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Soybean [Glycine max (L.) Merr.) is a subtropicallegume that requires root zone

temperatures (RZTs) in the 25 to 30°C range for optimal symbiotic activity. The

inability of soybean to adapt to cool soil conditions limits its development and yield in

short season areas. In particular, nadulation and N2 fixation by this subtropical crop

species is sensitive to cool (RZT). The objectives of this thesis were to determine

whether or not PGPR could be used to help overcome the low RZT inhibition of

soybean nadulation, to improve soybean nitrogen fixation and yield under tïeld

conditions and to determine the methods by which such increases occurred. The work

reported in this thesis has demonstrated that PGPR can increase early season nodulation

and total seasonal nitrogen fixation and yield of soybean growing in an area with cool

spring soils. The ability of PGPR to stimulate soybean nadulation and growth was

shawn to be related to their ability to colonize soybean roots, and this was shown to be

related to RZT. AIl steps in early nodulation were stimulated by the presence of

PGPR. The beneficial effects of PGPR are exerted through a diffusible molecule

excreted into the growth medium. The addition of genistein, a plant-to-bacteria signal

molecule already shown to stimulate soybean N2 fixation at low RZT, plus PGPR

causes increases in soybean nadulation, N2 fixation, and growth that were greater than

those caused by the addition of PGPR alone, but ooly at 25 and 17.SoC, and not at LSoC

RZT.
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Résumé

Ph. D. Narjes Dashti Phytotechnie

Le soja [Glycine max (L.) Merr.) est une légumineuse sous-tropicale qui a besoin

d'une température racinaire (TR) de 25 à 300e pour pouvoir établir une activité

symbiotique optimale. L'incapacité d'adaptation du soja aux basses températures

édaphiques limite son développement et son rendement dans les régions de courte

saison. La nodulation et la fixation azotée de cette plante sont particulièrement

sensibles aux basses TR. Les objectifs de cette thèse étaient de déterminer si les PGPR

pouvaient aider à surmonter l'inhibition de la nodulation par les basses TR,

d'améliorer la fixation azotée et le rendement aux champs et de déterminer les moyens

par lesquels de telles améliorations ont lieu. Le travail rapporté dans cette thèse a

montré que dans les régions où les TR sont basses au printemps, les PGPR peuvent

augmenter la nadulation en début de saison, la fixation azotée totale durant la saison et

le rendement du soja. La capacité des PGPR de stimuler la nodulation et la croissance

du soja est reliée à leur capacité de coloniser les racines, phénomène lui-même relié aux

TR. Tous les stades du début de nadulation étaient stimulés par la présence des PGPR.

Les effets bénéfiques des PGPR sont dûs à une molécule qu'ils excrètent et qui diffuse

dans le milieu de croissance. L'addition de la genistein (molécule-signal de la plante à

la bactérie qui stimule la fixation azotée à basses TR) aux PGPR a causé une

amélioration de la nodulation du soja, de la fixation azotée et de la croissance

supérieure à celle due à l'addition des PGPR seules, mais seulement à 17,5 et 25°C et

non à 15°C.
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Section 1

GENERAL INTRODUCTION

1.1. Introduction

Soybean [Glycine max (L.) Merr.] is a widely produced N2-fixing crop, and is a major

source of protein and oil for agro-inàustry world wide. Soybean plants, by forming a

symbiosis with the bacterium Bradyrhizbbium japonicum, can fix up to 200 kg ha-' of

atmospheric nitrogen per year. The importance of soybean as a crop is increasing in

eastem Canada. In 1993 soybean was tied as the most widely produced crop in

Ontario, at 676,000 ha. In Quebec, soybean hectarage has increased from 3.000 in

1989 to approximately 100,000 in 1996. Current Quebec soybean production provides

less than 10% of the $200 million local market demande Soybean production in the

maritime provinces has begun over the last five years and the annuaI hectarage is

expanding rapidly.

As a legume, soybean is capable of meeting much of its nitrogen requirement

from symbiotic nitrogen fixation and it is of economic importance that they should do

so efficiently. Restrictions upon improved soybean yieLd have been attributed to a

decLine in N2 fixation at seed filling due to within plant competition for available

photoassimilate (Sinclair and deWit, 1976) or prolonged seedling Il N-hunger" prior to

the onset of fixation. The production of N fertilizer is economically ($1 billion y(l in

Canada), energetically (equivalent to 30 million barrels of oil) and environmentally

(produces 15 million t. of CO2 , ground water polluting-NO) and ozone-destroying NOJ

expensive. In eastem Canada the farro community spends $150 million per year for N

fertilizer. Nitrogen fixation is the sustainable alternative to N fertilizer.

Recently the cultivation of soybean has been extended inta cool temperate areas

where soil temperatures, in comparison with those of its natural habitat, are low during

the first part of the growing season. Under such conditions root zone temperature

(RZT) during the early growth period may be a limiting factor in the growth of the

plant. Soybean originated in the subtropics and ilS nodule development is restricted by

the soil temperatures commonly encountered in the ea.rly eastem Canadian growing
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season (Zhang et al., 1995a).

Studies on the effect of sub-optimal RZT on nitrogen fixation by soybean and

other subtropical legume crops have indicated that low RZT decease both nadulation

and nodule function (Jones and Tisdale 1921; Hardy et al., 1968; Roughley and Date

1986). Matthews and Hayes (1982) showed that an RZT of 10°C range resulted in

decreased nodule growth and a four-fold decrease in the total nitrogen fixation per plant

when compared to 25°C. This was attributed to the inhibition of infection and nodule

initiation by B. japonicum. In a recent study by Lynch and Smith (1993) it was

observed that a RZT of 15°C severely restricted both infection and nodule development.

and delayed the onset of nitrogen fixation until approximately 7 to 8 weeks after

inoculation.

As soybean is a subtropicallegume RZTs in the 25-30°C range are optimal for

symbiotic activity compared to 20-24°C for temperate legumes (Jones and Tisdale,

1921). It is N and not C availability that limits growth at low root zone temperatures

(Thomas and Sprent, 1984; Vance and Heich, 1991). In short season areas. the poor

adaptability of soybean to cool soils is considered the primary factor limiting yield

(Whigham and Minor, 1978).

Over the last decade the understanding of rhizosphere biology has progressed

with the discovery of a group of microorganisms, termed plant growth promoting

rhizobacteria (PGPR). These PGPR are capable of colonizing the plant root and

promote plant growth (Kloepper et al., 1980a). The PGPR Pseudomonas putida GR12­

2, originally isolated from the rhizosphere of plants growing in the Canadian high arctic

(Lifshitz et al., 1986), can bath survive the cold Canadian winter and proliferate in the

cool spring sail (Hong et al., 1991). The ability ta persist and replicate under

conditions that are deleterious for most other bacteria could be an important component

of the PGPR activity. Therefore, removal of the low RZT restriction on soybean

nodulation by PGPR inoculation would allow increased use of this N2-fixing cash crop,

and decreased reliance on potentially polluting N fertilizers.
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HYPOTHESES

Based on the information described above, the purpose of this thesis was to improve

nitrogen fixation by the soybean-Bradyrhizobium symbiosis through the application of

PGPR in order to reduee the negative effects of suboptimal RZTs on the soybean N2

fixation symbiosis under the cool spring conditions prevalent in much of the Canadian

soybean production regions. Therefore, it is hypothesized that:

1) PGPR accelerate nadulation, leading to increased nitrogen fixation and improved

yield by soybean in areas with cool spring temperatures.

2) The ability of PGPR to survive, grow and multiply in the field under short-season

conditions is related to their ability to stimulate soybean nitrogen tixation, growth and

yield under field conditions.

3) The ability of PGPR to colonize soybean roots is related to their ability to stimulate

soybean N2 fixation and growth, and this is affected by RZT.

4) Barly stages of soybean nadulation (root hair curling, infection thread initiation,

infection thread 112 way down the root hair, and infection thread reaching the base of

the plant root hairs) are affected by PGPR.

5) Plant growth promoting rhizobacterla enhance nodule developrnent of soybean at low

RZT through production of diffusible compound(s).

6) Addition of genistein plus PGPR will stimulate soybean nadulation, N2 fixation and

growth more than the addition of PGPR alone.
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OBJECTIVES

Following the hypotheses, severa! objectives were defined. The objectives were:

1. To determine whether PGPR can stimulate soybean nodulation and nitrogen fixation,

leading to improved yields, in an area with cool soil temperatures in the spring.

2. To determine the role of PGPR colonization of soybean roots on their ability to

stimulate soybean nodulation, N2 fixation and growth.

3. To determine the effects of RZT on PGPR colonization of soybean roots.

4. To determine the effects of PGPR on the early stages of soybean nodulation over a

range of RZT.

5. Ta determine whether the PGPR effect is due to a diffusible compound.

6. Ta determine whether the stimulatory effects of PGPR plus genistein are greater than

the stimulatory effects of PGPR aIone.
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Section 2

LITERATURE REVIEW

2.1. mE SOYBEAN CROP

Soybean [Glycine max (L.) Merr.] is the world's widely-produced nitrogen (N) fixing

crop. By forming a symbiosis with Bradyrhizobium japonicum, soybean plants are

able to fix 100-200 kg ha- l yr- l of atmospheric N (Smith and Hume, 1987). Numerous

studies have demonstrated significant contributions of atmospheric N2 fixation to

soybean nutrition and growth (Weber, 1966; Deibert et al., 1979; Rennie et al .. 1982).

Most estimates show that soybean derives between 25 and 75 % of its N from fixation

(Deibert et al., 1979).

Soybean belongs to the family Leguminosae, subfamily Papilionideae, The

genus Glycine has trifolilated leaves, the flowers are inserted singly at each node of the

raceme, a five-toothed calyx with the upper pair of teeth not weIl united, a glabrous

corolla with long clawed petaIs, a keel which in shorter than the wings, and seed

(Hymowitz and Newell, 1981). There are two distinct forros of stem growth habit and

floral initiation in soybean. One forrn is the indetenninate stem, in which the terminal

bud continues vegetative activity during most of the growing season. The other forrn is

the determinate stem, in which the vegetative activity of the terminal bud ce.ases when it

becomes an inflorescence.

The main four producers of soybean in the world are USA, Brazil, China, and

Argenentina which together make up 90 to 95% of the world's production. The

importance of soybean as a crop is increasing in eastem Canada. In 1993, soybean was

the most widely produced crop in Ontario, at 676,000 ha. Quebec produces about

35,000 t of soybean protein per year, but imports, from the V.S. and Ontario, sorne

650,000 t of protein meal, mostly soybean, the bulk of which supplies the dairy

industry.

The two major products of soybean are ail and protein. Soybean ail accounts

for 20-30% of the total fat and ail production, and 30 to 35% of the total edible

vegetable oil production in the U. S. (Smith and Huyser, 1987). Since 1970, soybean
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ail production has doubled compared to other oilseed crops, such as rapeseed (Brassica

napus L.) (Johntson, 1987), peanut (Arachis hypogaea L.), cottonseed, and sunflower

(He/ianrhus annuus L.). The world soybean oil production has increased from 32 % in

1965 ta over 50% in the 1980s. The other important product of soybean is protein.

Soybean meal plays a key raIe as a protein ingredient in feeds in the USA. Poultry

feeds are the largest outlet for meal follQwed by swine feeds; the two account for 78%

of total usage. Soybean meal has been estimated ta make up more than 90% of the

oilseed meals consumed in poultry feeds. Smaller quantities of soybean meals are fed

to beef and dairy cattle (Bos spp.). Production of edible protein products for direct

human consumption is small as compared to soybean meal for feed uses (Mount et al.,

1987). Soybean cultivars grown in the United States generally contain 20-30% oil and

39-45 % protein (Hymowitz and Singh, 1987).

Soybean requires at least 2400 Corn Heat Units (Brown, 1981) in one growing

season. Canada is at the northem limit of soybean growth range, but in North

America, Canadian soybean production has cisen sharply in recent years. Temperature

is usually the limiting climatic factor in short growing season areas, area such as

Canada. Soybean offers a number of advantages over other crops, e.g. its ability ta fix

N2, its low phosphorus requirements, its tolerance to low pH and high levels of Al, and

its Tolerance to high soH moisture contents (Tanaka, 1985). The capacity of soybean ta

fix N2 is affected by ecological factors such as temperature, macronutrients,

micronutrients, and water regime.

2.2. EFFECT OF LOW RZTs ON SOYBEAN NODULATION AND N1TROGEN

FIXATION

As a subtropicallegume, soybean requires a temperature in a range from 25 to

30°C for optimal symbiotic activity. When RZT drops below this range, legume

nodulation and nitrogen fixation are negatively affected. Data from McGill has shown

that nitrogen fixing soybean yielded 34% less (910 kg ha- l
) than soybean that was

heavily fertilized with N (200 kg ha· l
) in a year with a cool spring, while there were no

differences between the yields of N2-fixing and N-fertilized soybean when spring
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weather was wann. At current soybean priees this translates into about $30 million for

the Maritimes and Quebec and cooler Ontario soybean production regions. In most of

its Canadian production areas soybean is planted into cool soils. This situation is likely

ta worsen as agronomie data indicates that, with the addition of N fertilizer, earlier

seeding increases the yield potential of soybean in these areas. Under eastem Canadian

conditions soybean can fix 100-200 kg N ha·1 (Smith and Hume, 1987).

Lie (1974) noted that all stages of nodule formation and functioning are affected

at low RZT. In a review of the data on environmental effects on the legume-Rhizobium

symbiosis, Gibson (1971) suggested that Iow RZTs retard root growth infection more

than nodule initiation, nodule development, or N assimilation.

Studies of the effects of sub-optimal RZTs on soybean have shown that these

conditions decrease N2 fixation activity by the nitrogenase enzyme complex (Layzell et

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

1986). The effects of low temperature on the function of N2-fixing nodules may be, in

part, due to changes in nodule O2 permeability (Sinclair and Weisz, 1985; Weisz and

Sinclair, 1988). Soybean plants export the N2 fixed in the nodule mainly in the form of

ureide. The solubility of ureide is low and decreases sharply as temperature declines.

Therefore low RZTs may aIso limit the rate of export of fixed N from the nodule

(Sprent, 1982). Decreased temperature resulted in progressively less bacteroid tissue

(Lie, 1974) and a decrease in its formation rate (Fyson and Sprent, 1982). The effect

of low RZT on temperate zone legumes has been investigated. Low RZT decreases

both nodulation and N2 fixation rates (Jones and Tisdale, 1921; Hardy et al., 1968;

Roughley and Dart, 1970; Dart and Day, 1971; Waughman, 1977), affecting all stages

of nodule formation and function (Lie, 1974). Root hair infection of Trifolium

subte"aneum is more sensitive to low RZT than nodule development or nitrogen

assimilation (Gibson, 1971). Lower RZTs decrease nodule growth and total nitrogen

fixed Per plant by inhibiting infection and nodule initiation (Matthews and Hayes,

1982). These RZTs primarily retard root infection (Lindemann and Ham, 1979).

Work to date in our laboratory has shawn that: 1. N2-fixing soybean plants are
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more susceptible to low RZT than N03-fed plants (Legros and Smith, 1994), 2. the

time between soybean inoculation with B. japonicum and the beginning of nitrogen

fixation increases by 2-2.5 days for every degree between 25 and 17°C (Zhang et al.,

1995a), 3. below rrc the time from inoculation ta nitrogen fixation is delayed by a

week per degree (Zhang et al., 1994), 4. the greater sensitivity below 17°C is due to an

event that occurs within the first 12 h after inoculation, root hair curling, at 25°C RZT

(Lynch and Smith, 1994; Zhang and Smith, 1994), 5. the greater inhibition by

temperatures below 17°C is due to an inability of the plant to either synthesize or

excrete the plant-to-bacterium isoflavone signal molecule (4' ,5,7-trihydroxyisoflavone,

or genistein) at the beginning of symbiosis establishment (Zhang and Smith, L995b),

and most recently, 6. co-inoculation of soybean with B. japonicum and sorne plant

growth promoting rhizobacteria {PGPR} strains shortens the time between inoculation

and the onset of nitrogen fixation at all ternperatures tested, but with a greater degree of

shortening (up ta 7 days) occurring at lower RZT (Zhang et al., L996b). Slow nodule

developrnent in cool soils prolangs the period of nitrogen deficiency that occurs

between the depletion of catyledonary nitrogen reserves and the beginning of nitrogen

fixation. A period of slow growth early on is reflected in growth throughout the

remainder of the season. During cool springs the delay in nadulation can be

substantial. For instance, during 1992, an unusually cool year, no nodules were

observed on field grown soybean plants until July.

Soybean needs qualitatively the same nutrients as other green plants bath on

macro-scale and micro-scale. Soybean plants need additional Mo and Fe ta make

nitrogenase and haemoglobin. Combined nitrogen (NO)", NH4 +, and urea} has been

demonstrated to influence symbiotic nitrogen fixation from the initial bidirectional

signal exchange between symbionts through to nodule senescence. At nitrate

concentrations greater than perhaps 2 mM, both nodule growth and nodule activity are

depressed (Streeter, 1981; Eardly et al., 1984).
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2.3. OTHER FACTORS AFFECTING SOYBEAN NODULATION AND

NITROGEN FIXATION

Water supply also plays an important raIe in bath nodulation and nitrogen fixation.

Nodulation increases as the sail water content increases until the sail is water saturated.

Water stress negatively affects the number of infection threads formed and inhibits

nadulation. As the plants are rewatered, the effects on infection are reversible and

immature hairs resume normal growth and become infected. Following successful

infection, reduced water supply can prevent nodule development (Sprent and Sprent,

1990). The decrease in the water potential in the nodules may aIso reduce the nitrogen

fixing activity (Pankhurst and Sprent, 1976; Weisz et al., 1985), with a strong

reduction in nodule respiration (Pankhurst and Sprent, 1976), accompanied by a

reduction in transport of fixed nitrogen out of nodules, and impairment of photosynthate

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

Inhibition of nadulation by nitrate has been weIl documented for over LOO years,

but little is known about the mechanisms involved. A study by Darbyshire (1966)

indicated that greater delays in nodule formation were caused by nitrate than by either

ammonium or urea. Nitrate concentrations higher than 2 mM inhibit bath nodule

growth and nodule activity (Streeter, 1981; Eardly et al., 1984). A wide range of

infection events are affected by nitrate such as, decreased root hair deformation.

decreased binding of rhizobia to root hairs, decreased number of infection threads. and

inereased number of aborted infection events (Streeter, 1988). With long-terro

exposure of plants to 4 to 8 mM nitrate, effects of nitrate on nodule growth are higher

than effects of nitrate on specifie nitrogenase activity (Streeter, 1981). Field trials have

aIso shown much greater effects on nodule growth than on specifie nodule activity

(Miller et al., 1982). A study by Waterer and Vessey (1993) demonstrated that

inhibition of symbiotic nitrogen fixation by the presence of minerai nitrogen in the soil

is due to a shortage of earbohydrates and or reducing power necessary for the

eompeting metabolic processes of N03- assimilation and symbiotic nitrogen fixation.

Recent work by Cho and Harper (1991a,b) and in our laboratory has shown that
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minerai nitrogen decreases the production of plant-to bacteria signal molecules by

soybean roots.

Low pH results in reduction of the growth and multiplication of rhizobia in the

soil (Rice et al., 1977), increases in the number of ineffective rhizobia and inhibition of

the infection process (Date, 1988). Acid soil may be low in available calcium,

magnesium, phosphorus, and molybdenum and contain levels of aluminium and

manganese toxie to the host plant (Sprent and Sprent, 1990).

High saline concentrations reduce the water nodule activity as water is

withdrawn osmotically from nodules. Bacterial colonization and root haïr curling of

legume plants maintained at 100 mol mol NaCI are bath reduced when compared to

those plants grown at 50 mol m-3 conditions. Also, the proportion of root hairs

containing infection threads is reduced by about 30% (zahran and Sprent, 1986).

2.4. PLANT GROWTH PROMOTING RIIIZOBACTERIA

Understanding of the rhizosphere biology has progressed with the discovery of a

specific group of microorganisms, now called plant growth promoting rhizobacteria

(PGPR), that can colonize plant roots and stimulate plant growth and development

(Kloepper et al., 1980a). Most of the identified strains of rhizobateria occur within

gram-negative genera, of which fluorescent pseudomonads are most characterized,

although sorne strains of Serratia have been reported (Kloepper et al., 1986, 1991;

Ordentlich et al., 1987). Several gram positive strains of root-colonizing bacteria were

reported such as an Anhrobacter-like genus (Kloepper et al., 1990) and Bacillus

(Backman and Turner, 1989; Turner and Backman, 1991). Other documented PGPR,

include Azotobacter species, Azospirillum species, and Acetobacter species (Brown.

1974, Elmerich, 1984; Bashan and Levanony, 1990; Tang, 1994).

Severa! reports related the beneficial effects of PGPR to direct plant growth

promotion, disease suppression, associative N2 fixation and improved access to soil

nutrients. Nitrogen fixation promoting rhizobacteria are identified as PGPR that are

capable of increasing nadulation as weil as plant growth. A different approach was

taken recentIy (Kloepper et al., 1986; Kloepper et al., 1988b) when over 10, 000
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bacterial strains were randomly isolated from plant rhizospheres at different locations.

After exarnining their ability to growth at 10w temperatures, they were tested under

greenhouse conditions, using field soils, for their ability ta promote the growth and

development of soybean and canola plants. Selected strains were then tested in field

trials, and sorne were found to increase growth and yield.

