean root hairs to respond to Nod factor 

under conditions of abiotic stress, and the ability of Nod factor to induce disease 

resistance in soybean plants. The relevance of the findings to each of the initial 

hypotheses and the original nature ofthese findings are described here. For convenience, 

the hypotheses are restated now. 

Hypothesis 1: 

During the early stages of the soybean-Bradyrhizobium symbiosis establishment 

under Canadian growth conditions, low RZTs inhibit the ability ofbacteria to produce 

nodulation signal molecules or "Nod factor", the B. japonicum-to-soybean-signal. 

Hypothesis 2: 

Low RZTs, low pH, and salinity reduce Nod factor bioactivity and response of 

soybean root hairs. Addition ofhigher concentrations of Nod signaIs potentiaUy 

overcomes this inhibitory effect. 

Hypothesis 3: 

Addition of Nod factor to the soybean-bradyrhizobia system potentially induces plant 

defense responses against soybean powdery mildew. 
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Hypothesis 4: 

Both, pathogenic infection (powdery mildew on soybean leaves) and controlled 

infection (symbiosis, root infection by rhizobia) are similarly affected by low RZTs. 

Specific contributions to knowledge and acceptance ofhypotheses: 

1. The sensitivity of early stages of the soybean-rhizobia symbiosis establishment to 

low temperature is, at least in part, related to inhibition of Nod factor production by 

B.japonicum cens (chapterthree, fig. 3.1). Thus, we accept hypothesis 1. 

2. Exogenous addition ofhigher levels of Nod factor can help overcome low pH and 

low temperature inhibitions of root hair deformation associated with symbiotic 

infection of soybean by B. japonicum (chapter four, figs. 4.1 and 4.2). Thus, we 

accept hypothesis 2. 

3. Exogenous additions ofhigher levels of Nod factor do not help to overcome the 

inhibition of soybean root hair deformations due to salinity stress (chapter four, fig. 

4.3). Thus, we reject hypothesis 2. 

4. At concentrations 10-6, 10-8
, and 10-10 M, Nod Bj-V (C18:1, MeFuc), reduced the 

incidence ofsoybean powdery mildew (chapter five, figs. 5.1, 5.3). This is the first 

report to address induction of soybean resistance to powdery mildew by Nod factor 

application. Thus we accept hypothesis 3. 
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5. Application of Nod factor to soybean plants induces PAL activity in a dose and time 

dependant fashion; this has not been previously reported (chapter five, fig. 5.2). 

Thus we accept hypothesis 3. 

6. This is the firs! report to address the relationship between root zone temperature and 

disease progression (chapter five, fig. 5.1 A). Thus we accept hypothesis 4. 
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Cbapter VIII 

Suggestions for Future Researcb 

Additional research that can be conducted to extend the work induded in this thesis is as 

foHows: 

1. In this thesis 1 looked at the effects of low temperature on the production ofN od factor 

by B. japonicum. Additional work should be conducted to evaluate Nod factor production 

under other types of abiotic stress. 

2. In the work 1 conducted 1 used only one concentration of genistein to induce the nod 

genes of B. japonicum cells under stress conditions. Research should be conducted to 

evaluate production of Nod factor under abiotic stresses as a function of the concentration 

of nod gene inducer. 

3. 1 conducted research on the effects of suboptimaI growth temperatures on the 

production of the Nod factor most abundantly produced by B. japonicum. It would be 

very useful to examine the effect of suboptimaI growth temperature on the production of 

the other Nod factor produced by B. japonicum, and the relative abundance of these Nod 

factor to each other. 

4. In this thesis 1 report research on the effects oflow temperature on production of Nod 

factor by B. japonicum. In my case, "production" includes an aspects of synthesis and 

excretion as 1 measured the concentration of Nod factor in the resulting bacterial culture 

114 



medium. There is a need to determine the effect of suboptimaI growth temperature on the 

excretion, vs. synthesis, of Nod factor. 

5.1 was able to show that, under sorne stress conditions, increasing the concentration of 

Nod factor increased the degree of foot haïr response. However, in many cases, the 

highest rate of response occurred at the highest level of added Nod factor. It would be 

instructive to determine the effects ofhigher concentrations of Nod factor on biological 

activity (root hair deformation) under the environmental stress conditions included this 

research. 

6. 1 was able to show that addition of Nod factor, under controlled environment 

conditions, improved the first steps of the nodulation process when soybean root systems 

were stressoo. Field research should be conducted to test of the ability of Nod factorto 

overcome inhibition of soybean nodulation by various envïronmental stresses. 

7. My work demonstrated that Nod factor deterred the development of powdery mildew 

on soybean. There is a need to determine the mechamsms underlying tms induced disease 

resistance, including identification and characterization of the compounds, such as 

phytoalexins, involved in Nod factor induced defense reactions in soybean plants. 

8. 1 was able to show that Nod factor treatment slowed the development of powdery 

mildew on soybean. This work should be extended to include the effects of Nod factor 

application on other soybean diseases of economic importance. 
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9. The work conducted in this thesis has focused entirely on soybean. It would be useful 

to test my findings on other crop legume species and, in the case of the disease control 

work, beyond the legume family. 
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