2.S. THE ROLE OF THE PLANT GROWm-PROMOTING RHIZOBACTERIA

Inoculation of crop seeds with PGPR was of major interest of agricultural

production throughout the twentieth century. The commonly applied inoculants have

involved nitrogen-fixing strains of Rhizobium, which can form a symbiotic association

with legumes and fix nitrogen. The capability of sail bacteria that are free-living in the

soil (non-symbiotic or "associative") to colonize roots and promote plant growth has

been weIl documented over the past 30 years (Kloepper et al., 1988a). Initial efforts to

enhance plant growth with free-living bacteria were centred on either phosphate­

solubilizing bacteria such as Bacillus megarerium var. phosphoticum or on nitrogen­

fixing bacteria that are present in the soil as free living bacteria, such as Azotobacter

(Cooper, 1959; Brown, 1974). The free-living phosphate solubilizing and nitrogen­

fixing bacteria were shown to increase the yield up to 25% (Schmidt, 1979). The

problem with these bacteria is their inability to compete effectively with other soil

microflora, as their population density decline after they were introduced into the

rhizosphere. This observation established the "biological balance" (Baker and Cook,

1974) or "microbial equilibrium" (Katznelson, 1985) theory, which stated that the

rhizosphere microflora are a distinct collection of organisms that can live and persist in

the soil in equilibrium (Kloepper et al., 1988a). The assumption was that after new

bacteria are introduced into the rhizosphere their population density will decrease, and

the original microbial balance would be reestablished (KloepPer et al., 1988a).

In the late 1970s, researchers at the University of Califomia in Berkeley found

that the rhizosphere microbiological equilibrium could be modified by introducing

specifie strains of rhizosphere pseudolnonads (Kloepper et al., 1988a). These

pseudomonads were able to colonize roots and alter the balance of both fungal and
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bacterial microt1ora throughout the growing season (Kloepper et al., 198Oc).

PGPR were reported to increase plant yields ID to 30% in non-Iegume crops

such as potato, radish, and sugar beet. Numerous reports indicated that PGPR can

exert precise effects on diverse hosts, including lentil (Chanway et al., L989). peanut

(Turner and Baclanan, 1991), bean (Anderson and Guerra, 1985), canola (Kloepper et

al., 1988b), cotton (Backman and Turner, 1989; Greenough and Batson, 1989. ). pea

(Chanway et al., 1989), rice (Sakthive1 and Gnanamanikam, 1987), and soybean

(polonenko et al., 1987). The mechanism by which the PGPR promote plant growth is

unknown; however, a wide range of mechanisms were postulated such as: mobilization

of insoluble nutrients (e.g. phosphate) and resulting enhancement of uptake by the plant

(Lifshitz et al., 1987), associative nitrogen fixation (Chanway and Holl, 1991a)

production of antibiotics toxic to soil-bome pathogens (De-Ming and Alexander. 1988).

production of plant growth regulators that promote plant growth (Kloepper and

Schroth., 1981b; Gaskins et al., 1985; ), siderophore production [high-affinity iron

(lm chelator], exclusively by pseudomonad strains (Neilands and Leang, 1986).

Specific Pseudomonad strains have established yield increases, control of sail-borne

plant pathogens, promotion of seedling ernergence, and promotion of legume nadulation

by nitrogen-fixing (Brady)rhizobium spp under field conditions..

Sorne reports suggested beneficial effects of sorne PGPR on the legume N:c

fixing symbiosis; the bacteria involved are known as nodule prornoting rhizobacteria

(NPR). Inoculation with NPR, often pseudomonads, and (Brady)rhizobium enhances

root nodule number or mass (Singh and Subba Rao, 1979; Burns et al., 1981; Grimes

and Mount, 1987; Polonenko et al., 1987; Yahalom et al., 1987). The ability of NPR

to increase nitrogenase activity was also documented (Iruthayathas et al., 1983~

AIagawadi and Gaur, 1988). Burns et al. (1981) reported that co-inoculation of

Azotobacter vinland;; and Rhizobium spp. increased the numbers of nodules on the roots

of soybean (Glycine max), pea (Vigna unguiculara), and clover (Trifolium repens).

80th field and greenhouse data showed that co-inoculation of Pseudomonas putida

increased nodulation of beans (Phaseolus vulgaris) by R. phaseoli (Grimes and Mount,
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1984). The mechanism by which NPR increase nodulation and/or N2 fixation is

obscure and the ecology of NPR is poorly understood.

2.6 l\ŒCHANISMS DY WHICH RHIZOBACTERIA PROMOTE PLANT

GROWTH

2.6.1. PGPR production of plant growtb regulators

Plant growth regulators (PORs) are organic substances that, at very low

concentrations, can influence physiological mechanisms of the plants. Severa! soil

microorganisms have the capability to produce active quantities of PGRs, which can

effect plant growth and development. Production of PORs has been illustrated in both

culture media and in the sail. Plant growth promoting activity by sail microflora can

take different forms such as, the production of phytohormones, or fungicidal or

bactericidal indole and phenols. Azospiri/lum, which is a diazotrophic bacterium

associated with plant roots, particularly with forage grasses and cereaIs, in tropical

regions, might he of agronomie importance, since it has repeatedly been reported to

promote plant growth (Okon, 1994). It is thought to benefit plants by the production

by phytohormones, e.g. auxins (Hartmann and Zimmer, 1994).

2.6.2. Enhancement of phospbate uptake by plants

Considerable research efforts have been aimed at evaluating phosphate­

solubilizing bacteria. Severa! ways by which these bacteria, which include fluorescent

pseudomonads, may increase the availability of phosphorus to plants were suggested

such as, minera1ization (solubilization of organic phosphate via the action of

phosphatase) or solubilization of unavailable inorganic phosphates by means of organic

acids. Lifshitz et al. (1987) reported that a P. putida PGPR strain increased the uptake

of 32P-Iabelled phosphate by canola seedlings. Inoculation of seeds with a pseudomonad

PGPR resulted in a significant increase of 32p levels in roots and in shoots.

2.6.3. Biological Control of Soil-borne Plant Pathogens by PGPR

phytophathogens can reduce crop yields by 25-57 %, which is tremendous loss of

crop productivity. Presently, chemical agents (pesticides) are applied to reduce this

loss. Other procedures such as fumigation, steam treatment, and solarization of soils
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were also applied (Gamliel and Katan, 1992). However, many of these chemicals

could have hazardous effects on animais, humans, persist and accurnulate in natural

ecosystems. Currently, biological approaches are being developed to control sorne

plant pathogens. Such biological approaches include the development of plants that are

able to resist one or more pathogenic agents (Greenberg and Glick, 1993) and the use of

PGPR that can suppress or prevent the phytopathogenic damage (O'Sullivan and

Q'Gara, 1992; Sivan and Chet, 1992; Cook, L993; Sutton and Peng, 1993).

The possible use of PGPR as biological control agents is described by the study

of the mode of action for fluorescent pseudomonad PGPR reported for potato (Kloepper

et al., 1981a). These PGPR strains were not able to promote plant growth under

gnotobiotic conditions (Kloepper and Schroth, 198tb). The growth promotion in field

soUs was aecompanied with a 23-64% reduction in the population densities of

indigenous rhizoplane fungi and a 25-93 % reduction in gram-positive baeterial

population densities (Kloepper and Schroth, 1981a). SusLow and Schroth (1982)

identified specifie strains of root-eolonizing bacteria that were pathogenie on sugar beet

seedlings and were termed deleterious rhizobacteria (DRB). Severa! genera of DRB

were found to cause growth inhibition and root deformations on crop plants (Suslow

and Schroth, 1982; Fredrickson and Elliott, 1985a; Fredrickson and Elliott, 1985b;

Gerhardson et al., 1985; Campbell et ai., 1986; Schippers et al., 1987; ).

Most PGPR strains appear to enhance plant growth indirectly by reductions in

populations of DRB. A study by Kloepper (l983) demonstrated that inoculation of

patata seed pieces with two strains of fluorescent pseudomonad PGPR, which were

responsible for yield increases in the field, caused a reduction in populations of Erwinia

carotovora on roots, ranging from 95 to 100% fewer than contraIs without PGPR

treatment. Colyer and Mount (1986) and Xu and Gross (1986a,b) confirmed the

biological control of E. carotovora by selected strains of root-colonizing fluorescent

pseudomonads.
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2.6.3.1. SOME MECHANISMS DY WHICH RHIZOBACTERIA

DEMONSTRATE BIOLOGICAL CONTROL

Biological control of plant pathogens using bacteria as biological control agents

has been reviewed by Weiler (1988), and exarnples of rhizobacteria as biological

control agents have been reviewed b} Schippers (1988). During the last decade.

fluorescent pseudornonads were applied successfullyas seed inoculants to control soil­

borne plant pathogens, as reviewed by WeIler (1988). Suppression of Pyrhium root rot

by different fluorescent Pseudomonas strains was reported on cucumber (Paulitz et al..

1992), wheat (WeIler and Cook, 1986), and tulip (Weststeijn, 1990). GeneraIly.

bacterial abilities to proteet the plants from soil-borne plant pathogens rely on two

aspects: the root-colonization capacity of the biocontrol agent and the production of

siderophores and antibiotics that control the growth of the plant pathogens.

2.6.3.1.1 Production of siderophores

Iron is one of the sail elements whose availability for direct assimilation by

microorganisms frequently limits grawth. Since the arnaunt of iron that is available in

the soil is much too low ta support microbial growth, soil microorganisms secrete iron­

binding moleeules (siderophores) that bind Fe+3, which is the primary faon of iron in

nature, carrying it back to the microbial cells, and making it available for rnicrobial

growth (Neilands and Leang, 1986; Briat, 1992). Siderophores are high-affinity iron

[III] transport agents which are produced when iron is limited (Neilands and Leong,

1986).

PGPR produce and release siderophores moleeules that will bind most of the

Fe+3 that is available in the rhizosphere, and as a result, prevent any pathogens from

proliferating because of lack of iron, and thus facilitate plant growth (O'Slil1ivan and

Q'Gara, 1992). Pseudomonad PGPR strains are capable of producing siderophore

which chelate the ferric iron in the rhizosphere thus inhibiting plant pathogenic or

deleteriaus species, with less affinity for iron (Kloepper et al., 1980b).

Kloepper et al. (1980b) reported that sorne PGPR strains that induced yield

increases for potato were able to produce siderophores which bind ta Fe(lIl). The
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capacity of Pseudomonas pUlida WCS358 to produce the siderophore: pseudobactin 358

(PSB358), resulted in yield increases in potato tuber (Bakker et al., 1986) and

suppression of Fusarium wilt in carnation (Dianthus p/umarius) (Duijff et al., 1993).

These findings gave rise to the siderophore theory of biological control by

rhizobacteria. The siderophore theory is supported by the following findings:

1. Certain strains that are capable of producing pure siderophores inhibit plant

pathogens in vitro and aIso promote plant growth upon addition to soil (Kloepper et al.,

1980b); 2. Pseudomonad PGPR (WCS358) promoted plant growth in field trials of

continuously cropped potato, while a siderophore-negative mutant, obtain by transposon

mutagenesis, did not (Bakker et al., 1987)

One of the main factors that affects iron concentration in the soil solution is the

soil pH. As soil pH decreases to below 6, iron concentrations in the soil rise and the

siderophores become ineffective (Scher and Baker, 1980). Most aerobic and facultative

anaerobic microorganisms produce the siderophores when the iron concentration

decreases. Fluorescent pseudomonads are able to produce the fluorescent siderophore,

pyoverdin, which aIlow these bacteria ta promote plant growth (Kloepper et al .. 198üb;

Bakker et al., 1987; Hofte et al., 1991).

Young et al. (1991) showed that ambient temperature strongly affects root

colonization by rhizopseudomonad strains ANP15 and 7NSK2, their pyoverdin

production and their survival in the sail. Cell yields of bath strains were highly

reduced at elevated temperatures. Buyer et al. (1993) confirmed that PGPR in the

rhizosphere actually synthesize siderophores under iron-limiting conditions.

Monoclonal antibodies were used to conduct an enzyme-linked immunosorbent assay

(ELISA) ta quantify siderophore production by a fluorescent pseudomonad present in a

barely rhizosphere.

Generally, plants are not injured by regional depletion of iron caused by PGPR.

Most plants are capable of growing at much lower iron concentrations than

microorganisms (Q'Sullivan and O'Gara, 1992). A number of plants have developed

mechanisms by which they can bind ta the bacterial iron-siderophore complex,
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transporting it through the plant, and then unbinding the iron from the siderophore sa

that the plant can use it (Crowley et al., 1988; Bar-Ness et al., 1991, 1992; Wang et

al., 1993). There are severa! factors that enable the siderophores to act as effective

disease-suppressive agents such as, the type of the crop plant, the soil constitution. the

bacterium that produces the siderophore, the affinity of the specific siderophore for

iron, and the specific phytopathogens being suppressed.

So an awareness of the behaviour of introduced PGPR strains and their

siderophore-producing abilities at different temperatures could be of major importance

regarding the use of PGPR for promotion of plant growth. However, the influence of

PGPR strains on plant growth under different climatological conditions needs additional

study before PGPR strains can be introduced into the field.

2.6.3.1.2. Production of antibiotics

One of the most frequently used methods ta begin selecting bacteria as potential

biological control agents involves screening the bacteria for their ability to produce

antibiotics in vitro (Fravel, 1988). Baeillus subtilis is weIl known for its ability to

produce antibiotics, and for this reason, it has been evaluated during the last 40 years

for its patential as a biological control agent (Dunleavy, 1955; Broadbent et al .. (971).

Confirmation of the direct involvement of antibiotic production in PGPR for disease

suppression eame from two distinct types of experiments:

(i) Inability of non-antibiotic-producing mutants of several different disease-suppressive

baeterial strains to prevent phytopathogens from causing damage to plants (Gutterson et

al., 1986; Thomashow and WeBer, 1988; Haas et al., 1991; Howie and Suslow, 1991;

Keel et al., 1992). (ii) When a wild type strain of Pseudomonas fluoreseens was

genetically manipulated to overproduce the antibiotics pyoluteorin and 2,4­

diaeetylphloroglucinol, the resulting strain prevented PhYlhium ulrimium from causing

disease on eucumber plants more than did the wild-type strain (Maurhofer et al., 1992;

Schnider et al., 1994).

Fluorescent pseudomonads produee antibiotics whieh are toxie to soil-bome

plant pathogens (Lesinger and Margraff, 1979). Their capability to produce these
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metabolites in the rhizosphere was proPQsed to be the mechanism for biologicaI control

of plant diseases. The usage of antibiotic-resistant markers has also allowed direct

proof that sorne specifie strains of introduced bacteria could become established in the

root zone and remain at stable population densities throughout the growing season

(Kloepper and Schroth 1978; Kloepper et al., 1980a).

2.6.3.1.3. Competition

Competition as a mechanism for biological control by rhizobacteria, is through

competition among soil microorganisms for infection sites and nutrients. Competition

for infection sites was illustrated by Osbum et al. (1989) who reported that

Pseudomonas put/da strain R20, which colonized the pericarp, seeds. and roots of sugar

beet, showed no effect on germination of Pythium sporangia in vitro. Soil tests showed

that strain R20 delayed fungal colonization of the pericarp 4-12 h after planting. By 24

h, 90% of non-treated seeds were infected with Pythium, whereas seeds treated with

R20 showed 37% infection. Damping-off was 50% less than contraIs after treatment

with R20. It was suggested that biological control originated from protection of the

pericarp by possession of pathogen infection sites by rhizobacterial strains.

Pseudomonads are capable of catabolizing a wide range of nutrients and cao

grow rapidly in the root zone, making them consistent competitors for biological

control by competition for nutrients, especially against the slower-growing pathogenic

fungi (Weiler, 1985). Suslow (1982) reported that PGPR were able to prevent DRB

from colonizing sugar beet as they occupied and excluded DRB from the cortical cell

junctions, where maximum secretion of nutrients occur. Stephens et al. (1993)

concluded that "principal element influencing the ability of a pseudomonads isolate to

perform as a biocontrol agent against Pythium u/limum on sugarbeets in soil, is their

capability to metabolize the components of seed exudate in order to produce compounds

inhibitory to P. ullimum lt
•

In addition to the widespread antibiosis mechanisms that include the disease

control by siderophore, antibiotics and competition, there are a number of other ways in

which PGPR can inhibit phytopathogens.
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(i) It was demonstrated that different microorganisms, including strains of

Cladosporium wemeckii, Pseudomomas cepacia (=Burkholderia cepacia), and

Pseudomonas solanacearum were able to hydrolyze fusaric acid (Toyoda and Utsumi,

1991). Fusaric acid is known as the causative agent of the damage to plants when

infected by Fusarium. As a result, these bacterial strains prevent plant diseases caused

by various species of this fungus.

(ii) When the plants are attacked by pathogens, they respond by synthesizing enzymes

that are able to hydrolyze the cell walls of funga! pathogens (Mauch et al., 1988).

Sorne PGPR strains probably produce enzymes that can lyse fungal cells. Lim et al.

(1991) isolated a strain of Pseudomonas sluizeri that produced extracelluar chitinase and

laminarinase enzymes that could digest and lyse Fusarium solani mycelia thus

preventing the fungus from causing crop loss owing to root rot. In addition,

Fridlender et al. (1993) used a B-1,3-glucanase-producing strain of Pseudomonads

cepacia that was able to damage fungal mycelia and, thereby, reduce the incidence of

plant disease caused by the phytopathogenic fungi Rhizocronia solani, Sc/erotium

rolftii, and Phythium ultimum.

2.6.4. PGPR induction of Systemic Disease Resistance in Plants

Enhancement of plant growth by rhizobacteria through disease control may

comprise direct or indirect effects on the pathogen (Davison, 1989). Directly by

competing with the pathogen for available nutrients, siderophore production, and

production of antibiotics (WeIler, 1988), and indirectly by modifying plant defence

responses. Induced disease resistance is an active resistance mechanism which

depended on the host plantIs physical or chemical restrictions, activated by biotic or

abiotic agents (Kloepper et al., 1992). Resistance could be induced by pre-inoculation

with PGPR strains (van Peer et al., 1991; Wei et al., 1992). Research in past decades

illustrated that plants have complex defense mechanisms that can be triggered prior to

disease development by environmental factors and microorganisms. One regional

defense system activated by pathogen approach, called the hypersensitive response,

iocludes the build up of phytoalexins and intensified synthesis of enzymes involved with
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phenolîc biosynthesis (Dixon et al., 1986). These enzymes invoive phenylalanine

ammonia lyase (PAL) and chalcone synthase (CHS) (Bell et al., 1986; Lawton and

Lamb, 1987; Ryder et al., 1987). Other enzymes were documented to he synthesized

such as peroxidase (Lagrimini and Rothstein, 1987) and phathogenesis-related proteins

(PRP), which include chitinase (Tuzun et al., 1989; Ye et al., 1990). Pathogenesis­

related proteins are often present in the intercellular spaces and are acid-soluble (De

Tapia et al., 1986).

Severa! reports have demonstrated that inoculation of plants with rhizobacteria

can induce defense responses. Enhanced accumulation of phytoalexinins in stem tissue

of Carnation was observed in the presence of the pathogen Fusarium oxysporum when

the roots were colonized with pseudomonad (Van Peer et al., 1991). Aiso colonization

of plant roots by pseudomonads increased amount of a lignin-like component present in

the root (Anderson and Guerra, 1985; Frommel et al., 1991). Systemic impact was

also noticed when roots of white bean were colonized by a fluorescent pseudomonad, as

the protein profile of intercellular fluids in leaf tissues was modified (Hynes and

Lazarovits, (989).

Scheffer (1983) reported that pre-inoculation of elm trees with four tluorescent

pseudomonad strains resulted in reductions in systemic foLiar symptoms of Ophiosloma

ulmi, the Dutch elm disease pathogen. Voisard et al. (1989) studied the mechanisms

for biological control of 1hielaviopsis basicola by PGPR strain CHAO, a strain of

Pseudomonas fluorescens.

It was suggested that the ability of sorne pseudomonads to synthesize hydrogen

cyanide (to which these pseudomonads are themselves resistant) may be linked to the

ability of these strains to inhibit sorne pathogenic fungi, although the raIe of the

hydrogen cyanide in disease suppression is not considered to he well established

(Voisard et al. 1989). Production of HCN was found to be associated with biological

control activity and with promotion of root hair growth. Recently, Wei et al. (1992)

demonstrated that seed treatment of cucumber with HCN-producing and non-HCN­

producing PGPR induced systematic resistance in leaves against Collerotrichum
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lagenarium. It was suggested that HCN produced by PGPR strain CHAO might induce

plant defence mechanisms (Tuzun and Kloepper, 1994).

Severa! studies aIso indicated that PGPR may stimulate production of

biochemical responses related to host defence. Such mechanisms involve the buildup of

anti-microbiallow molecular weight chemicals such as phytoalexins and leaf surface

diterpenes (Kuc and Rush, 1985; Tuzun' et al., 1989) and/or development of protective

layers through the accumulation of biopolymers such as lignin, callose and

hydroxyproline-rich glycoproteins (Hammerschmidt and Kuc, 1982; Hammerschmidt et

al., 1982; 1984). Plant root colonization by PGPR was aIso associated with increased

peroxidase activity (Albert and Anderson, 1987) and enhanced lignification of stems or

leaves in bean (Anderson and Guerra, 1985) and potato (Frommel et al., 1991).

2.7. ECOLOGY OF THE INTRODUCED BACTERIA INTO THE

RHIZOSPHERE

2.7.1. Root colonizatioo:

Root colonization is adynamie process and not a temporary relation between

bacteria and roots in soil. It is the process whereby bacteria survive inoculation onto

seeds or into soil, divide and proliferate in response to seed exudates rich in

carbohydrates and amine acids (Kloepper et al., 1985), adhere to the root surface

(Suslow, 1982; WeIler, 1983), and colonize the root system in soils containing native

microorflora (Kloepper et al., 1980a, Suslow and Schroth, 1982; WeIler, 1984).

PGPR can multiply and rernain in the rhizosphere following inoculation onto crop

seeds. The bacteria are allocated in the rhizosphere in a log normal order (Loper et al.,

1984) and are sporadically established along the roots (Bahme and Schroth, L987).

Colonization, although difficult to measure, is required for causing an interaction with

the plant and other mernbers of the microflora. The role of root colonization by PGPR

has been reviewed (Schroth and Hancock, 1982; Suslow, 1982).

Rhizosphere colonization symbolizes a larger ecological niche including root

colonization and bacteria that are in close proximity to, although not necessarily

attached to roots (Kloepper et al., 1980a). Fluorescent pseudomonads, are highly

23



(

(

(

rhizosphere competent (capable of root colonization), which accounts for their

predominance among the PGPR. Pseudomonads hold several characteristics which

assist them seed colonization, such as fast growth and motility (Seymour and Doetsch,

1973; Arora et al., 1983; Scher et al., 1985;). However, these traits may not always

correlate with root colonization. For example, Howie et al. (1987) found that three

nonmotile mutants of P. jluorescens colonized wheat roots as weIl as their motile

parents.

Rhizosphere colonization have been reviewed recently by van Elsas and Heijnen

(1990), Kloepper and Beauchamp (1992) and Kluepfel (1993). The major problem for

successful application of PGPR strains in sail was suggested ta he the lack of constant

effectiveness of the inoculant (van Elsas and Heijnen, 1990). Severa! causes were

suggested, such as ineffective colonization of the plant, or poor survival of the

introduced population. Xu and Gross (1986b) and Bull et al. (1991), demanstrated a

positive relationship between root colonization by a PGPR strain and disease

suppression, proposing that methodologies which enhance root colonization may also

improve the benefits of a PGPR strains in sail. The extent and amount of root

colonization required by a PGPR strain in arder ta enhance plant growth rely on many

interrelated considerations. The choice of methods used ta try ta increase rhizosphere

colonization and plant growth should take these factors into account (Stephens, 1994b).

2.8. INTERACTIONS OF INTRODUCED BACTERIA WIm INDIGENOUS

RHIZOSPHERE MICROORGANISMS

As the beneficial bacteria are introduced into the rhizosphere, they become

involved in a web of complex biological interactions with the hast plant and with the

surrounding rhizosphere microorganisms. They obtain their nutrients from the root

exudates and are accordingly dependent on the host plant, while they affect the hast by

inducing physiological changes in the plant (Kloepper et al., 1988b). Interactions with

indigenous rhizosphere microorganisms could take different forros. It could be neutral,

antagonistic (e.g. competition for nutrients, production of antibiotic compounds,

parasitism, or predation) or synergistic (i.e. the promotion of Rhizobium-induced
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nodulation of legumes). Severa! environmental restrictions, including temperature,

moisture, and soil type, may affect these microbial interactions.

The genetic marking of bacteria with antibiotic resistance for identification

purposes permits the study of population dynamics of soil-inhabiting bacteria. The use

of antibiotic-resistant markers allowed the first direct demonstration that sorne specific

strains of introduced bacteria could establish in the root zone and maintain high

population densities throughout the growing season (Kloepper and Schroth, 1978;

Kloepper et al., 1980a). Certain PGPR that cause obvious increases in plant growth

and yield were marked to track their populations during the various stages of plant

development (Polonenko et al., 1987).

2.9. SELECTION OF RHIZOSPHERE-COMPETENT STRAINS

There are several factors that play important raIes in the selection of the rhizosphere

competent strains. These are discussed below:

2.9.1. Crop Speciticity

The fitness of a bacteria! strain in the rhizosphere May be reliant on the plant

species (van Peer and Schippers, 1989, Beauchamp et al., 1991), plant cultivar (Weller,

1986) and the geographical region from which the bacteria were isolated (Mattar and

Digat, 1991).

2.9.2. Location on the root

Bacteria isolated from the rhizosphere and from discrete areas in the root, May

be phenotypically different from bacteria isolated from other portion of the sail

ecosystem. Hozore and Alexander (1991) reported that bacteria taken from the

rhizosphere of soybean and re-inoculated onto these plants, were able to colonize roots

more efficiently. These studies suggested that bacteria must he selected directly from

the rhizosphere and from that area of the plant root in which rhizosphere competence is

preferred.

2.9.3. Quantity of inoculum on the seed

One procedure of increasing rhizosphere colonization by certain PGPR strains is

by increasing the bacterial inoculum load on the seed. Hebbar et al. (1992) reported
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that the colonization and spread of Pseudomonas cepaeia (which is a bio-control agent

against Fusarium monilifonne) on the roots and rhizosphere of maize is related to the

amount of inoculum on the seed. However, the dependence of final colonization status

on the initial inoculum level has not been ubiquitous observation. For example, the

colonization of introduced pseudomonad strains on maize (Scher et al., 1984) and wheat

(Juhnkel et al., 1989) were shown to be irrelevant to the amount of the initial inoculum

It is apparent that under certain conditions, increasing the level of inoculum may

increase the rhizosphere competence of some, but not ail, bacteria.

2.9.4. Co-inoculation of PGPR strains with other microorganisms

Studies have shown that it is feasible ta maximize the root and rhizosphere

colonization by co-inoculation with other bacteria. Li and Alexander, (1988) reported

that co-inoculation of luceme and soybean roots with antibiotic-producing strains of

Baeil/us sp. and Streptomyces griseus, respectively, increased root colonization by R.

meli!oli and B. japonicum. Non-antibiotic producing derivatives of Baeil/us sp. and S.

griseus did not promote root colonization, suggesting that the benefit of this co­

inoculation was a result of antibiotic production. These results suggest that co­

inoculation of PGPR strains with other microorganisms may provide a relatively simple

and economically viable method of increasing a strain 1 s rhizosphere competence.

2.9.5. Use of Carrier Materials to improve PGPR survival in the

rhizosphere

Recent research has focused on the use of chemical polymers as carriers to

enhance the survival and rhizosphere colonization of PGPR strains in soil. Alginate has

been used to encapsulate P. cepaeia (Fravel et al., 1985), Azospirillum (Fages, 1990)

and Frankia (Sougoufara et al., 1989). P. fluorescens cells entrapped in an alginate

matrix and applied to the soil were able to survive better than those added directly to

soil (van Elsas et al., 1992). The utilization of chemical polymer beads to distribute

bacteria to soil and increase rhizosphere colonization has been found to have significant

potential.
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2.9.6. Management of the soil

Addition of distinctive clays has been shown to increase bacterial survival in fine

textured soils (England et al., 1993). Addition of 5% bentonite clay inta a Ioamy sand

soil (prior to inoculation) increased the survival of an introduced Pseudomonas

fluorescens strain in both bulk soil and the wheat rhizosphere. Mixing of a fresh P.

fluorescens culture with bentonite clay prior to inoculation also enhanced bacterial

survival. Incorporation of organic matter can aIso influence the survivaI of a PGPR

strain in the soil (Heijnen et al., 1992). Stephens et al. (1994a) reponed that when P.

corrugara 2140R [a biological control agent against talee-all (Ryder and Rovira. 1993)]

was inoculated into soil, the addition of finely ground barley straw added at 0.6%

(w/w) increased the survival of P. corrugara 2140R one thousand foid after 29 days.

The ecology of pseudomonad PGPR is a relatively new research area. Consequently.

there is little understanding of how environmental factors will influence bacterial

colonization effects and persistence on roots and the resulting effects on plant growth.

2.10. PGPR STRAIN DISPERSAL THROUGH THE SOIL

Madsen and Alexander (1982) found that neither B. japonicum nor P. putida

moved vertically through soil in the absence of a transporting agent (eg. plant roots.

water, earthworms). Similar observations have been reported for P. fluorescens

(Trevors et al., 1990; van Elsas et al., 1991). This suggests that severa! transporting

agents could be required for the dispersal of PGPR strains through the sail

2.10.1. Water

Percolating water can have a major effect on the distribution of PGPR strains in

the rhizosphere (Parke et al., 1986). Kluepfel (1993) reported that roots enhance

baeterial movement in the soil by fonning ehannels or pores, through which water

carries the bacteria. Inereasing the bulk density of soil and the addition of clay to a

sandy soil decreased baeterial movement in percolating water (Huysman and Verstraete,

1993a). On the other hand, increasing the rate of irrigation was shown to increase

movement of baeteria in sail (Huysman and Verstraete, 1993b). Specifie properties of

the soil such as pore size and distribution (Oazzo et al., 1972) and the type and amount
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of the colloidal fraction (Marshall, 1969) can aid bacteria! migration. Diverse bacterial

charaeteristics have been reported to influence bacteria! migration in percolating water

in soil. Huysman and Verstraete (1993a) reported that hydrophobie strains of bacteria

migrated through irrigated soil columns 2-3 times more slowly than hydrophilic strains.

Issa et al. (1993) reported that heavy textured soifs restricted the active movement of

rhizobia compared to lighter textured soils.

2.10.2. Earthwonns

Earthworms have aIso been shown to influence the movement of beneficial

microorganisms in soil. For example, the earthworm Lumbricus rubellus, in the

presence of percolating water, enhanced the vertical transport of Pseudomonas purida

and Bradyrhizobiumjaponicum in soil (Madsen and Alexander, 1982). The earthworm

Lumbricus terrestris increased the distribution of nodules on the root system of soybean

and it was suggested that this reflected the dispersal of B. japonicum by L. terrestris

(Rouelle, 1983). These results suggest that the m~agement of earthworms may be

exploited to increase bacterial root colonization by PGPR strains.

2.11. EFFECTS OF PGPR ON PLANTS IN FIELD TRIALS

2.11.1 Yield increase

PGPR ability to increase crop yields under diverse field conditions has been

reported (Schroth and Hancock, 1982; Suslow, 1982; Hemming, L986; Schippers et

al., 1987; de-Freitas and Germida, 1992). However, sorne of these reports

demonstrated that seed inoculation with PGPR does not always lead ta yield increases.

Possible reasons for this disagreement, including iron availability, sail-type, and the

nature of the soi! microfiora and application procedures have already been discussed.

2.11.2. Enhancement of Seedling Emergence

Specifie root-colonizing bacteria cao increase seedling emergence. This was

first reported with strains that caused increases in emergenee rates of soybean and

canola seedIings under cold field conditions in Canada (Kloepper et al., 1986). The

new class of PGPR strains was termed emergence-promoting rhizobacteria (EPR).

Inoculation of conifer seeds with Bacillus strains caused increased seedling emergence
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and biomass (Chanway et al., 1991b). Chanway (1995) aIso reported that seed

inoculation with Bacilus polymyxa can result in colonization of western hemlock root

systems and increase seedIing emergence.

2.11.3. Promotion of nodulation or legumes

Specifie pseudomonad strains were able ta stimulate nodulation of leguminous

crops by Rhizobium and Bradyrhizobium. Grimes and Mount (1987) reported that a P.

purida strain (MI7) increased Rhizobium nodulation of bean in field soils. Similarly,

Polonenko et al. (1987) tested the effects of fluorescent pseudomonads on nadulation of

soybean roots by B. japonicum. Certain PGPR strains were capable of enhancing B.

japonicum nodulation and soybean plant growth in field soil. These strains were termed

nodulation-promoting rhizobacterla (NPR). The mode of action of NPR is not known.

Work in the laboratory of Dr. D. Layzell has shown that, due to surface to volume

relationships. the proportion of bacteroid filled tissue is much higher in large nodules

(up to 89 %) versus smaller nodules (as little as 30%); the bulk of the remaining tissue

is nodule cortex. Hence a soybean plant with large nodules invests less carbon for each

nitrogen fixed than a plant witti the same nodule dry weight but with smaller nodules.

Also, the oxygen concentration inside large nodules is much more precisely regulated

than it is in small nodules (unpublished data).

2.12. RECOGNITION BETWEEN (BRADY)RHIZOBIUM AND SOYBEAN

SYMBIOTIC PARTNERS

The mechanisms of recognition between (Brcuiy)rhizobium and soybean could be

considered as a forro of cell-to-cell interorganismal communication. The exchange of

molecular signals between the host plant and (brady)rhizobia is needed for the

establishment of effective root nodules. The first step in the exchange of signals

involves the production of phenolic compounds, flavonoids and isoflavonoidsy by the

host plants (Peters and Verma, 1990). These compounds are produced by the part of

the foot with emerging foot hairs, the place which is most susceptible to infection by

bradyrhizobia (Verma, 1992). These compounds would induce the expression of nod

genes in (brady)rhizobia, enhancing the production of the bacterial ncd factor
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(Kondorosi, 1992) which is a lipo-oligosaccharide (Carlson et al., 1993). The lipo­

oligosaccharide induces many of the early steps in nodule development, such as

defonnation and curling of plant root hairs, the initiation of cortical cell division. and

initiation of root nodule meristems (Dénarié and Roche, 1992). There are two major

components of soybean root exudate isoflavones, daidzein and genistein. which induce

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

inducing capability than does genistein (Sutherland et ai., 1990).

These isoflavones chiefly occur in the forrn of 7-0-glucoside 6"-O-malonate

conjugates (Graham et ai., 1990). The isof1avone conjugates are stored in vacuoles.

There are eleven enzymes, such as phenylalanine ammonia lyase and isot1avone

methyltransferase, that are dedicated in the biosynthesis of genistein in soybean roots

(Barz and Welle, 1992). The effectiveness of isoflavonoids varies between cultivars

(Horvath et al., 1986; zaat et al., 1988). There is a strong positive relationship

between root isoflavone concentrations and soybean nodule numbers (Cho and Harper,

1991b). For example, a hypemodulating soybean mutant, obtained from the cultivar

Williams, had higher root concentrations of isoflavone compounds (genistein, daidzein,

and coumestrol) than did Williams at 12 days after inoculation. Nitrogen application

(urea, NH4 +, and NO)-) decreases the concentrations of isot1avone compounds in

soybean plants (Cho and Harper, 1991a), while NO)- is the most inhibitory to

isoflavone concentrations, and inhibition is concentration-dependent. Exogenous

abscisic acid application into the soybean root medium aIso resulted in a decrease in

nodule number and weight in both hypemodulating and wild-type soybean plants, while

isoflavonoid concentrations aIso markedly decreased in response to abscisic acid

application (Cho and Harper, 1993).

Zhang et al. (1996c) have shawn that the roots of plants germinated and grown

at lower RZTs have lower genistein concentrations and contents than plants grown at

higher RZTs. The beneficiaI effect of genistein increased with decreasing RZT (Zhang

and Smith, 1995b). At suboptimal RZT (17.5 and 15°C) the most effective

concentrations are in the 15 ta 20 ~M range, whereas at optimal (25°C) RZT 5 Jo'M is
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most effective. Two studies by Zhang and Smith (1995b), and Zhang et al. (1996d)

under controlled environment conditions and under field conditions, have shown that

preincubation of B. japonicum with genistein hastened the onset of nitrogen fixation,

increased the number of nodules produced, increased the size of the nodules, and

increased plant growth.
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Preface to Section 3

Section 3 is comprised of a manuscript prepared by N. Dashti, R.K. Hynes and D.L.

Smith, for submission in 1996. The format has been changed to conform as much as

possible to a consistent format within this thesis. Allliterature cited in this section are

listed in the reference section at the end of the thesis. Each table is presented at the end

of this section.

Whereas previous work by us has shown that PGPR can help to overcome low

RZT inhibition of soybean nodulation and nitrogen fixation under controlled

environment conditions, in this section we attempted to determine whether or not PGPR

will have the same effects under field conditions, leading to increased seasonal N~

fixation.
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Section 3.

PLANT GROWTH PROMOTING RHIZOBACTERIA ACCELERATE

NODULATION AND INCREASE NITROGEN FIXATION ACTIVITY

DY FIELD GROWN SOYBEAN [Glycine max (L.) Merr.]

3.1. Abstract

Application of plant growth-promoting rhizobacteria (PGPR) has been reported to

increase nadulation and nitrogen fixation of soybean over a range of root zone

temperatures (RZTs) under controlled environment conditions. Two field experiments

were conducted on two adjacent sites in 1994 to evaluate the ability of two PGPR

strains (Serraria liquefaciens 2-68 or Serratia proreamaculans 1-102) to increase

nadulation, nitrogen fixation, and total nitrogen yield by two soybean cultivars under

field conditions in a short season area. The results of these experiments indicated that

co-inoculation of soybean with B. japonicum and PGPR increased soybean nadulation

and hastened the onset of nitrogen fixation early in the soybean growing season, when

the soils were still cool. As a result of the increase in these variables, total fixed

nitrogen, fixed nitrogen as a percentage of total plant nitrogen, and the nitrogen yield

also increased due to PGPR application. Interactions existed between PGPR application

and soybean cultivars, suggesting that application of the PGPR to cultivars with higher

yield potentials was more effective. Inoculation with PGPR only also increased

soybean nodulation and nitrogen fixation by native B. japonicum.

3.2. Introduction

As soybean [Glycine max (L.) Merr.] is a subtropicallegume, foot zone temperatures

(RZTs) in the 25-30°C range are optimal for symbiotic activity, compared to 20-24°C

for temperate legumes (Jones and Tisdale, 1921). In recent years the cultivation of

soybean has been extended into cool temperate areas where soil temperatures, in

comparison with those of its natural habitat, are low during the first part of the growing

season. Under such conditions, the poor adaptability of soybean to cool soils is

considered the primary factor limiting yield (Whigham and Minor, 1978). Studies on

the effects of sub-optimal RZT « 25°C) on nitrogen fixation by soybean and other
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subtropicallegume crops have indicated that low RZTs decease both nodulation and

nodule function (Jones and Tisdale 1921; Lynch and Smith, 1993; Zhang and Smith~

1994).

Over the last decade understanding of rhizosphere biology has progressed with

the discovery of a group of microorganisms, called plant growth promoting

rhizobacteria (PGPR), that colonize plant roots and promote plant growth (Kloepper et

al, 1980a). The beneficial impacts of PGPR are thought to be direct plant growth

promotion by the production of plant growth regulators ( Kloepper and Schroth ~ 1981b:

Gaskins et al., 1985,), enhanced access to soil nutrients (Lifshitz et al., 1987), disease

control (De-Ming and Alexander, 1988), and associative nitrogen fixation (Chanway

and Holl, 1991a). Nitrogen fixation promoting rhizobacteria increase nodulation

leading to increased plant growth (Polonenko et al., 1987).

PGPR have been shown to increase plant yields 10 to 30% in a variety of crops

with positive effects reported for barley (Iswandi et al., 1987), bean (Anderson and

Guerra, 1985), canola (rapeseed) (Kloepper et al., 1988b), cotton (Backman and

Turner, 1989; Greenough and Batson, 1989), lentil (Chanway et al .. 1989) pea

(Chanway et al., 1989), and soybean (Polonenko et al., 1987). Field tests with sorne

Pseudomonad strains have demonstrated yield increases (Kloepper et al., 1986;

Kloepper et al., 1988b), control of soil-bome plant pathogens (Kloepper and Scroth,

1981a), promotion of seedling emergence (Kloepper et al., 1986), and promotion of

legume nodulation by nitrogen-fixing (Brady)rhizobium spp (Grime and Mount, 1987).

Grimes and Mount (1987) found that a Pseudomonas putida strain (MI7), increased

Rhizobium nodulation of bean in field soils. Similarly, Polonenko et al. (1987) tested

the effects fluorescent pseudomonads on nodulation of soybean roots by Bradyrhizobium

japonicum.

The stimulation of PGPR on legume symbiotic N2 fixation and plant growth can

be affected by environmental factors, such as RZT. Under controlled environment

conditions, the effect of the PGPR on soybean nadulation and N2 fixation (Zhang et al.,

1996b), and plant growth and photosynthetic activities (Zhang et al .• 1996a) varied with
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RZT. However, to date, there have been no investigations of whether co-inoculation of

B. japonicum with PGPR increases soybean nodulation and N2 fixation under short

season field conditions. Therefore, in this study, we tested the hypotheses that under

short season field conditions: 1) co-inoculation of B. japonicum with PGPR increases

soybean nodulation and N2 fixation when soybean is planted into cool spring soils. 2)

final plant N and protein yield aIso increase due to improvement of soybean nodulation

and N2 fixation, and 3) inoculation with PGPR only, in the presence of native soil B.

japonicum, increases soybean nodulation and nitrogen fixation.

3.3. Materials and methods

3.3.1. Field [ayout

The two experiments were conducted at the Emile A. Lods Research Centre. McGill

University, Macdonald Campus, Montreal, Canada. Both of the experiments were

performed at each of two adjacent sites. One site was sterilized with methyl bromide

(50 g m-2
) under a plastic canopy for 72 h (sterilized site). Three days elapsed between

removaI of the fumigation canopy and planting. The other site was kept unsterilized.

The sterilized site was included in this study to prevent possible competition from

native B. japonicum or interference from other elements of the sail microflora that

might obscure PGPR effects. The first experiment was designed as a 3 x 2 x 2 factorial

organized in a randomized complete block split-plot with four replications. The main­

plot units consisted of PGPR strain applications (no-PGPR application as a control,

Serratia liquefaciens 2-68 and Serratia proteamaculans 1-102). These two strains were

chosen based on the reports of Zhang et al. (1996a and 1996b). The two soybean

cultivars (Maple Glen and AC Bravor) and the strains of B. japonicum [532C (Hume

and Shelp, 1990) and USDAIIO] formed the sub-plot units. In the second experiment,

two factors were tested, PGPR application and soybean cultivars with the same design

as in experiment l, except that the two soybean cultivars were the subplot units. At the

sterilized site, each sub-plot was 1.6 x 2 m and consisted of three rows of plants with

40 cm between rows. At the unsterilized site, each sub-plot (2 x 3 m) consisted of four

rows of plants with 40 cm between rows. The space between plots was 80 cm and
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between replications 1 m.

For each replication of both experiments one plot of a non-nodulating line of the

soybean cultivar "Evans" was included for calculation of sail nitrogen availability and

seasonal N2 fixation. The sail type at both sites was a Chicot light sandy [oam. In the

previous year, 1993, this experimental field had been planted with oat and barley, while

in 1992 it was used to produce a crop of green manure alfaifa. The average nitrogen

accumulation in the non-nodulating control plants was 167 kg ha· l. Potassium and

phosphate were provided by the spring application of 340 kg ha-lof 5-20-20 according

to soil test recommendations.

3.3.2. Inoculum preparation

In experiment l, the inoculum was produced by culturing B. japonicum strains 532C

and USDAIIO in yeast extract mannitol broth (Vincent, 1970) in 2000 mL tlasks

shaken at 125 rpm at 25°C. The PGPR strains were cu1tured in Pseudomonas media

(PoLonenko et al., 1987) in 2000 mL flasks shaken at 250 rpm at room temperature (21­

23°C). After reaching the stationary phase (7-days for B. japonicum and 1.5-days for

PGPR), both B. japonicum and PGPR were subcu1tured. When the subculture reached

the log phase (3-days for B. japonicum and l-day for PGPR), each of the B. japonicum

and PGPR strains was adjusted with distilled water to an A620 (B. japonicum) and A~20

(pGPR) value giving a cell density of lOS cells mL'I, resPeCtively. Equal volumes of B.

japonicum and PGPR cultures were ffiixed and allowed to stand for approximately half

an hour at room temperature without shaking.

3.3.3. Planting methods

Seeds of the soybean cultivars 'Maple Glen' and 'AC Bravor' were surface-sterilized in

sodium hypochlorite (2 % solution containing 4 mL Loi Tween 20), then rinsed severa!

times with distilled water (Bhuvaneswari et al., 1980). These cultivars were selected as

they have been developed for production under the short season, cool conditions of

eastem Canada and have performed well there. The seeds were planted by hand on

May Il and 18 at the unsterilized and sterilized sites, respectively. The delay in

planting the sterilized site was due to the extra time required for the methyl bromide
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fumigation. Twenty mL of inoculum (for experiment 1), or the same amount of PGPR

or distilled water (no PGPR) (for experiment 2) per one meter of row were applied by

syringe direetly onto the seeds in the furrow. Cross contamination was prevented

throughout planting and all subsequent data collection procedures by alcohol

sterilization of ail implements used. Following emergence seedlings were thinned to

achieve a stand of 500,000 plants ha- l (20 plants mol of row).

3.3.4. 15N application

To be able ta measure the seasonal N2 fixation rates by the isotope dilution method, 15N

was applied (1.2 kg ha-l, 99% pure, Isotee Inc., Miamisburg, OH, USA) as double­

labelled ammonium nitrate in solution, ta a microplot of six plants (30 x 40 cm) within

each subplot in the first three replications at both the sterilized and uosterilized sites in

both experimeots. Each microplot was bordered by plastic sheeting extending 15 cm

ioto the sail ta prevent lateraI soil losses of the labelled nitrogen. The Iabelled nitrogen

was applied at growth stage V 1 (the first unifoliate leaf) (Fehr et al., 1971).

3.3.5. DaIa collection

One month after planting, the onset of N2 fixation was tested for. Acetylene reduction

activity assays were used as a +/- measure of nitrogenase activity. From each sub-plot

four plants were randomly selected, uprooted and detopped; the roots then were

exposed to 10% acetylene in a sealed IL Mason jar for 10 min. A 0.5 mL gas aliquot

was then extracted and analyzed by gas chromatography (Hardy et al., 1968). When

acetylene reduction activity was detected in all the PGPR application plots, the number,

weight, and nitrogen concentration of nodules were measured.

The final nadulation data were taken from plants harvested on August 13, when

the plants reached reproductive stage 6 [pod(s) containing a green seed that fills the pod

cavity at one of the four uppermost nodes on the main stem with a fully developed leaf

(Fehr et al., 1971)). The plants were uprooted, the roots were washed with distilled

water and the nodules were removed, counted and weighed. Microplot materials were

harvested by hand at harvest maturity, oven-dried at 7QoC for at least 48 h, and

weighed. The seeds were threshed by hand and ground using a Moulinex coffee min
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(Moulinex Appliances rnc., Virginia Beach, VA, USA). The above-ground plant tissue

from each microplot was ground to pass a 1 mm sereen of a Wiley rniU (A. H. Thomas

Co., Philadephia, PA, USA). The nitrogen concentration of grain and other plant

tissues was then determined by Kjeldahl analysis (Kjeltec system, Tecator AB.

Hoganas y Sweden). Following Kjeldahl analysis, a sample of the distillate obtained

from the shoot and grain material of each microplot was dried and the ammonium

present converted to nitrogen gas by the application of the Dumas method (Preston et

al., 1981) before measuring the lSN: l4N ratio of each sample by emission spectrometry

(Jaseo N-150 lSN analyzer, Japan Spectroscopie Co., Tokoyo, Japan). The proportion

of the total plant nitrogen derived from N2 fixation was then determined following the

formula described by Lynch and Smith (1993):

N % from fixation

= {1 - [eSN: 14N of fixing plant)/('sN: 14N of control plant)]} x 100.

3.3.6. Statistical analysis

The data were analyzed statistically by analysis of variance using the Statistical Analysis

System (SAS) computer package (SAS Institute [nc., 1988), except for the anset of

nitrogen fixation data (presented in Table 3.1), which were compared by the Cochran Q

test (Hollander, 1973). When analysis of variance showed treatment effects (p~O.05).

the least significant difference (LSD) test was applied to make comparisons among the

means (p~O.05) (Steel and Torrie, 1980).

3.4. Results

3.4.1. Native Soil B. japonicum Leve/s

At the sterilized site, the fumigation with methyl bromide was not completely effective

and the control plants formed nodules. At the unsterilized site, in experiment 2, a small

number (less than 4 per plant) of large nodules were formed. Because at least sorne

contamination occurred, the non-nodulating plants "Evans" were used as the reference

for estimating seasonal N2 fixation. Because of the contamination at the sterilized site,

comparisons between strains could not be made with confidence, therefore, ooly the

effects of PGPR application, soybean cultivar and the two way interaction between
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PGPR application and soybean cultivar were tested.

3.4.2. PGPR effecrs on nodu/arion and onser ofN1.fixation

Acetylene reduction activity was used as a +/- indicator of the onset of N2 fixation in

experiment 1 and showed that inoculation with PGPR resulted in a two to four days

earlier onset of N2 fixation on both sites (Table 3.1).

B. japonicum USDA 110 or 532C co-inoculated with PGPR 2-68 increased both

nodule weight per plant and weight per nodule for both AC Bravor and Maple Glen at

early soybean growth stages relative to inoculation of the B. japonicum strains alone at

the unsterilized site (Table 3.2). This increase in mass was due to the formation of

larger nodules, not to increased nodule number per plant (Table 3.2). At the second

sampling, August 13, Maple Glen plants co-inoculated with B. japonicum USDAII0

and PGPR 2-68 had increased nodule numbers compared to the plants receiving B.

japonicum USDAIIO alone at the unsterilized site (Table 3.2). At the sterilized site,

Maple Glen plants receiving PGPR 1-102 caused a 100% increase in the individual

nodule weight (Table 3.3).

3.4.3. Effects of PGPR on seasona/ N1 fixation

Co-inoculation of AC Bravor plants with B. japonicum USDAII0 and PGPR 1-102

increased seasonal N2 fixation by 184% as compared to plants inoculated with B.

japonicum USDAl10 alone by the N difference method and 92 % by the lSN dilution

method at the unsterilized site (Table 3.4), however, there was no increase in the

seasonal N2 fixation for the same treatment combination at the sterilized site (Table

3.5). Co-inoculation with B. japonicum USDAIIO and PGPR 2-68 increased seasonal

N2 fixation by 145 and 100% relative to B. japonicum USDAIIO alone for AC Bravor

plants by the N difference method at both the sterilized and unsterilized sites,

respectively (Table 3.4 and 3.5). The same combination increased the seasonal N1

fixation 94 and 88 % by the UN dilution method at both the unsterilized and sterilized

sites, respectively (Tables 3.4 and 3.5). Co·inoculation with B. japonicum USDAIIO

and PGPR 1-102 increased the total plant nitrogen yield of AC Bravor plants by 63%

relative to B. japonicum USDAII0 alone at the unsterilized site (Table 3.4) but caused
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no increase at the sterilized site (Table 3.5). Co-inoculation with B. japonicum

USDA 110 and PGPR 2-68 increased the total plant nitrogen yield of AC Bravor plants

by 50% relative ta B. japonicum USDAII0 alone at the unsterilized site (Table 3.4)

and by 31 % increase at the sterilized site (Table 3.5).

Co-inoculation with B. japonicum USDAIIO and PGPR 1-102 increased

seasonal N2 fixation by Maple Glen plants 30% as estimated with the ISN dilution

method, when compared ta the B. japonicum USDAI10 alone at the unsterilized site

(Table 3.4), however, there was no increase in the seasonal N2 fixation for the same

treatment combination at the sterilized site (Table 3.5). Maple Glen plants co­

inoculated with B. japonicum USDAIlO and PGPR 2-68 had seasonal N1 fixation

levels, estimated by the lSN dilution method, 50% higher than those of plants inoculated

with USDA110 alone at the unsterilized site (Table 3.4). The same combination did

not increase the seasonal N2 fixation at the sterilized site (Table 3.5). Interactions

between PGPR application, B. japonicum strains, and soybean cultivars existed for

total fixed N and fixed N as a percentage of total plant N indicating that 532C and

USDA 110 had different sensitivities to PGPR preincubation at the unsterilized site

(Table 3.4). Interactions between PGPR application and soybean cultivars indicated

that AC Bravor tended to be more responsive to bath PGPR treatments for total t'lxed

N, fixed N as a percentage of total plant N, and N yield at the unsterilized site (Table

3.5).

3.4.4. PGPR effecrs on soybean nodulation and N1 fixarion through native

B. japonicum

In experiment 2, where plots were not inoculated with B. japonicum, application of

PGPR onto seeds in the furrow increased the number of nodules at the sterilized site at

the first sampling date (Table 3.6). At crop maturity, nodule number was again

increased by PGPR at the sterilized site. PGPR application, in the absence of B.

japonicum inoculation, aIso increased seasonaI N2 fixation at both the unsterilized and

sterilized sites (Table 3.7). The final total nitrogen yield of plants receiving PGPR 2­

68 was 57% greater than that of plants receiving only distilled water at the unsterilized
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site.

3.5. Discussion

The two PGPR strains S. iiquefaciens 2-68 and S. proreamaculans 1-102 used in this

study were selected based on work reported by Zhang et al. (l996a,b), in which nine

PGPR strains were tested for effects on soybean nodulation and nitrogen fixation over a

range of RZTs under controlled environment conditions. In our field study, the onset

of nitrogen fixation by plants receiving bradyrhizobia preincubated with PGPR was two

to three days earlier than those receiving no PGPR treatrnent at bath the unsterilized

and sterilized sites (Table 3.l). Application of PGPR directly onto the seeds in the

furrow at the time of planting also improved plant nodulation and N2 fixation. The

findings of this field study agreed with results from controlled environment work, in

which co-inoculation of sorne PGPR with B. japonicum reduced the negative effects of

low RZT on soybean nodulation and nitrogen fixation (Zhang et al., 1996b). In

addition, recent work has shawn that inoculation of soybean with PGPRs in the

presence of B. japonicum increased soybean grain yield, grain protein yield, and total

plant protein production under short season areas (Dashti et al., L996).

Since nodule dry weight per plant was increased and the onset of nitrogen

tixation was hastened by B. japonicum co-inoculation with PGPR, total fixed nitrogen

and nitrogen yield per plant were increased (Table 3.5). Sprent (1979) postulated that

an increase of 10% in the period of nodule activity by a grain legumes, particularly

between the onset of N2 fixation and the attainment of maximum fixation, could double

the seasonal level of nitrogen fixed. In our experiment, the period of nodule function

was about 70 days (late-June to early-September). PGPR application resulted in a two

to four day increase in the duration of N2 fixation (Table 3.1). PGPR application

increased the total amount of nitrogen fixed. It seems likely that sorne of this increase

in total fixed nitrogen was due ta earlier nitrogen fixation, hastened by PGPR

application under short season conditions where soils were stressfully cool in the early

growing season, with the remainder being due ta increased nodules masse

The mechanisms of growth and nitrogen fixation promotion by PGPR are not
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well understood; however, a wide range of possibilities have been suggested, including

both direct and indirect effects. Direct effects include an increase in mobilization of

insoluble nutrients and consequent enhancement of uptake by the plants (Lifshitz et al ..

1987), production of antibiotics (Li and Alexander, 1988), production of plant growth

regulators that stimulate plant growth (Gaskins et al., 1985), and associative nitrogen

fixation (Chanway and Holl, 1991a). Indirect effects include enhancement of symbiotic

nitrogen fixation through increase of root nodule number or mass (Grimes and Mount.

1984; Yahalom et al., 1987; Zhang et al., 1996b) and increased nitrogenase activity

(Iruthayathas et al., 1983; Alagawadi and Guar, 1988). There has been little

investigation of sPeCies in the genus Serraria as potential PGPR. A study by Sneh et

al.(l985) showed that Serraria iiquefaciens can exert biological control effect on

Fusarium-wilt in Carnation.

The results of experiment 2, which investigated the effects of PGPR application

without B. japonicum addition on soybean growth and development, were different

from those observed in experiment 1. At the unsterilized site, although both PGPRs

did not increase plant nodule number, they increased total fixed nitrogen and N yield

(Tables 3.6 and 3.7). At the sterilized site, both S.iiquefaciens 2-68 and S.

proreamaculans 1-102 increased nodule number, total nitrogen fixed, and N yield.

The average proportional increases in nodule number per plant, nodule weight

per plant, total fixed nitrogen, and N yield were generally larger in experiment 1 than

in experiment 2. There are two possible explanations for this observation. First, in

experiment l, PGPR were preincubated with B. japonicum for a period of at least 30

minutes before inoculation, during which PGPR-B. japonicum interactions might have

occurred. Plant growth promoting rhizobacteria produce many phytohormones and

signal molecules (Burr and Caesar, 1984; Davisan, 1988; Kapulnik, 1991), such as

genistein, the plant-to-bacteria signal involved in the soybean nodule infection and

formation processes. Therefore, inoculation of soybean plants with B. japonicum and

PGPR could have resulted in higher relative increases in nitrogen fixation and

subsequent soybean growth and yield than B. japonicum or PGPR alone. Second, the
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PGPR may have stimulated overall plant growth, leading to greater nitrogen demand by

the developing soybean plants, leading in tum to greater nodulation and nitrogen

fixation. The data of Zhang et al. (1996a), showing improved soybean photosynthesis

and growth due to PGPR prior to the onset of nitrogen fixation, argue against the

former of these two possibilities.

The cultivar AC Bravor tended to be more responsive to inoculation with PGPR

plus B. japonicum than Maple Glen at the sterilized site (Tables 3.3 and 3.5). AC

Bravor is a later-maturing cultivar and has a higher potential yield than Maple Glen

(Conseil Des Productions Végétales du Québec recommendations); however. at crop

physiological maturity it had lower nodule numbers, nodule weight per plant and total

nitrogen yield than Maple Glen at the sterilized site (Tables 3.3 and 3.5). Therefore,

there was less likely to be a nitrogen limitation to the growth and development of Maple

Glen than AC Bravor. The increased nodule number and dry matter per plant of AC

Bravor due to PGPR application would have reduced any nitrogen limitation; therefore,

the increases in total fixed nitrogen and nitrogen yield were greater than those of Maple

Glen. At the unsterilized site, the same pattern was found for nodule number and

nodule weight per plant for PGPR 1-102 (Table 3.2). PGPR 2-68 showed a different

pattern as it increased nodule number and nodule weight per plant for Maple Glen

plants. An interaction also existed between PGPR strain and B. japonicum strain

(Tables 3.2 and 3.4). The combination of USDAIIO with PGPR 2-68 or 1-102

resulted in greater increases in total fixed nitrogen, fixed nitrogen as a percentage of

total plant nitrogen, and nitrogen yield than was the case for strain 532C (Table 3.4).

In the second experiment, plots were not inoculated with B. japonicum. and

inoculation with PGPR did not increase nodule number at the unsterilized site.

However, nodule number increased in the early growing season and at the final harvest

at the sterilized site (Table 3.6). This resulted in an increase in the total fixed nitrogen,

tissue N concentration, and N yield (Table 3.7). It seems that the PGPRs were able to

stimulate the native soil B. japonicum, resulting in increased soybean nodulation and N2

fixation in the absence of other soil microt1ora which might have interfered with this
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effect.

In surnmary, this is the first field experiment showing that co-inoculation of B.

japonicum with PGPR increased soybean nadulation and nitrogen fixation. PGPR

application increased nodule dry matter per plant and hastened the onset of nitrogen

fixation, especially for early-planted soybean (unsterilized site). Total fixed nitrogen,

fixed nitrogen as a percentage of total plant nitrogen, and total nitrogen yield were ail

increased in at least sorne cases due to PGPR application. Interactions existed between

PGPR application and soybean cultivar indicating that PGPR applied to potentially

more nitrogen-stressed plants was more effective. Overall, from this study it was clear

that preincubation of B. japonicum with PGPR can increase soybean nadulation and

nitrogen fixation in the early part of the growing season when soil temperatures are

low.
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Table 3.1. The lime of onsel of nilrogen fixulion by soybl:an planls inocuhdc.d wilh B. jupunkum alone or co-inoculalcd c:ilher wilh PGPR 2-68

or ] -] 02 al bolh lhe unslcrilizcd and slerilizcd siles. The onsel of nilrogen fixation was indienlcd by delcclion of acclylcne rcduction activity.

~

Site PGPR June 13 June ]5 June 17 June 21 June 23 June 28

unslcrilizcd

stcrilizcd

2-68 0/16 2/16 13/16

1-102 0116 6116 16/16

Control 0116 1/16 9/16

Probability NS O.OS O.OS

2-68 - -- - 0/12 11/12

1-102 - -- - 0/12 8/12

Control - -- - 0/12 1/12

Probability NS O.OS

12/12

12/12

91]2

5.05

Values in the table indicate the number of plols in which natrogen fixution WllS dctcctoo ovcr the totul numbcr of plols. Wilhin each sah.:,

the data werc comparcd by the Cuchmn Q lest.
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Table 3.2. Effecls of PGPR strain, B. japonit'un strain, Ilnd soybcan cultivar on soyb~n nodule number, nodule: weight, and nodule nilrogcn conccntrution
at Iwo harvcsl stages at the unslerilized site (expc:riment 1).

Sampling on June 17 Sampling on AuguSI 13

PGPR B. japoniclUn cultivar Nodule Nodule wcighl Nodule nilrogcll Nodule:: Nodule weighl (mg)
numbcr ____ ----_ .. -... --OP ••••••• ._---------_ ..----- -_ .. --- numbcr ---------------_ ..----- _.. ---

(plllnl· l
) (Nodule") (mg g.l) (mg plan'" ) (piani" ) (nodule" )

1-102 USDAIlO AC Brdvor 13.92 24.60 2.78 42.81 2.75 84.17 519.40 6.18
Maple Glen 14.00 97.13 7.94 34.14 3.33 68.67 646.55 9.53

532C AC Bravor 10.58 42.20 4.40 40.99 1.71 71.00 632.89 9.36
Maple Glen 15.33 56.82 3.61 39.44 2.29 90.42 804.54 9.61

2-68 USDAIIO AC Bravor 13.33 78.86 6.00 40.26 3.17 52.92 502.96 10.49
Muple Glen 13.30 76.27 6.35 40.27 3.08 103.00 923.00 9.01

532C AC Bravor Il.33 52.18 4.90 44.57 2.32 43.33 537.64 12.60
Muple Glen 14.92 86.43 6.52 39.15 3.35 90.75 742.23 8.49

Control USDAIIO AC Bravor 18.33 11.57 0.62 47.63 0.57 37.83 380.99 10.07
Maple Glen 19.33 15.73 0.82 32.46 0.51 34.08 410.64 13.03

532C AC Bravor 10.50 7.27 0.70 46.38 0.34 46.25 427.32 Il.67
Maple: Glen 12.33 6.67 0.53 41.09 0.29 60.38 440.39 10.54

LSDo.cu. 8.29 19.59 2.78 10.86 1.79 33.32 274.11 4.83
LSDo.OSb 9.29 20.33 3.33 10.25 1.64 35.86 321.77 6.80

PGPR NS ••• •• NS ••• •• • NS
B.japonicwn • • NS NS NS NS NS NS
cultivar NS ••• .. ..*. NS •• .... NS
PGPR *B.japOIlÎc:um NS NS NS NS NS NS NS NS
PGPR*cullivar NS •• NS NS NS •• NS NS
PGPR*B.japonicllIn*cullivar NS ... ** NS NS NS NS NS

Values rcprescnt the five planllt in the: UN microplot (area cqualto 0.12 m:!) from each subplut unil. Mc:ans wilhin the same columll were compllrcd h)' an
ANOVA protcctcd LSD lest. LSDo.o~ is for comparisons uf mcans wilhin the same umin-plut unil and LSDuu~b is Il)r eumpllrisun uf mcans ucruss Icvds uf the
main plnt faclnr. NS, *, **, and *n indicatcd nu signijicanl diffcf\:ncc ur signilicant diflcrenccs allhe 0.1.0.05, and 0.01 levcls, n:spcclivc!y.

--lh



~ ~

Table 3.3. Simple effcct mcans for PGPR strain and soybc:an cultivar cffe4:ts on soybcall noduh: numbe:r, nodule wcight, and
nodule nitrogen concentration at two harvest stages at the sterilized site: (expcriment 1).

~

Sampling on June 17 Sumpling on August 13

Nodule wdght Nodule nitrogen Noduh:
-----------------.---.------ -------..----. ----------------- number

Nodule wdght (mg)PGPR cultivar Nodule
numbc:r

(plunt" ) (Nodulc· l) (mg g" ) (mg plan(' ) (plan.. l
) (nodule" )

1-102 AC Bravor Il.90 21.69 1.78 34.56 0.79 57.58 180.13 3.35
Maplc Glen 14.17 29.17 2.26 33.20 0.95 78.17 211.59 2.66

2-68 AC Bravor 16.08 22.27 1.21 28.82 0.67 55.08 113.99 2.17
MapleGlen 21.25 33.78 1.66 35.78 1.19 61.00 108.04 1.90

Control AC Bravor 14.10 15.23 1.18 28.48 0.44 43.00 97.11 2.19
Maple Glen 20.75 21.18 1.03 32.53 0.69 59.50 125.93 2.14

LSDo.o~ 14.33 18.62 0.94 8.93 0.61 21.33 73.77 1.05
LSDo.o~b 12.09 20.79 0.98 II.34 0.58 25.83 77.14 1.47

paPR NS NS " NS NS * *o$ NS
cullivar NS ** NS NS *•• **o$ NS *
PGPR*cullivar NS NS NS NS NS NS NS NS
Values reprcsent the five: plllnts in the UN microplol (area cqualto 0.12 m2) of euch subplot unit. Mcans within the: same: column wcrc
cumpared by an ANOVA prutectcd LSD tcst. LSDuu~ .. is lor cUlllpurisuns uf IJlcans wilhin the salllc main-plut unit and LSDuo~b is ltlf
cumparison uf mcans across Icvcls uf the main plut laclur. NS. ", **. ami **. indieale nu signilicunt (tiflcfcncc ur signilieunl (liflercllccs a\ lhe
0.1.0.05, und 0.01 Icvcls, n.:spcceivcly.
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Tabh: 3.4. Simple effects m&:ans for PGPR slrain, B. japonicltftJ sirain, and soyb&:an cullivar lor lixcd nilrogcn. nilrogen concentrai ion und
yield al final harvesl slages allhe unsh:rilized sile (experimenl 1).

~

N-difference I)N dilulion

PGPR B. japonicum cultivar Total fixcd N Fixcd N as % of Total tixcd N Fixcd N as % of N Concentration N yield
--------_ ...---.----- ..---- --- ---- ------- _.. -----..._- ... ~ ----_ ..-....._-- -_ .. ------_ ......
(kg ha'· ) tutal plant N (kg hu" ) tutal plant N (mg g" ) (kg ha" )

1-102 USDAIIO AC Bravor 249.46 56.88 113.96 26.44 25.20 417.39
Maple Glen 166.04 49.50 105.66 31.48 30.93 333.98

5nC AC Bravor 87.30 34.09 80.98 31.25 28.84 255.23
Maple Glen 79.95 33.26 76.66 31.29 31.79 247.88

2-68 USDAII0 AC Bravor 214.99 53.54 115.08 29.16 26.57 382.92
Maple Glen 162.37 47.81 121.74 37.34 24.41 330.31

5nC AC Bravor 152.24 48.11 92.24 28.16 25.28 323.08
Muplc Glen 114.85 39.09 86.75 30.36 29.26 282.79

Control USDAIIO AC Bravur 87.76 34.40 59.32 23.69 27.93 255.69
Maph: Glen 127.58 42.58 81.38 17.75 24.82 295.52

532C AC Bravur 123.64 40.51 69.87 23.87 28.81 288.26
Maple Glen 41.54 19.2 57.66 27.60 28.01 209.48

LSDo.eu. 53.90 8.89 23.38 5.53 4.25 51.22

LSDo.OSb 49.73 8.99 22.32 5.10 4.30 49.65

PGPR **.. .**... ... NS
B.juponieum NS .
cultivar •• o$ ••• NS ••• •

PGPR ·B.jnponiculIl **....... NS
PGPR*cullivar NS NS NS NS ....

PGPR*B.juponiculll*cullivur *** **. NS NS •

•••
..o$
.o$.
•••
NS

•••
Values represcnt Ihe live planls in the UN micmplut (areu c'Iual tu O. tim~) tif cuch suhplut unit. Meaus within the sllme (;ulullln and sile werc

anulyzc:d by an ANOVA prulccled LSD lest. LSDuo~.. is fur cUlllparislllls III' Ille,ms wilhin the SlIlIIC main-plut unit amI LSDuu)h is lilr clIlllparislln
uf means llcross Icvcls urthe main plllt factllr. NS, *. **. and *** illdicah: nll signilicanl diflercnce ur signilicllnl dilfercnces allhe 0.1,0.05,

and 0.01 Il:vc1s, rcspcclivcly.
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Table J.5. Simple cffects means of PGPR strain and soybean cultivar on fixcd nitrogen, nitrogen concentration and yield at final harvest
stages at the sterilized site (expcriment 1).

~

N-difTcrence 1~N dilution

PGPR Cultivar Total fixed N Fixed N as % of Total fixed N Fixed N as 0;0 of N Concentration N yield

(Kg ha,l ) tolal plant N (Kg ha" ) total plant N (mg g'l ) (Kg ha'i )

1-102

2-6K

Control

LSDaOHS
LSDbotJs

ACBravor 100.30 3H.l4 St).21 21. t)() 24.23 26H.3]
MapleGlen ]6.60 1t).03 3H.H7 IH.H9 2H.OS 19K.65
AC Bravor 143.15 44.63 KK.14 2H.06 27.23 311.0K
Maple Glen 86.38 33.66 47.35 19.89 25.09 250.89
ACBravor 6K.9K 26.68 46.KO 20.33 26.18 236.91
Maplc Glen 66.25 26.5K 4K,KM 22.25 26.13 236.69

5J.t)4 14.59 IM.2(~ X.57 6.1 t) jLJ.27
47.35 12.54 IK.06 K.UO 4.97 52.53

PGPR •••••• NS NS ••
Cultivar •••• ••• • NS •••
PGPR'Cultivar NS NS '" , NS NS
Values represent the livc plants in th 1sNmicroplol(éUCH cqmllto 0.12 Ill:!) of cach subplot unit. Mcans within the samc column and JJ.
japonicII'" strain or or soybean cultivar were analyzed by an ANOVA prolccled LSD lest. LSDuos. is for comparisons of mcans within the
same main-plot unit and LSDooslJ is for comparison of mcans across levcls of the main plot factor, NS, " ", and ,., indicatc no significanl
difference or significant difTcrcnccs at the 0.1. 0.05. and 0.01 Ic\'cls, respectivcl)'
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Table 3.6. Main effeels of PGPR applil:d alone onlo sce:d in furrow at Ihe lime of planling on soybean nodule number, nodule wcighl al
bOlh stcrilizcd and unslerilized siles (experiment 2).

Firsl sampling* Sampling on AugUSI 13

Sile PGPR Nodule number Nudule weiglll (mg) Nudule number Nodule weiglu (mg)
------------------ --_..-- ... _.-- -------.-- ..----- -- .--.............. ----

1 ·1 (nodulc" ) (planf l
) (nodulc" )(p unI )

unslcrilizcd sile
1-102 3.38 13.00 3.78 20.83 262.50 13.21
2-68 3.30 14.38 4.56 19.92 250.54 13.97
Conlrol 3.80 18.00 4.63 22.70 286.42 12.22

Probabilily NS NS NS NS NS NS

slerilizcd site
1-102 9.33 16.86 1.79 18.46 52.44 2.89
2-68 10.50 12.00 1.35 15.13 48.40 3.10
control 4.30 9.28 1.94 14.50 36.44 2.68

Probubility 0.05 NS NS 0.05 NS NS
• The dute of firsl sampling was lhe saine as expcrimcnl 1 for Ihe unslerilizl:d sile, June 17. li>r the slerilizl:d wus June 28. Mcans
within lhe sarne column and site wcre analyzcd by an ANOVA prolcclcd 1 lest.

su
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Table 3.7. EtTccls of PGPR applied alone onlo soybcan secds in the furrow al lhe lime of planling on fixcd nilrogen tissue, nitrogen
concentration and yield al final harvesl al balh the unstcrilized and slcrilized siles (expcrimcnt 2).

N-ditTcrence 1SN dilution

Trcatment Total fixed N Fixcd N as % of Total fixed N Fixed N as % of NConcenlmtion N yield
---------------------------------- ---------------------------------------
(kg ha,l ) total plant N (kg ha,l ) tolal plant N (mg g'l ) (kg ha,l )

Unsterilized site

1·102 49.76 22.62 64.90 29.82 22.03 217.69
2a68 114.79 40.00 83 ...5 31.03 21.41 278.54
Conlrol 9.17 4.92 36.64 21.34 23.16 177.10

Probabilily 0.05 0.05 0,05 O,OS NS 0.05

Sterilized site

1·102 77.86 27.06 4-1.38 19.1lJ 25.47 241.85
2-68 49.00 20.88 41.-10 19.37 25.22 214AO
Control 32.83 19.00 36.06 18.47 17.67 205.27

Probability n.os 0.05 NS NS 0.05 0.0)
Values reprcscntthc fi\'c planls in thc 1SN microplot (area cqual to O. 12 m:!) from cach subplol unit. Mcans wilhin Ihe saille column
and sile wcre analyzed by an ANOVA protccted t test.
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Preface to Section 4

Section 4 is comprised of a manuscript by N. Dashti, R.K. Hynes, and D.L. Smith.

accepted by the journal of plant and soU for publication in 1996. The format has been

changed to confonn as much as possible to a consistent format within this thesis. AH

literature cited in this section is listed in the reference section at the end of the thesis.

Each table for section 4 is presented at the end of this section.

Following the demonstration that sorne PGPR increase soybean nodulation and

nitrogen fixation under short season conditions, this section addresses the possibility

that this technology not only accelerates soybean nitrogen-fixing ability, but aIso

increases soybean final grain and protein yield.
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Section 4

APPLICATION OF PLANT GROWm-PROMOTING RHIZOBACTERIA

TO SOYBEAN [Glycine max (L.) Merr.] INCREASES PROTEIN AND

DRY MATIER YIELD UNDER SHORT-SEASON CONDITIONS

4.1. Abstract

We previously reported that application of plant growth-promoting rhizobacteria

(PGPR) increased soybean growth and development and, specifically, increased

nadulation and nitrogen fixation over a range of root zone temperatures (RZTs) in

controlled environment studies. In order to expand on the previous studies, field

experiments were conducted on two adjacent sites, one fumigated with methyl bromide

and one nonfumigated, in 1994. Two experiments were conducted at each site, one

involving combinations of two soybean cultivars and two PGPR strains, the other

involving the same factors, but also in combination with two strains of Bradyrhizobium

japonicum. Soybean grain yield and protein yield were measured. The results of these

experiments indicated that co-inoculation of soybean with B. japonicum and Serraria

tiquefaciens 2-68 or Serratia proteamacu/ans 1-102 increased soybean grain yield,

protein yield, and total plant protein production, compared to the nontreated controIs,

in an area with low spring soil temperatures. Interactions existed between PGPR

application and soybean cultivar, suggesting that PGPRs applied to cultivars with higher

yield potentials were more effective. PGPRs applied into the rhizosphere without

addition of B. japonicum ooly iocreased plant leaf area and seed number at the

fumigated site. Overall, inoculation of soybean plants with PGPRs in the presence of

B. japonicum increased soybean grain yield, grain protein yield, and total plant protein

production under short season conditions.

4.2. Introduction

Soybean [Glycine max (L.) Merr.] is a subtropical legume and, as such temperatures of

25 to 30°C are optimal for its growth, nadulation and N2 fixation. In areas with

relatively short growing seasons, temperature is the major limiting factor for soybean

growth and development. When soybean is grown under conditions of suboptimal root
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zone temperature (RZT) (below 25°C), plant growth and development are inhibited,

and final total dry matter production and grain yield decrease (Summerfield and Wien,

1982). In eastem Canada soybean production is at its northernmost North American

limit.

Over the last two decades the understanding of rhizosphere biology has

progressed with the discovery of a specific group of microorganisms, known as plant

growth promoting rhizobacteria (PGPR), that colonize the plant root and promote plant

growth (Kloepper et al., 1980a,b). Plant growth-promoting rhizobacteria have been

shown to increase plant yields 10 to 30% in non-Iegume crops such as potato, radish,

and sugar beet (Kloepper et al., 1980a,b).

The beneficial effects of the PGPR are direct plant growth promotion,

mobilization of insoluble nutrients (e.g. phosphate) resulting enhancement of uptake by

the plant (Lifshitz et al., 1987), and production of antibiotics toxic to soil-bome

pathogens (De-Ming and Alexander, 1988). Co-inoculation studies with PGPR and B.

japonicum have aIso demonstrated that increased soybean plant root and shoot weight.

grain yield, plant vigour, nodulation and nitrogen fixation can result from the presence

of the PGPR (Verma et al., 1986; Yahalom et al., 1987; Li and Alexander, 1988).

Compared ta inoculation with B. japonicum alone, soybean yield increased following

inoculation with a mixed culture of B. japoniucm and certain PGPR strains (Yahalom et

al., 1987). Similarly, increases in grain yield, nodule dry matter, and nitrogenase

activity were also obtained in chick pea inoculated with a mixture of Azospirillum

brasi/ense and Rhizobium strains (Rai, 1983). Recently, tripartite associations of

soybean plants, nitrogen-fixing bacteria, and PGPR, or vesicular arbuscular

mycorrhizae were investigated at different root zone temperatures (RZTs) (Zhang et al.,

1995c; Zhang et al., 1996a,b). Zhang et al. (1996a,b) found that sorne PGPR

increased legume plant growth, development, nadulation and nitrogen fixation over a

range of temperatures, and especially under low RZT conditions.

In an attempt to overcome the decreases in soybean grain and protein yield

commonly seen under low soil temperature conditions, mixtures of B. japonicum and
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PGPR were used to inoculate soybean plants grown over a range of RZTs under

controlled environment conditions (Zhang et al., 1996a,b) to improve either nodulation,

nitrogen fixation, or plant growth and development. Application of PGPR increased

soybean plant growth, development, nodulation, and nitrogen fixation, especially under

low RZTs. However, to date, there have been no investigations of whether these

positive effects exist under field conditions in short season areas. Therefore, the

objectives of this study was ta test the hypotheses that: 1) co-inoculation of B.

japonicum with PGPR in cool spring soybean production areas increases soybean grain

and grain yield, and 2) PGPRs applied directly into the soil rhizosphere, without B.

japonicum, increase soybean protein and grain yield under short-season field conditions.

4.3. Materials and methods

4.3.1. Field layout and site preparation

Two experiments were conducted at the Emile A. Lods Research Centre, McGiIl

University, Macdonald Campus, Montreal, Canada. They were performed at two

adjacent sites. One site was fumigated with methyl bromide (50 g mol) applied under a

plastic canopy for 72 hours, to prevent possible interference from sail microfloral or

faunaI elements that might obscure PGPR treatment effects. Three days elapsed

between removal of the fumigation canopy and planting. The soil of the other site was

left nonfumigated.

The experimental design was a 3 x 2 x 2 factorial organized in a randomized

complete block split-plot with four replications. The first experiment included three

factors, PGPR application, B. japonicum strain, and soybean cultivar. The main-plot

units consisted of PGPR strain applications (no-PGPR application as a control, Serratia

liquefaciens 2-68 and Serratia proreamaculans 1-102). The two strains tested were

chosen based on the results of a previous controlled environment experiment (Zhang et

al., 1996a,b). The subplot units were formed by the combination of soybean cultivars

and B. japonicum strains. The soybean cultivars, Maple Glen and AC Bravor were

selected as they have been developed for production under the short season, cool

conditions of eastem Canada. Both are widely grown and yield weIl in this area. The
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B. japonicum strains tested were 532C (Hume and Shelp, 1990) and USDA 110. bath of

which are or have been included in commercial inoculants used in eastem Canada. [n

the second experiment two factors were tested, PGPR strains. and soybean cultivars.

The design of the experiment was the same as experiment 1. Three levels of PGPR

applications (no-PGPR control, S. iiquefaciens 2-68, and S. proreamaculans 1-1ü2)

formed the main plot units, and two soybean cultivars (Maple Glen and AC Bravor)

were the subplot units. At the nonfumigated site, each sub-plot (2 x 3 m) consisted of

four rows of plants with 40 cm between rows. The space between plots was 80 cm and

between replications 1 m. At the fumigated site, each sub-plot was 1.6 x 2 m and

consisted of three rows of plants, aIso with 40 cm between rows. The space between

plots was 80 cm and between replications, 2 m. The soil type at both sites was a

Chicot light sandy loam. In the previous year, 1993, this experimental field was

planted with oat and barley, while in 1992 it was used to produce a crop of green

manure alfalfa. The soil nitrogen available for soybean uptake proved to be reasonably

high. The average nitrogen accumulation in non-nodulating Evans seeded at the same

site was 167 kg ha-l. Potassium and phosphate were provided by spring application of

340 kg ha-lof 5-20-20, N, P20S, K20 (recommended procedures following a soiL test).

4.3.2. Inoculum preparation

For experiment l, the inoculum was produced by culturing B. japonicum strains 532C

and USDA110 in yeast extract mannitol broth (Vincent, 1970) in 2000 mL flasks

shaken at 125 rpm at room temperature (23-25°C). The PGPR strains were cultured in

Pseudomonas media (Polonenko et al. 1987) in 2000 mL flasks shaken at 250 rpm at

room temperature (21-23°C). After bath B. japonicum and PGPR reached the

stationary phase (7-days for B. japonicum and 1.5-days for PGPR), they were

subcultured under the same conditions as described above. When the subculture

reached the log phase (3-days for B. japonicum and I-day for PGPR), B. japonicum

and PGPR strains were each adjusted with distilled water ta an A620 and A420 value,

respectively, giving a cell density of 2 x 108 cells mL-!. Before inoculation equal

volumes of B. japonicum and PGPR cultures were mixed and allowed to stand for a
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minimum of 30 min at room temperature.

4.3.3. P/anting methods

Seed of the soybean cultivars' Maple Glen' and •AC Bravor' were surface-sterilized in

sodium hypochlorite (2 % solution containing 4 mL L- I Tween 20), then rinsed severa!

tirnes with distilled water (Bhuvaneswari et al., 1980). The seeds were planted by hand

on May Il and 18 at the nonfumigated ând fumigated sites, respectively. The delay in

planting the fumigated site was due to the extra time required for the methyl bromide

application. Twenty mL of combined B. japonicum-PGPR inoculum (for experiment

1), or the same volume and cell density of PGPR inoculum or the same volume of

distilled water (no PGPR application) (for experiment 2) per one meter row were

applied by syringe directly onto the seed in the furrow. Cross contamination was

prevented throughout planting and all subsequent data collection procedures by alcohol

sterilization of ail implements used. Following emergence seecllings were thinned ra

achieve a stand of 500,000 plants ha- l (20 plants m-I of row).

4.3.4. Data collection

Plant samples were taken on August 13, at which time plants were at reproductive stage

6 (pod containing a green seed that fills the pod cavity at one of the four uppermost

nodes on the main stem with a fully developed leaf [Fehr et al., 1971]), to investigate

growth variables, such as leaf number, leaf area, pod number and seed number. Leaf

number and area per plant were determined using a Delta-T area meter (Delta-T

Deviees Ltd., Cambridge, UK). Poo number and seed number per plant were counted

by hand. Grain yield was determined from a one meter row of plants taken from the

middle row of each plot. Plants were harvested by hand at harvest maturity, then

shelled with a plot combine (Wintersteiger, Salt Lake City, UT) , oven-dried at 70'~C

for at least 48 hours, and weighed. Six additional plants, aIso from the middle row,

were hand-harvested, and oven-dried at 70°C, after which seeds were manually

separated from shoots. Total shoot weight and harvest index were determined from

these plants, which had been enclosed within wire mesh from flowering to maturity to

allow the collection of senescent leaves. The dried seeds from each plot were ground
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using a Moulinex coffee mill (Moulinex Appliances fnc., Virginia Beach, VA, USA).

The nitrogen concentration of seeds was then determined by Kjeldahl analysis (Kjeltec

system, Tecator AB, Hoganas, Sweden). The protein concentration was calculated by

multiplying the nitrogen concentration by 6.25.

4.3.5. SraJisrical ana/ysis

Results were analyzed statistically by analysis of variance using the Statistical Analysis

System (SAS) computer package (SAS Institute rnc., 1988). When analysis of variance

showed significant treatment effects, the least significant difference (LSD) test was

applied to make comparisons among the means at the 0.05 level of significance (Steel

and Torrie, 1980).

4.4. Results

4.4.1. Temperature and seed emergence

The average daily temperature for both air and soil (at a depth of 5 cm) was below

IS o C through early June, and remained below 20°C until mid-July. These conditions

slowed the rate of seedIing emergence, particularly for the plants at the nonfumigated

site (early planted). For the May Il planting, at the nonfumigated site, seedlings

emerged on May 25, 14 days after planting (DAP). At the fumigated site, the seeds

were planted on May 18 and the seeding emerged at 9 DAP, only 2 days after the

nonfumigated site. Consequently, there was no effect of the delayed planting due to

fumigation on subsequent plant growth and yield.

4.4.1.1. Experiment 1

The nodule number of uninoculated plants in experiment 2 indicated that the native soii

population of B. japonicum in the nonfumigated sail was low, with uninoculated plants

forming few nodules. However, at the fumigated site, fumigation with methyl bromide

was not completely effective and the un-inoculated plants in experiment 2 formed also

few nodules. Therefore neither of the two interactions relating to B. japonicum strain

nor the three way interaction were tested al the fumigated site.

Many growth variables, such as plant height, time of crop maturity, harvest

index, and seed moisture content at harvest maturity , were not affected by the
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inoculation of PGPR at either site (data not shown). Overall, leaf number was

increased by PGPR application. The leaf area of AC Bravor receiving USDAII0 was

increased by inoculation with a mixture of B. japonicum and PGPR at the nonfumigated

site (Table 4.1), while at the fumigated site leaf area was increased by PGPR

application across alileveis of B. japonicum strain and soybean cultivar, except for

PGPR 2-68 with Maple Glen (Table 4.2). Differences between the two PGPR strains

were not observed for any plant growth variables at either site.

Averaged over the two PGPR strains, the number of seeds formed on AC

Bravor inoculated with a mixture of B. japonicum USDAIIO and PGPR increased by

52 % at the nonfumigated site (Table 4.1), while at the fumigated site the number of

seeds of AC Bravor plants receiving B. japonicum and PGPR increased by 58%

(Table 4.2). This increase in seed number was due ta increases in their pod numbers

(Tables 4.1 and 4.2). Since seed number per plant increased and seed protein

concentration did not decrease, total grain yield and protein yield aIso increased. At the

nonfumigated site, averaged over the two PGPR strains, the final grain yield of AC

Bravor and Maple Glen inoculated with a mixture of B. japonicum USDAII0 and

PGPR increased by 23 and 21 %, respectively (Table 4.1). At the fumigated site the

grain yields of AC Bravor receiving B. japonicum and either S. proteamacu/ans 1-102

or S. liquefaciens 2-68 were 23 and 29% higher than plants receiving only B.

japonicum (non-PGPR control plants), respectively (Table 4.2). Again, there was no

difference between the two PGPR strains for increase in soybean grain yield.

The main effect of PGPR on protein concentration was significant at both sites.

Averaged over all the treatments, the protein concentrations of plants receiving PGPR

application were 7.5 and 5.1 % higher than those of the non-PGPR control plants at the

nonfumigated and fumigated sites, respectively (Tables 4.1 and 4.2). Because bath

final grain yield and protein concentration were increased by inoculating with a mixture

of B. japonicum and PGPR, the final grain protein and total plant protein yields aIso

increased at bath sites. At the nonfumigated site, the grain protein yield of AC Bravor

receiving the mixture of USDAl10 and S. proreamacu/ans 1-102 was 22 % higher than
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ilS corresponding control plants (Table 4.1). At the fumigated site, the protein yield of

AC Bravor plants receiving S. iiquefaciens 2-68, and S. proteamaculans 1-102

application increased by 60, and 50% over AC Bravor receiving only B. japonicum

(Table 4.2). The total plant protein yield increase due to PGPR application generally

followed the same pattern as the grain protein yield (Tables 4.1 and 4.2).

Two way interactions between either PGPR strain and soybean cultivar, or

PGPR strain and B. japonicum strain existed for most of the yield related variables

investigated in these studies at both sites (Tables 4.1 and 4.2). The combination of AC

Bravor and B. japonicum USDAIIO was more sensitive to PGPR application than

Maple Glen and 532C.

4.4.1.2. Experiment 2

Plant growth-promoting rhizobacteria, directly applied onto seeds in the furrow at the

time of planting, did not have any effect on growth variables and yield compared to

control plants at the nonfumigated site (Table 4.3) but increased leaf area and seed

number at the fumigated site (Table 4.4). Generally speaking, al the fumigated site, the

effects of PGPR application directly into rhizosphere sail, on soybean growth variables,

yield components, and final grain and protein yield were different from thase observed

in experiment 1.

4.5. Discussion

Plant growth-promoting rhizobacteria strains S. liquefaciens 2-68 and S.

proteamaculans 1-102 were selected following previous studies (Zhang et al., 1996a,b)

in which nine PGPR strains were tested for effects on soybean plant growth,

development, nodulation and nitrogen fixation over a range of RZT under controlled

environment conditions. Specifically, S. iiquefaciens 2-68 performed well at optimal

RZT (25°C), while S. proteamaculans 1-102 performed best at suboptimal RZTs

ranging from 18 to 15°C. In our current studies, co-inoculation with PGPR and B.

japonicum improved plant growth, development, yield components, and final grain and

protein yield in the presence and absence of methyl bromide fumigation. Application of

PGPR, without B. japonicum, directly onto the seeds in the furrow at the lime of
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planting increased only leaf area and seed number at the fumigated site. These results

agreed with those previously found under controlled environment conditions (Zhang et

al., 1996a). However, the effects of PGPR application on plant growth, development,

and final grain and protein yield were not different between S. iiquefaciens 2-68 and S.

proteamacufans 1-102. This could be due to variations in field soil temperature during

the entire soybean growing season.

Inoculation of soybean plants with a mixture of B. japonicum and PGPR not

only increased plant dry matter accumulation, but also inereased grain protein and total

protein production at both sites in experiment 1 (Tables 4.1 and 4.2). Zhang et al.

(1996b) reported that co-inoculation of sorne PGPR with B. japonicum eould reduce the

negative effects of low RZT on soybean nadulation and nitrogen tixation. In addition.

a recent study at McGill University found that co-inoculation of PGPR and B.

japonicum accelerated the processes of soybean nodulation and the onset of nitrogen

fixation under short-season field conditions (Dashti et al., unpublished). Sprent (1979)

postulated that an increase of 10% in the period of nodule aetivity of a grain legume,

particularly between the onset of nitrogen fixation and the attainment of maximum

fixation, could double the seasonal level of nitrogen fixation. In a controlled

environment experiment, the onset of nitrogen fixation by plants co-inoculated with B.

japonicum and the most effective PGPR strains began 2 to 3 days earlier than those

receiving only B. japonicum (Zhang et al., 1996b). Therefore, it is possible that

application of PGPR increased grain and total protein yield under field conditions.

The mechanisms of growth and nitrogen fixation promotion by PGPR are not

weIl understood; however, a wide range of possibilities have been suggested, including

bath direct and indirect effects. The direct effects include an increase in mobilization

of insoluble nutrients followed by enhancement of uptake by the plants (Lifshitz et al.,

1981), production of antibiotics toxie to soil-born pathogens (Li and Alexander, 1988),

and production of plant growth regulators that stimulate plant growth (Gaskins et al.,

1985). Indirect effects include positive effects on symbiotic nitrogen fixation by

enhaneement of root nodule number or mass (Grimes and Mount, 1984; Yahalom et
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al., 1987; Zhang et al., 1996b) and increased nitrogenase activity (Iruthayathas et al.,

1983: Alagawadi and Gaur, 1988). There has been little investigation of species in the

genus Serrana as potential PGPR. A study by Sneh et al. (1985) has shown that

Serrana liquefaciens can exert biological control effect on Fusarium-wilt in Carnation.

The results of experiment 2, which investigated the effects of PGPR application

without B. japonicum addition on soybean growth and development, were different

from those observed in experiment 1. At the nonfumigated site, although both PGPR

S. liquefaciens 2-68 and S. proteamaculans 1-102 numerically increased plant growth

variables such as leaf area and seed numbers, there were no statistically significant

differences among treatments (Table 3). At the fumigated site, both S. iiquefaciens 2­

68 and S. proteamaculans 1-102 increased leaf area and seed number.

The average proportional increases in plant growth variables, yield components

and final grain and protein yield were generally larger in experiment 1 than in

experiment 2. There are two possible explanations for this observation. First, as

described above, PGPR application may not have acted effectively in the absence of B.

japonicum under short season field conditions. Second, in experiment l, PGPR were

preincubated with B. japonicum for a period of at least 30 minutes before inoculation,

during which a number of PGPR-B. japonicum interactions might have occurred. Plant

growth promoting rhizobacteria produce many phytohormones and signal molecules

(Burr and Caesar, 1984; Davison, 1988; Kapulnik, 1991), such as genistein, a plant-to­

bacteria signal involved in the soybean nodule infection and formation processes.

Preincubation of B. japonicum inocula with genistein increased nodule number and

hastened the onset of nitrogen fixation at suboptimal RZT under both controlled

environment (Zhang and Smith, 1995a) and short-season field (Zhang and Smith,

1996c) conditions. Therefore, co-inoculation of soybean plants with B. japonicum and

PGPR could have resulted in higher relative increases in nitrogen fixation and

subsequent soybean growth and yield than with B. japonicum or PGPR alone.
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Table 4.1. Effects of PGPR application, 8. japonicum suains, and soybcan cultivars on soybcan growth variablcs, grain yicld, final prolcin and grain yicld in
a nonfumigated field trial (experiment 1)

Leaf(planr l
) Numbcr (plan.. l

) 1000 sccds Yield (1 ha' l ) Prolein Conccnlralion

PGPR B. japonicum Cullivar Number Arca(cm2
) POO Sccd Wciglu(g) Grain Grain Prolcin Tolal Prolcin (mg\g)

1-102 USDAIW AC Bravor 31.3 976.2 29.0 69.0 190.3j 5.4 2.2 2.7 ~Ol.)

Maple Glen 19.2 51H.3 20.2 SO.O IlJO.3] ~.3 1.7 2.0 386.S
532C AC Bravor 27.8 977.1 28.7 68.3 161.00 5.0 1.9 2.1 395.4

Maple Glen 15.2 ~25.6 19.6 ~8.] 190.]3 3.1 1.3 1.5 365.0
2-68 USDAIIO AC Bravor 31.3 830.U 28.3 70.] 194.67 5.4 1.9 2.7 )91.5

MapleGlen 26.] 805.~ 31.3 75.0 IH9.00 4.9 1.9 2.3 ~16.6

532C AC Bravor 29.0 1O~·t2 27.0 ~5.0 195.00 4.6 1.7 2.1 386.5
Maple Glen 16.4 628.0 18.3 ~6.0 169.33 3.3 1.3 1.8 38H.5

Conlrol USDAIIO AC Bravor 16.0 516.0 16.0 45.7 180.33 4.4 1.8 2.1 373.8
MaplcGlcn 21.4 543.0 24.4 57.3 195.67 l8 1.4 I.H 165.U

5]2C AC Bravor 21.1 91O.U 26.3 59.0 201.67 ~.9 l.H 2.U 3HU.5
Milple Glcn 14.8 533.0 24.1 35.0 1&)6.00 3.1 1.2 2.1 333.5

LSD. 7.6 24U.4 7.0 15.4 36.2U 0.5 0.3 U.3 32.4
LSDb 6.lJ 2)lJ.5 6.7 16.3 15.1~ 0.6 O." 0.3 ]0.0

PGPR ••• *. •• ••• NS ••• ••• ••• •••
B.japcmiclilII •• NS NS ••• NS ••• ••• ••• ••
cullivar ••• ••• NS NS NS ••• ••• ••• ••
PGPR *BjaponiclilII NS NS ••• •• NS ••• ••• ••• NS
PGPR·cultivar •• •• • NS NS •• ••• ••• •
PGPR ·B.japcmiclIl1I·cullivar NS NS NS *** NS NS *•• ••• NS
MCilllS OflCilf Ilumber and lear arca, and sccd numbcr rcprcsent fOUf plants from cach subplol unil, al crop matllrily. Mcans of 1000 sced wcight cakulatcd from the
onc melcr middlc row of cach slIbplot unit at har"csi malurit}'. LSDIIII \,. is for comparisons of mcans within the same main-plot unil and LSDIIII \" is for comparison
OflUetlllS across Ic"cls orthc same main plot faclor. NS. *, **, and ... lndicalcd no slgnificant dHTcrcnce allhe 0 1,0.05, and o.()( Ic"cls. respectively.
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Table 4.2. EffC(:ls of PGPR appliculion and soybean cultivars on soybcan growth varillbkli, grain yicld. limai prolcin lU1d grain yicld in Il fumiglllcd
field trial (clI.pcrimcnt 1).

leaf(planf')
- - ---------,----

yield (t ha'·) protein concenlrationnumber(pll1nt" ) 1000 s~

POPR cultivar number
,

pod sc~ wcighl(g) gl1lin gruin protein totul prutcin ( mg/g)area(cm a

)

1·102 AC Brllvor 52.9 893.3 46.2 80.5 160.5 3.8 1.5 1.8 396.7
Maple Glen 41.8 473.7 36.0 57.7 152.1 2.1 0.8 1.0 382.6

2-68 AC Bravor 56.2 995.8 38.2 73.1 164.7 4.0 1.6 2.0 396.5
Maplc Glen 23.8 239.0 19.8 47.8 155.8 2.3 1.1 1.3 373.8

Control AC Bravor 28.2 472.8 24.7 48.7 154.0 J.I 1.0 1.4 J71.2
Mllple Ghm 16.0 189.7 18.7 47.8 155.2 J.I 1.0 1.4 365.7

,...

LSO.
LSOb

7.1
6.0

165.0
134.9

8.2
9.8

12.6
15.4

11.6
8.7

0.6
0.7

0.3
0.3

0.3
0.4

15.4
12.4

PGPR ••• .** **. ** ** .** *** *** **.
cultivar ••* ••• *.. *.* * *.* ••• ••• **.
PGPR*cultivar u* ••* U ... * *.. *.* *** "

Means of leaf number and lcaf arca, and sccd numbcr rcprescnt four plants from cach subplot unil, al crop malurily. Mcans of 1000 sccd
wcighl calculalcd from the one meter middle ro\\, of cach subplot unit at harvcst maturily. LSDIIlI .... is for comparisons of means wilhin the
saille main-plot unit and LSDo IISb is for comparison of mCilns across levels of the saille main plot factor. NS, •.••, and ••• indicalcd no
significant differencc or significanl difTerenccs atthe 0.1.0.05. and 0.01 Icvels, rcspectively.
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Table 4.3. Effc:cts of PGPR applicAtion and suybean cultivars on sl)ybean gruWlh variabh:s, grain yicld, tinal protcin and grain yicld in a nonfumigulc:d
field trial (cxpc:riment 2)

leaf(planf l
) numbcr(plant" ) 1()()() sccds yield (t hu" J

PGPR cultivar number arca(cm~) pod sccd wcight(g) grain grain proiein tutal prulein

1-102 AC Bruvor 32.0 154.8 28.3 52.1 177.1 3.2 1.2 1.7
Maple Glen 23.6 500.8 26.3 73.3 110.9 3.3 1.0 1.4

2-68 AC Brllvor 30.3 767.8 20.7 49.7 119.0 3.6 1.2 1.4
Maple Glen 28.7 866.2 21.7 50.1 171.9 3.2 1.0 1.4

Control AC Bravor 23.0 740.4 16.0 35.3 151.3 3.4 1.5 1.7
Maplc Glcn 22.1 720.3 15,) 35.0 163.1 3.5 1.0 1.6

LSO. 15.6 510.2 14,8 29.1 20.0 0.4 0.4 0.4

LSOb 14.6 445.9 13.9 29.6 18.3 0.4 0.3 0.3

PGPR NS NS NS NS NS NS NS NS
cultivar NS NS NS NS NS NS NS NS
PGPR·cultivar NS NS NS NS NS NS NS NS
Means of leaf number and Icaf arca, and seed number represcnt four plants from cach subplol unit. al crop maturity, Mcans of WOO sccd
wcight calculated the one mcter middlc row of each subplot unit al harvcst maturity, LSDII (J~II is for comparisons of mcnns within the same
main-plot unit and LSDo 0'" is for comparison of means across levels of the same main plot factor. NS, •.••• and ••• illdicated no significilnt
difference or significant differenccs al lhe 0.1, O.OS, and o.n 1 levels. respectivel)'.
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Table 4.4. EfTccts of PGPR application and soybcan cultivars on soybcan growth variables, grain yield, final protcin and grain yicld in a fumigated field
trial (expcrimcnt 2).

lcaf (plan.- I
) number (plan.- l

) 1000 sceds yciiii (t tuf'>

PGPR cultivar number arca(cm2
) sced pod wcight{g) grain grain protcin total protein

1~102 Maple Glen 38.0 627.3 82.7 34.0 162.5 2.7 1.1 1.1
AC Bravor 62.0 987.5 86.0 29.5 147.7 3.3 1.J 1.6

2-68 Maple Glen 27.0 338.5 45.7 20.2 151.0 2.6 0.9 1.3
AC Bravor 53.2 756.2 77.7 33.5 151.3 2.7 1.2 1.2

Control Maple Glen 40.5 849.3 62.2 26.2 155.3 3.0 1.3 1.6
AC Bravor 41.3 683.8 39.6 21.5 148.0 2.5 0.9 1.3

LSD. 19.3 143.0 l3.2 6.1 10,0 0.9 U.3 0.4
LSDb 17.0 161.6 16.1 8.9 II.U 0.7 U,] O.]

PGPR NS·· ••• NS NS NS NS NS
cultivar NS ••• NS NS NS NS NS NS
PGPR·cultivar NS ••• ••• ••• NS NS NS NS

Means of leaf number and lear area, and secd number reprcsent four plants from cach subplot unit, al crop maturity. Means of 1000 sced weight calculated
from the one meter middle row of each subplot unit at harvest millurity. LSDuu~. is for comparisons of mcans wilhin the same main-plot unit and LSDousa. is
for comparison of mcans across lcvcls of the saille main plot factor. NS, ., •• , and ••• indicaled 110 significant difTerencc or significilnt difTcrcnccs at the o.• ,
O.OS, and 0.01 levcls, respcctivcly.
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Preface to Section 5

Section 5 is comprised of a manuscript by N. Dashti, R.K. Hynes, and D.L. Smith,

prepared for publication in 1996. The format has been changed as much as possible to

a consistent format within this thesis. Alliiterature cited in this thesis are listed in the

reference section at the end of the thesis. Each table is presented at the end of chis

section.

After demonstrating that PGPR were able to increase soybean growth.

development, nodulation and nitrogen fixation under short season conditions in sections

3 and 4, this section tested wether the ability of PGPR to survive, grow and multiply in

the field under short-season conditions was related to their ability to stimulate soybean

nitrogen fixation, growth and yield under field conditions.
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Section 5

GROWTH, SURVIVAL, AND ROOT COLONIZAnON OF PLANT

GROWTH PROMOTING RHIZOBACTERIA UNDER

SHORT-SEASON CONDITIONS

5.1. Abstract

Co-inoculation of B. japonicum with plant growth promoting rhizobacteria (PGPR) has

been shown ta increase soybean [(Glycine max. (L.) Merr.] nodulation, nitrogen

fIXation, growth, and development compared to controls not inoculated with PGPR, in

an area with low spring soil temperatures. We studied the growth and survival of two

plant growth promoting rhizobacteria (pGPR) Serralia liquefaciens 2-68 and Serraria

proteamaculans 1-102 inoculated on soybean plants under cool spring conditions. Two

field experiments \Vere conducted on two adjacent sites, one fumigated with methyl

bromide and one not fumigated, in 1994. Two experiments were conducted at each

site, one involving combinations of two soybean cultivars, two strains of

Bradyrhizobium japonicum and two PGPR strains, the other involving the same factors,

but without B. japonicum. The population density of PGPR applied into the

rhizosphere without addition of B. japonicum increased over time indicating that the

PGPR were able to survive and proliferate. Overall, PGPR inoculated onto soybean

roots was able to grow, survive, and colonize the roots better at the fumigated site.

PGPR 2-68 achieved higher population densities on both the root and in the soil

(rhizosphere) which demonstrates their ability to colonize the root more rapidly.

S.2. Introduction

Soybean [Glycine max (L.) Merr.] is a subtropicallegume which requires

temperatures of 25 to 30°C for its growth, nodulation and N2 fixation. Temperature is

the major limiting factor for soybean growth and development in areas with relatively

short growing seasons. When soybean is grown under conditions of suboptimal root

zone temperature (RZT) (below 25°C), plant growth and development are inhibited,

and final total dry matter production and grain yield decrease (Summerfield and Wien,
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1982). In eastem Canada soybean production is at its northernmost Nonh American

limit.

recently, understanding of rhizosphere biology has advanced with the discovery

of a specifie group of microorganisms, called plant growth promoting rhizobacteria

(PGPR), that colonize the plant root and promote plant growth (Kloepper et al. 1980a).

Following reports have evidenced that PGPR can exert positive effects on different

hosts, including barley (Iswandi et al., 1981), bean (Anderson and Guerra, 1985).

canola (Kloepper et al., 1988b), cotton (Baclanan and Turner, 1989; Greenough and

Batson, 1989), peanut (Turner and Backman, 1991), lentil (Chanway et al., 1989) pea

(Chanway et al., 1989), rice (Sakthivel and Gnanamanikam, 1987), and soybean

(Polonenko et al., 1987). Severa! genera, chiefly Pseudomonas, Azospirillum,

Azotobacter, and Bacil/us, have been demonstrated to promote plant growth (Rovira,

1963; Gaskins et al., 1985).

A wide range of mechanisms has been suggested by which PGPR increase plant

growth, such as direct plant growth promotion, mobilization of insoluble nutrients (e.g.

phosphate) resulting enhancement of uptake by the plant (Lifshitz et al., 1987),

production of antibiotics (De-Ming and Alexander, 1988) and associative N2 tïxation

(Chanway and Holl, 1991a). Co-inoculation of PGPR and B. japonicum can increase

soybean plant root and shoot weight, grain yield, plant vigour, nodulation and nitrogen

fixation (Verma et al., 1986; Yahalom et al., 1987; Li and Alexander, 1988).

Compared to inoculation with B. japonicum alone, soybean yield increased following

inoculation with a mixed culture of B. japoniucm and certain PGPR strains (Yahalom et

al., 1987). Recently, tripartite associations of soybean plants, nitrogen-fixing bacteria.

and PGPR, or vesicular arbuscular mycorrhizae were investigated at different root zone

temperatures (RZTs) (Zhang et al., 1995c; Zhang et al., 1996a,b). Zhang et al.

(1996a,b) found that some PGPR increased legume plant growth, development,

nodulation and nitrogen fixation over a range of temperatures, and especially under low

RZT conditions.

Root colonization is the mechanism by which bacteria survive inoculation onto
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seeds or into soil, proliferate in response to seed or root exudates rich in carbohydrates

and amine acids (Kloepper et al., 1985), bind to the root surface (Suslow, 1982,

WeIler, 1983), and disperse over the developing root system (Kloepper et al., 1980a,

Suslow and Schroth, 1982; Weller, 1984). In the root zone, rhizobacteria are efficient

microbial competitors that can displace native root-colonizing microorganisms

(Kloepper and Schroth, 1981a). The bacteria are distributed in the rhizosphere in a log

normal pattern with a sharp increase as the root surface is approached (Loper et al.,

1984) and are sporadica11y located along roots (Bahme and Schroth, 1987).

The detection and enumeration through time of populations of rhizobacteria

following inoculation under field conditions is important for understanding root

colonization. In addition, the ability to distinguish between the introduced bacteria and

the indigenous microtl.ora is limited by the available marking systems (Kloepper and

Beauchamp, 1992). The most commonly used marker for root colonization studies has

been antibiotic resistance (Kluepfel et al., 1991).

In this study, PGPR were marked to follow their populations during plant

development. This study presents quantitative data concerning PGPR colonization of

soybean plant roots and their persistence during the life of the plant. The objectives of

this study were to : 1) evaluate the growth and survival of two PGPR strains inoculated

on soybean plants under short season conditions, and 2) evaluate the relationship

between the ability of PGPR to colonize the roots of the soybean plants and their ability

to stimulate soybean nadulation, nitrogen fixation, plant growth and yield.

5.3. Materials and methods

5.3.1. Field [ayour and site preparation

Two experiments at two adjacent sites were conducted at the Emile A. Lods Research

Centre, McGill University, Macdonald Campus, Montreal, Canada. One site was

fumigated with methyl bromide (50 g mo2
) applied under a plastic canopy for 72 hours,

to prevent possible interference from soil microtl.oral or faunal elements. Three days

elapsed between removal of the fumigation canopy and planting. The soil of the other

site was left unfumigated.
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The experiment was arranged in a 3 x 2 x 2 factorial organized in a randomized

complete block split-plot with four replications. Experiment 1 included three factors,

PGPR application, B. japonicum strain, and soybean cultivar. The main-plot units

consisted of PGPR strain applications (Serratia liquefaciens 2-68 and Serratia

proreamaculans 1-102). The two strains tested were chosen based on the results of a

previous controlled environment experiment (Zhang et al., 1996a,b). The subplot units

were formed by the combination of soybean cultivars and B. japonicum strains. The

soybean cultivars, Maple Glen and AC Bravor were selected as they have been

developed for production under the short season, cool conditions of eastem Canada.

80th are widely grown and yield weIl in this area. The B. japonicum strains tested

were 532C (Hume and Shelp, 1990) and USDAII0, both of which are or have been

included in commercial inoculants used in eastern Canada. In experirnent 2, only (Wo

factors were tested, PGPR strains, and soybean cultivars. The design of experiment 2

was the same as experiment 1. Two levels of PGPR (S. liquefaciens 2-68, and S.

proteamaculans 1-102) formed the main plot units, and two soybean cultivars (Maple

Glen and AC Bravor) were the subplot units.

5.3.2. lnoculum preparation

For experiment l, the inoculum was produced by culturing B. japonicum strains 532C

and USDAI10 in yeast extract mannitol broth (Vincent, 1970) in 2000 mL flasks

shaken at 125 rpm at room temperature (23-25°C). Two rifampacin resistant PGPR

strains (1-102 Se"atia proteamaculans and 2-68 Serratia liquefaclens) were tested in

this experiment. The PGPR strains were cultured in Pseudomonas media (Polonenko et

al. 1987) in 2000 mL flasks shaken at 250 rpm at room temperature (21-23°C). After

both B. japonicum and PGPR reached the stationary phase (7-days for B. japonicum

and 1.5-days for PGPR), they were subcultured under the same conditions as described

above. When the subculture reached the log phase (3-days for B. japonicum and 1-day

for PGPR), B. japonicum and PGPR strains were each adjusted with distilled water to

an A620 and A420 value, respectively, giving a cell density of 2 x 108 cens mL- l
• Before

inoculating, equal volumes of B. japonicum and PGPR cultures were mixed and
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allowed to stand for a minimum of 30 min at room temperature.

5.3.3. Planting merhods

Seed of the soybean cultivars' Maple Glen 1 and 'AC Bravor' were surface-sterilized in

sodium hypochlorite (2% solution cantaining 4 mL L- l Tween 20), then rinsed severa!

times with distilled water (Bhuvaneswari et al., 1980). The seeds were planted by hand

on May Il and 18 at the unfumigated and fumigated sites, respectively. The delay in

planting the fumigated site was due ta the extra time required for the methyl bromide

application. Twenty mL of combined B. japonicum-PGPR inoculum (for experiment

1), or the same volume and cell density of PGPR inoculum (for the treatment) or the

same volume of distilled water (for the control) (for experiment 2) were applied by

syringe directly onto the seed in the furrow. Cross contamination was prevented

throughout planting and all subsequent data collection procedures by alcohol

sterilization of all implements used.

5.3.4. Enumeration ofbacteria

Root and soil samples were callected twice during the experiment. The first sample

was collected June 20 when the plants were beginning ta bloom (one open flower at any

node on the main stem(Rl». The second sample was collected on August 13 when the

plants had reached reproductive stage 6 [pod(s) containing a green seed that fills the pod

cavity at one of the four uppermost nodes on the main stem with a fully developed leaf]

(Fehr et al., 1971). Number of culturable PGPR cells in the bulk soit (rhizosphere)

was determined by transferring 10 g of the soil into a 250-mL Erlenmeyer flask,

containing 90 mL of sterile distilled water. The flasks were shaken for 30 min at room

temperature (200 rpm). Seriai ID-fold dilutions were made and plated on King's B agar

(proteose peptone, 20 g; K2HP04 , 1.5 g; MgSO.. 7H20, 1.5 g; glycerol, 10 g; agar, 15

g; demineralized water, IL; pH 7.2) supplemented with 100 mg L- l cycloheximide (to

inhibit fungal growth) and 100 mg L- I rifampicin. Plant roots and adhering soil were

separated from the bulk soil (rhizosphere) by careful, manual shaking. Roots and

adhering soil were then transferred inta a 250-mL Erlenmeyer flask, containing 90 mL

of sterile distilled water. Shaking, dilution and plating procedures were similar to those
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described for the bu!k soil (rhizosphere). The plates were incubated for 24 hr and the

number of cfu g-l of dry soi! and root were calculated. For the purpose of this paper

"root associated PGPR" are defined as the microbial population on bath the root and the

soil attached to the root, while "rhizosphere" is the 5-10 cm region around the plant

root where materials released from the root increase the microbial population and its

activities (preseau et al., 1993).

5.3.5. Staristical analysis

Results were analyzed statistically by analysis of variance using the Statistical Analysis

System (SAS) computer package (SAS Institute Inc., 1988). When analysis of variance

showed significant treatment effects, the least significant difference (LSD) test was

applied to make comparisons among the means at the 0.05 level of significance (Steel

and Torrie,1980).

5.4. Results

5.4.1. Temperature and seed emergence

The average daily temperature for both air and soil (at a depth of 5-10 cm) was below

15°C through early June, and remained around 20°C until mid-July. By August, the

temperature start to drop until it reached 10°C by the end of September (Zhang and

Smith, 1995a).

5.4.1.1. Experimenl 1

The microbial densities associated with the root and in the soil (rhizosphere) of the

soybean plants are presented in table 5.1. The data indicates differences among the

PGPR strains. PGPR 2-68 showed more cfu g-. root in the first sampling than PGPR 1­

102, while there was no significant difference between the two PGPR at the second

sampling at the unfumigated site. PGPR 2-68, which had higher population densities

on the root, also showed higher microbial activities in the soil (rhizosphere) than PGPR

1-102. There was no difference between the two PGPRs in the cfu g-l foot or cfu g-l

soil at the second sampling of the unfumigated site (Table 5.1).

At the fumigated site, the same general pattern was observed as PGPR 2-68

showed higher cfu gel root in both the first and second sampling than PGPR 1-102
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which indicate that this strain was able to multiply and colonize the plant roots more

effectiently than PGPR 1-102. There was no difference between the two PGPR in the

number of cfu g-l root or cfu gol soi! at the second sampling (Table 5.2). There was no

difference observed between the two soybean cultivars, AC Bravor and Maple Glen, at

bath fumigated and unfumigated sites (Tables 5.1 and 5.2)

At the unfumigated site, the population density of bath PGPR 2-68 and 1-102 on

the root and in the sail had decreased by the second sampling, except in the case of

PGPR 2-68 co-inoculated with B. japonicum onto soybean cultivar AC Bravor, where

the population density remained very high bath on the root and in the sail at the

unfumigated site (Table 5.1). Conversly, the population density of bath PGPR 1-102

and 2-68 increased by the second sampling bath on the roots and in the sail at the

fumigated site.

5.4.1.2. Experimenc 2

There was no difference in the number of cfu g-l root at the first sampling between

PGPR 2-68 and 1-102, however, at the second sampling PGPR 2-68 inoculated directly

into soybean cultivar AC Bravor had the highest population density (Table 5.3). There

was no difference in the number of cfu gol sail between the first and second sampling

for either PGPR (Table 5.3). There was not a great reduction in the population density

of either PGPR associated with the root between the first and second sampling. At the

fumigated site, there were more cfu gel root for PGPR 2-68 than PGPR 1- 102 at the

first sampling, while there was no difference between the two PGPR at the second

sampling. PGPR 2-68 inoculated onto AC Bravor plants had higher population

densities in the soil (rhizosphere) than PGPR 2-68 inoculated onto Maple Glen plants.

There was no difference between the two PGPR in terms of the number of cfu go' root

or cfu g-l soil at the second sampling at the fumigated site (Table 5.4). There was an

increase in the population densities for bath PGPR associated with the root and in the

sail (rhizosphere) by the second sarnpling (Table 5.4).

S.S. Discussion

Plant growth-promoting rhizobacteria strains S. iiquefaciens 2-68 and S.
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proteamaculans 1-102 were selected following previous controlled environment studies

(Zhang et al., 1996a,b) in which nine PGPR strains were tested for effects on soybean

plant growth, development, nadulation and nitrogen fixation aver a range of RZTs

under controlled environment conditions. S. liquefaciens 2-68 was shown to perform

weIl at an optimal RZT (25°C), while S. proreamaculans 1-102 performed best at

suboptimal RZTs ranging from 18 to 15°C.

Colonization of soybean plants varied among PGPR strains and soil conditions.

In experiment 1, at the unfumigated site, PGPR 2-68 colonized soybean plant roots

more efficiently than PGPR 1-102 at the first sampling, while there was no difference

by the second sampling which indicates that PGPR 2-68 was able to grow and calonize

the root more effectively initially but aver time, PGPR 1-102 was able ta grow and

colonize the roots as effectively as PGPR 2-68. PGPR 2-68 was able to proliferate

successfully in the soil (rhizosphere) as indicated by high cfu values at both samplings.

Another interesting observation is that the population densities of bath PGPR 2-68 and

1-102 with the different combinations of B. japonicum and soybean cultivars had

decreased in the second sampling as compared to the first, except for the combonation

of PGPR 2-68, B. japonicum strain USDA 110 and soybean cultivar AC Bravor where

the population density had increased in the second sampling compared to the first at the

unfumigated site. These observations indicate that PGPR 2-68 cells can survive and

colonize the roots of the soybean plants effectively in the presence of other soil

microflora elements, and that they can tolerate the change in field conditions, including

temperature, over time without reductions in population density.

At the fumigated site, where presumably, no other microflora competes with the

PGPR, PGPR 2-68 showed the same pattern as in unfumigated conditions. In addition,

the population density of both PGPR had increased by the second sampling as compared

to the first. These observations suggest that both PGPR were able to survive and

increase in number in the absence of other microflora that may compete with them and

reduce their population density.

The results of experiment 2, in the absence of B. japonicum, were different
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from those observed in experiment 1. There was no difference between the two PGPR

in the number of cfu g.l root at the first sampling, while at the second sampling the

combination of PGPR 2-68, B. japonicum USDAII0 and AC Bravor had the highest

number of cfu g-l root. There was no difference in the cfu g-l sail between the two

PGPR strains at both samplings of the unfumigclted site.

At the fumigated site, in experiment 2, the same pattern was seen as in

experiment 1. PGPR 1-102 also had more cfu g-I of both roots and rhizosphere soil.

There was no difference in the number of cfu g-l root or cfu g-l soil between the two

PGPR at the second sampling for both experiments.

The colonies which grew 00 the plates usee! to establish PGPR numbers in the

rhizosphere and associated with the roots were all uniform in the appearance, iodicating

that the plates did not contain other rifampicin resistant soil bacteria

Root colonization by introduced bacteria is considered as an important step in

the interaction of beneficial bacteria with the host plant. A rapid growth rate was

suggested to be an important characteristic for successful rhizosphere colonization

(Rovira et al., 1983; Schorth and Weinhold, 1986). De Weger et al. (1987) suggested

that non-motile mutants colonize the roots less effeciently than the corresponding wild

types, while others found that non-motile mutants and the corresponding wild types do

not differ in their colonizing ability (Parke et al., 1986; Scher et al., 1988).

Chemotaxis of bacteria to exudates was reported (Reinhold et al., 1985; Scher et al.,

1985), but the direct relationship between chemotaxis and successful colonizaùon

remains unclear. Movement along the root was aIso reported to be very important for a

successful root colonization (Chao et al., 1986; Schippers et al., 1987). Adherence has

also been suggested as an important feature for rhizospheere competence and survival

(Schippers et al., 1987; Vesper, 1987). Cells of bacteria in the genus Serratia are

motile (prescott, 1993).

Fluorescent pseudomonads, isolated from the crop rhizosphere, are characterized

as a highly rhizosphere competent as they are capable of root colonization. This

accounts for their predominance among the PGPR. Several traits of the Pseudomonads
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aid them in seed coLonization, such as higher celL division and motility (Arora et al.,

1983; Scher et al., 1985). However, these traits may not be directly relative to

subsequent root colonization. For example, Howie et al. (1987) found that three

nonmotile mutants of P. fluorescence colonized wheat roots as effectively as their

motiIe parents. Flourescent pseudomonads are able to establish high population

densities in the rhizosphere (Suslow, 1982; Bahme and Schorth, 1987), an important

characteristic for the production of consistent plant growth responses (Kloepper et al.,

1980a; Suslow t 1982; KIoepper et al., 1985; Bahme and Schroth, 1987; Klein et al.,

1990; ; Kloepper et al., 1991; Parke, 1991;). In general, there has been Little

investigation of species in the genus Serraria as potential PGPR. A study by Sneh et

al. (1985) has shown that Serratia iiquefaciens can exert biological control effect on

Fusarium-wilt in Carnation.

Studies on rhizosphere colonization have been reviewed recently by van Eisas

and Heijnen (1990), Kloepper and Beauchamp (1992) and Kluepfel (1993). Van Elsas

and Heijnen, (1990) reported that lack of consistent effectiveness of the inoculant

prevent successful application of PGPR strains in to the soiL This always was related

to ineffective colonization of the plant, as weIl as poor survival and/or 10w activity of

the introduced population. Xu and Gross (l986b) and Bull et al. (1991), demonstrated

a positive relationship between root colonization by a PGPR strain and disease

suppression, suggesting that methodologies which improve root colonization may also

improve the performance of a PGPR strain in soil. The extent and amount of root

colonization needed by a PGPR strain to increase plant growth rely on numerous

interrelated factors. The choice of methods used to try to increase rhizosphere

colonization and plant growth has to take these factors into consideration (Stephens,

1994a).

Hebbar et al. (1992) reported that the colonization and spread of Pseudomonas

cepacia (which acts as a bio-control agent against Fusarium monilifonne) on the roots

and in the rhizosphere of maize depends on the amount of inoculum on the seed.

However, this was not a universal observation. For example, the colonization of
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introduced pseudomonad strains on maize (Scher et al., 1984) and wheat (Juhnkle et

al., 1989) was shown to be independent from the initial inoculum level. It is obvious

that under certain conditions, increasing the level of inoculum couId increase the

rhizosphere competence of sorne, but not aIl, bacteria.

In a previous study (in preparation), we found that co-inoculation with PGPR

and B. japonicum improved plant growth, development, yield components, and final

grain and protein yield under field conditions at both fumigated and unfumigated sites.

Aiso application of PGPR with the B. japonicum directly onto the seeds in the furrow al

the time of planting aIso improved plant growth at the fumigated site. The effects of

PGPR S. liquejaciens 2-68 and S. proteamaculans 1-102 on plant growth,

development, and final protein were shown to be not different, this was attributed to

variations in field soil temPerature during the entire soybean growing season. In

addition, a recent study at McGill university found that co-inoculation of PGPR and B.

japonicum accelerated the processes of soybean nadulation and the onset of nitrogen

fixation under short season condition (Dashti et al., unpublished).

Zhang et al., (1996a,b), in a controlled environment experiment, showed that

both S. /iquejaciens 2-68 and S. proteamaculans 1-102 stimulate plant growth,

development, and plant photosynthesis. At an optimal RZT (25°C) S. iiquejaciens 2-68

was reported to increase plant leaf development and dry matter accumulation, while at

15°C RZT S. proreamaculans 1-102 increased plant dry matter accumulation.

In summary, the results of this study indicated that PGPR 2-68 was able to grow

and survive better than PGPR 1-102 under short season conditions. A previous work

(unpublished data), has shawn that the combination of PGPR 2-68 with AC Bravor

plants had increased leaf area, seed number, and grain protein yield suggesting that

there is a relationship between the ability of these PGPR to colonize the roots of the

soybean plants and their ability to stimulate soybean nodulation, nitrogen fixation, plant

growth and physiological activities under short season conditions.
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Table 5.1. Root associated and rhizosphere PGPR colony forming units (log cru gm dry roof l
) and (log cfu gm dry

soir l
) for PGPR slraïns. B. japonicul1I straïns. and soybcan cultivars in a oOlûumigated field trial (experimenl 1)

~

PGPR

1-102

2-68

LSD.
LSDb

(log cfu gm dry roor l
) (log cfu gm dry soil- I

)

B. japunicum cultivar ISl sampling 2nd sampling 1st samplillg 2nd smnpling

USDAIIO AC Bravor 6.08 5.83 ".02 3,3..

Maple Glen 5.77 5.50 3.94 3.0K
5J2C AC Bravor 5.66 5.25 4.18 2.98

Maple Glen 5.59 5.24 J.71 3.82
USDAIIO AC Bravor 6.70 7.16 4.52 ".76

MaplcGlcn 6.58 6.15 ".66 2.96
532C AC Bravor 6.20 6.30 4.76 2.97

Maplc Glen 6.4-' 6.80 ".68 3.31

0.49 1.0 0.2 0.67
0,69 I.H 0.3 0.62

PGPR • NS •• NS
B. japonicum •• NS •• •
cultivar NS NS NS NS
PGPR ·8. japcJ/I;clIlIl NS NS ••• ••
PGPR.cultivar NS NS • ...
PGPR·B. japvnicum·cultiv;u NS NS •• • ••
Means wilhin lhe saille column were analyzcd by an ANDVA protected t test. LSDII O~ .. is for comparisons of mcans
within the same main-plot unit and LSDIlO~h is for comparison of mcans across lc\'cls oflhe salllc main plot factor.
NS, ., ••, and ••• indicatcd no significmll difTcrcncc atthe 0,1, (J.()5, and (UH Icvcls, respectivcly
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Table 5.2. ROOI associaled and rhizosphere PGPR colony forming unils (log cfu gm dry roor l
) and (log cfu gm dry

soir1
) for PGPR slrains, B. japoniculII slrains, and soybcan cultivars in a fumigaled field Irial (expcriment 1)

~

PGPR

1-102

2--68

LSD"
LSDb

(log cfu gm dry roor l
) (log cfu gm dry soir l

)

8. japun/cu", cullivar lst sampling 2nd samphng IS1 sampling 2nd sampling

USDAIIO AC Bravor 5.7H 6.94 3.24 4.91
Maple Glen 5.61 6.57 l.l4 5.09

532C AC Bravor 5.03 6.28 J.56 lKK
Maple Glen 5.50 7.30 3.37 4.55

USDAIIO AC Bravor 7.58 7.81 4.54 4.74
Maple Glen 7.75 7.60 4.K9 4.87

532C AC Bravor 7.56 7.89 4,44 4.50
Maple Glen 7.13 7.30 ".53 5.21

0.5 1.2 O.HiJ O.lJ5
O.H 1.3 0.72 o.7H

PGPR ••• NS ••• NS
B. japcmic:ulII ... NS • NS
cultivar NS NS • NS
PGPR ·8. japun/cu", NS NS •• NS
PGPR·cullivar NS NS •• NS
paPR ·8. japcmiC:III,,*cuhivar •• NS NS NS
Means within the same column were analyzed by an ANOVA prolcclcd Ilcsl. LSDuu,,, is for comparisons ofmcans
wilhin the same main-plot unil and LSD" u~b is for comparison of mcans across Icycls of the same main plot faclor.
NS.•.••• and ••• indicated no significanl dilTcrcnce al thc 0.1. O.OS. and O.U 1 Icvcls. rcspcclivcly
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Table 5.J. Rool associalcd and rhizosphcrc PGPR colony forllling units (log cfu glll dl)' roor l
) and (log cfu gm dl)'

soir') for PGPR strains and soybcan cultivars in a nonfumigated field trial (expcriment 2)

~

PGPR

1-102

2-6K

LSD.
LSDb

(log cfu gm dry roof') (log cfu glll dr)' soir')

cultivar Isl smnpling 2nd sampling Isl sampling 2nd sampling

AC Bravor 5.66 5.]2 ) .lJlJ 2.lJK
Maplc Glen S.HI 5.54 l6H J.7K

AC Bravor 6.67 6.6H ".12 ].OH
Maple Glen 6.23 5.66 4.24 3.37

0.97 O.H3 0.2lJ 0.99
1.00 O.lJ 1 n.2M O.9K

paPR NS·· NS
cultivar NS NS NS NS
PGPR'cultivar NS··· NS
Mcans within the same column wcre analyzcd by an ANDVA prolcclcd 1test. LSDo OSa is for comparisons of mcans
wilhin the same nmin-plol unit and LSDu uSb is for comparison of mcans across Icvels of lhe same main plot factor.
NS. '. ", and ••• indicalcd no significanl diffcrcncc al lhe 0.1,0,05, and 0.01 Icvcls, rcspcctivcly.
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Table 5.4. Root associaled and rhizosphere PGPR colony rorming unils (log cfu gm dl)' roor l
) and (log cru gm dl)'

soir l
) for PGPR strains, B. j(lpunicuIII strains, and soybcan cultivars in a fumigated field trial (cxperimcnt 2)

(log cru gm dl)' roof l
) (log cfu gm dl)' soir ' )

PGPR cultivar lst sampling 2nd sampling 1st sampling 2nd sampling

1-102 AC Bravor 5.74 6.3 3.6') 3.67
Maple Glen 5.30 6.7 2.97 4.44

2-68 AC Bravor 7.26 7.8 4.31 4.57
Maple Glen 6.91 7.3 2.')8 4.38

LSD. 0.89 0.7 0.74 2.1
LSD IJ 0.81 1.9 O.CJ] 1.5

PGPR ••• NS • NS
cultivar NS NS ••• NS
PGPR·cultivar NS· NS NS
Means within the sarne column \Vcrc analyzcd by an ANOVA prolccled tlest. LSDuUSd is for comparisons of means
\Vithin the same main-plot unit and LSDuUSLJ is for comparison of rncans across levcls of the same main plOl factor.
NS••, ••, and ••• indicated no significant diffcrcncc al the 0.1, 0.05, and 0.01 Icvcls, rcspcclively.
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Preface to Section 6

Section 6 is comprised of a manuscript by N. Dashti, R.K. Hynes and D.L. Smith,

prepared for submition in 1996. The format has been changed to conform as much as

possible to a consistent format within this thesis. Alliiterature cited in this section are

listOO in the reference section at the end of the thesis. Each table is presentOO at the end

of this section.

After showing that the ability of PGPR ta stiffiulate soybean N2 fixation and

yield under field conditions, we attempted in this section, ta show that the ability of

PGPR, which peformed weIl in the field, to colonize the roots of soybean plants was

directly affected by RZT and to relate these RZT effects to previously published

performances of these strains under controlled environment conditions.
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Section 6.

ROOT AND RHIZOSPHERE COWNIZATIONOF SOYBEAN [Glycine max (L.)

MERR.] BY PLANT GROWTH PROMOTING RHIZOBACTERIA

AT LOW ROûT ZONE TEMPERATURES

6.1. Abstract

Co-inoculation of plant growth promoting rhizobacteria (PGPR) with B. japonicum has

been shown to increase soybean [(Glycine max (L.) Merr.] nodulation. nitrogen

fixation, growth, and physiological activity at suboptimal root zone temperatures

(RZTs). We studied the survival and growth of seven plant growth promoting

rhizobacteria (PGPR) inoculated on soybean in a sterile rooting medium, under low

RZTs. Three RZTs were tested: 25, 17.5 and 15°C. In general, population densities

varied with temperature. At each temperature, populations of sorne PGPR strains

increased either on the root or in the rooting medium (rhizosphere). Root zone

temperature affected the distribution of PGPR populations between the root surface and

in the rooting medium (rhizosphere). The strains with higher population densities on

the root, which reflects their ability to colonize the root more rapidly, were as follows:

15°C- PGPR 1-102 Se"atia proteamaculans, 17.5°C, Gl1-32 Pseudomonas purida, and

25°C 2-68 Serraria iiquefaciens. These PGPR strains had lower population densities in

the rooting medium (rhizosphere) at these temperatures. Other PGPR strains were not

able to effectively colonize the roots of the soybean plants, and their population

densities remained very high in the rooting medium (rhizosphere). The strains which

colonized soybean roots best at 25 and 15°C were previously shown to be effective at

promoting soybean growth at 25 and 15°C.

6.2. Introduction

Recently, there has been interest in the use of soil bacteria which, when applied to

seeds, tubers or roots, are able to stimulate plant growth and crop yield. These

organisms have been termed plant growth promoting rhizobateria (PGPR) (Kloepper et

al., 1980a). PGPRs have been shown to increase plant yields by 10 ta 30% in non-

84



(

(

{

legume crops such as patato, radish, sugar beet, wheat and canola.

A wide range of mechanisms has been postulated by which PGPR can increase

plant growth such as: production of plant growth regulators that stimulate plant growth

(Kloepper and Schroth, 1981a,b; Gaskins et al., 1985), supply of N by symbiotic

nitrogen fixation, mobilization of insoluble nutrients (e.g phosphate) and subsequent

enhancement of uptake by the plant (Lifshitz et al., 1987), production of antibiotics

(De-Ming and Alexander, 1988), production of siderophores [high-affinity iron (III)

chelators], and associative nitrogen fixation (Chanway and Holl, 1991a).

Root colonization is an active process and not a transitory relationship between

bacteria and roots of the plant. It is defined as the process by which bacteria survive

inoculation onto seeds or into sail, multiply relying on seed or root exudates rich in

carbohydrates and amino acids (Kloepper et al., 1985), adhere to the root surface

(Suslow, 1982, Weiler, 1983), and colonize the root system (KloepPer et al., 1980a;

Suslow and Schroth, 1982; WeIler, 1984). PGPR can multiply and survive in the

rhizosphere after inoculation. The bacteria are distributed in the rhizosphere in a log

normal pattern with a sharp increase in population density as the root surface is

approached (Loper et al., 1984) and are sporadically located along roots (Bahme and

Schroth, 1987). Although colonization is difficult to measure, it is a prerequisite for

effects on plant growth. The role of root colonization by PGPR was reviewed (Schroth

and Hancock, 1982; Suslow, 1982).

Inoculation with root colonizing bacteria and Rhizobium has been demonstrated

to affect symbiotic nitrogen fixation by enhancing root nodule number or mass (Singh

and Subba Rao, 1979; Burns et al., 1981; Polonenko et al., 1987; Yahalom et al.,

1987) and by increasing nitrogenase activity (Iruthayathas et al., 1983; Alagawadi and

Guar, 1988). The mechanism by which nitrogen fixation is stimulated is unknown.

Soybean is a legume of tropical origin and, as such, has difficulty nodulating

and fixing nitrogen below 25°C (Jones and Tisdale, 1921; Hardy et al., 1968; Roughley

and Date, 1986; Legros and Smith, 1994; Lynch and Smith, 1994). Recently, the

tripartite association of nitrogen-fixing bacteria, PGPR and soybean plants was
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investigated at different RZTs. Zhang et al. (1996a,b) has shown that co-inoculation of

B. japonicum with sorne PGPR strains increased soybean nodulation and nitrogen

fixation and increased soybean growth and development, but the stimulatory strains

varied with RZT. Therefore, our objectives in the present study were: 1) to evaluate

the growth and survival of nine PGPR strains inoculated on soybean plants at three

RZTs, 2) to determine the ability of PGPR to colonize the roots of soybean plants

under Iow RZTs, and 3) evaluate the relationship between the ability of these PGPR to

colonize the roots of the soybean plants and their ability to stimulate soybean

nadulation, nitrogen fixation, plant growth and physiological activities.

6.3 Materials and Methods

6.1. 1. Plant marerials

The soybean cultivar "Maple Glen" was used in these experirnents. It was selected

because it was developed for production in eastem Canada, where seasons are short and

the springs are cool. It is widely grown and yields weIl in this area. Soybean seed was

surface-sterilized in sodium hypochlorite (2 % solution containing 4 ml L- l Tween 20),

then rinsed with distilled water severa! times (Bhuvaneswari et al., 1980). The seeds

were then planted in trays containing a sterilized Turface (Applied Industrial Materials

Corp., Illinois, USA):sand (1: 1 vol.) mixture (rooting medium). Seven-day-oid

seedlings at the VC stage [unifoliolate leaves were unrolled sufficiently that the edges

were not touching (Fehr et al., 1971)] were transplanted ioto sterilized 13 cm plastic

pots contaioing the same medium, on a Conviron growth bench (Model GB48,

Controlled Environments Ltd., Winnipeg, Manitoba). The growth bench light (300

ILmol m-l S·l) was provided by cool white fluorescent tubes. The photoperiod was 16:8

h (day:night). As this work was attempting to isolate RZT effects, air temperature was

held constant at 25°C. RZTs were controlled by circulating cooled water around the

pots, with eight pots sealed to the bottom of each tank. A hole drilled in the tank

bottom below each pot allowed the pots to drain when watered. Plants were then

acclimatized for 24 hours prior to inoculation. During the period of plant growth,

plants were watered with a rnodified Hoagland' s solution (Hoagland and Amon 1950),
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in which Ca(NOJ)2 and KNOJ were replaced with CaCI2 , K2HPO,J and KH2PO,J, to

provide a nitrogen-free solution. Prior to each watering the added Hoagland's solution

was temperature adjusted to the treatment RZTs.

6.3.2. lnoculum

The B. japonicum inoculum was produced by culturing strain 532C (Hume and Shelp

1990) in yeast extract mannitol broth (Vincent (970) in 250 mL flasks shaken at 125

rpm at room temperature. Strain 532C has been shown to perform weIl over a range of

temperatures (Lynch and Smith 1993). Seven rifampicin resistant PGPR strains (Table

6. 1) were tested in this experiment. The genetic marking of bacteria with antibiotic

resistance for identification purposes allows the study of population dynamics of soil­

inhabiting bacteria. AlI the PGPR strains were cultured in Pseudomonas media

(Polonenko et al. 1987) in 250 mL flasks shaken at 250 rpm at room temperature.

After reaching the stationnary phase (7-days for B. japonicum and 1.5-days for PGPR).

bath B. japonicum and PGPR were subcultured using the procedure described above.

When they reached the log phase (3-days for B. japonicum and I-day for PGPR), the

B. japonicum culture was adjusted with distilled water ta an 0.D. 620 =0.08

(approximately 108 cells mL-il (Bhuvaneswari et al. 1980) and each of the PGPR strains

was adjusted with distilled water to an 0.D.420 value giving a cell density of 108 cells

mL-1 (Table 6.2). Before inoculation B. japonicum 532C and an equal volume of the

appropriate PGPR strain were incubated together for at least half an hour at room

temperature without shaking. The inoculum was then cooled to the corresponding RZT

and applied by pipette to the rooting medium at the base of the plant.

6.3.3. Experimental design

The experiment was arranged in a completely randomized split-plot design with

3 replications. The main-plot units consisted of three RZTs: 25, 17.5, and IS':lC. The

combinations of B. japonicum strain 532C and PGPR (Table 6.1) formed the sub-units

and there were a total of 8 units within each main-plot. A B. japonicum only control

was included in each replicate.
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6.3.4 Enumeration ofbacreria

The roots and footing medium (rhizosphere) samples were eollected 50 days after

inoculation (DAI). Number of eulturable PGPR cells in the footing medium was

deterrnined by transferring ID g of the rooting medium (containing no roots) ioto a 250­

mL Erlenmeyer flask, containing 90 mL of sterile distilled water. The t1~ks were

shaken for 30 min at room temperature (200 rpm). Seriai 1ü-fold dilutions were made

and plated on Kingts B agar (proteose peptone, 20 g; K2HP04 , 1.5 g; MgSO~ 7H20,

1.5 g; glycerol, 10 g; agar, 15 g; demineralized water, IL; pH 7.2) supp1emented with

100 mg L-l cycloheximide (to inhibit fungai growth) and 100 mg L- l rifampicin. Plant

roots and adhering rhizosphere rooting medium were separated from the bulk rooting

medium by careful, manual shaking. Roots and adhering rhizosphere rooting medium

were then transferred into a 250-mL Erlenmeyer flask, containing 90 mL sterile

distilled water. Shaking, dilution and plating procedures were similar to those

described for the bulk rooting medium. The plates were incubated for 24 hr and the cfu

g-l of dry rooting medium and root were calculated. For the purpose of this paper Il

rhizosphere" is defined as a region around the plant root where materiaIs released from

the root increase the microbial population and its activities (Preseau et al., 1993).

6.3.5 Statistical analysis

Results were analyzed statistically by analysis of variance (ANOVA) using the SAS

system (SAS Institute Inc. 1988). When analysis of variance showed significant

treatment effects Duncan 1s multiple range test was applied to make comparisons among

the means at the 0.05 or 0.01 levels of significance (Steel and Torrie 1980).

6.4. Resolts

The microbial densities associated with the roots of the soybean plants are presented in

Table 6.2. The data indicate differenees among the PGPR strains that vary with

temperatures. The density of total baeteria was higher for PGPR 31-34, Gll-32, 36­

43, 63-49, and 2-68 than 1-102 and 1-104 at 25°C.

At 17.5°C PGPR 2-68, 31-34, G11-34 and 63-49 showed more efu g-' root than

36-43. PGPR 36-43 was less able to colonize soybean roots at 17.5 than al 25°C.
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PGPR strain 31-34, and 2-68 had high population densities on the root and less

microbial activities in the rooting medium (Table 6.3). G11-32 had high population

densities both associated with the root and in the rooting medium.

At 15°C RZT strains 1-102, 31-34, GII-32 and 36-43 had high cfu g-' root

values, which indicate that these isolates were able to multiply and colonize the plant

roots at this low RZT (Table 6.1). Strains 63-49, 2-68, and 1-104 had lower microbial

densities associated with the root, which indicated their relative inability to colonize

roots under low RZT conditions. At 25°C most of the PGPR produced more cfu go'

root than at 17.5 or 15°C RZT, however, PGPR 1-102 and 1-104 produced fewer cfu

g-l root at 25° than at 15°C.

PGPR 1-102 showed the highest rate of root associated colonization at 15~C.

and the lowest at 25°C. Clearly, the effect of RZT on root colonization by PGPR is

very strain specifie. When the efu g-l dry root was compared to the cfu g-l dry rooting

medium aeross PGPR strains and RZTs, it was clear that isolate 1-102 colonized

soybean roots more extensively at 15°C RZT but had lower rhizosphere cell densities.

The same was true for isolate 2-68 at 25°C RZT where it colonized the roots more

extensively at 25°C RZT and its eell densities were lower in the rooting medium.

At 25°C 1-102 had the lowest population density on the root and in the rooting

medium indicating that this RZT was probably outside of its optimum range for survival

and growth. PGPR strains 31-34 and G11-32 were able to eolonize soybean roots

effectively at all three RZT tested (15, 17.5 and 25°C). PGPR 63-49 was able ta

colonize the roots very effectively at 17.5 and 25 but not 15°C. PGPR G11-32 had the

highest cfu g-l dry root and in the rooting medium, at all three RZT.

In general, PGPR cell densities were higher associated with the roots than in the

rooting medium at all three RZTs. The single exception was PGPR G11-32 which had

high microbial densities both in the rooting medium and associated with the roots at all

RZTs tested. PGPR 1-104 had the lowest efu values both on the roots and in the

rooting medium at all three RZTs.

The total microbial populations both associated with the roots of the soybean
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plants and in the rooting medium are presented in Table 6.4. The total bacterial density

was higher for PGPR 31-34, G11-32, and 2-68 than 36-43,63-49, 1-102 and 1-104 at

25°C.

At 17.5°C PGPR 2-68 and Gll-34 showed higher total bacterial densities than

31-34,36-43,63-49, 1-102 and 1-104. PGPR 1-102 has the lowest total microbial

population at both 17.5 and 25°C, while PGPR strain G 11-32 and 2-68 had the highest

total population densities at 17.5 and 2SoC.

At ISoC RZT strains 1-102,31-34, and Gll-32 had the highest total bacterial

densities which indicate that these isolates were able to multiply and colonize the plant

roots effectively at this low RZT. Strains 63-49 and 2-68 had the lowest total

microbial densities which indicated their relative inability to proliferate effectively at

low RZTs.

6.S.Discussion

Colonization of soybean plants varied arnong PGPR strains and over temperatures.

Sorne PGPR strains colonized soybean plant roots more efficiently than others, others

proliferated more successfully in the rooting medium. At 15°C RZT, PGPR 1-102 had

a high number of cfu gol dry root (Table 6.2) while it had the lowest cfu g-I dry rooting

medium (Table 6.3). At 17.SoC RZT PGPR 31-34 and 63-49 had high numbers of cfu

g.l dry root (Table 6.2) while they had the lowest number of cfu g-l dry rooting medium

(Table 6.3). The same pattern was seen for PGPR 2-68 which at 2S0C had a high

number of cfu gol dry root (Table 6.2) but had the lowest cfu g-I dry rooting medium

value (Table 6.3). These results indicated that the colonization of soybean roots by

PGPR is altered by temperature.

These observations suggest that a PGPR inoculated onto soybean roots at its

optimum temperature will tend to colonize the root extensively but will proliferate

relatively less in the rooting medium, while outside the optimum temperature range the

reverse may be true.

The total microbial populations varied among the PGPR strains dePending on

the RZTs. Sorne PGPR strains had higher overall population densities at higher
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temperatures (25°C) while others had higher total population densities at lower

temperatures (15°C). This indicated that PGPR strains can survive at their optimum

temperature range, grow and colonize the soybean roots effectively and still have high

population densities in the rooting media.

In general, rhizosphere populations varied with temperatures. However, there

are few studies regarding environmental effects such as soil temperature (especially low

RZT), pH, salinity etc. on PGPR effectiveness (Garibaldi, 1971; Broeze et al., 1978).

The genus Serralia has received little attention as a PGPR, most of the research

on PGPR has been focused on pseudomonads. Fluorescent pseudomonads, isolated

from the crop rhizosphere, are highly rhizosphere competent as they are capable of root

colonization, which accounts for their predominance among the PGPR. Pseudomonads

have several characters which appear to aid them in seed colonization, such as rapid cell

division and motility (Arora et al., 1983; Scher et al., 1985). However, these traits

may not relate ta their ability to colonize the root or stimulate plant growth. For

example, Howie et al. (1987) showed that three nonmotile mutants of P. fluorescence

colonized wheat roots as effectively as their respective motile parents. SeveraI other

genera, chiefly AzospiriLIum, Azotobacter, and Bacillus, have been demonstrated to

promote plant growth (Ravira, 1963; Gaskins at al., 1985).

Many of the PGPR strains which stimulate the growth of potatoes were

ide~tified as fluorescent pseudomonads (Baker, 1968; Brown, 1974; Burr and Caeser,

1984; Xu and Gross, 19800; Bahme and Schroth, 1987). They have the ability to

establish high population densities in the rhizosphere (Suslow, 1982; Bahme and

Schorth, 1987), a characteristic essential for the production of stable plant growth

responses (Kloepper et al, L980a; Suslow, 1982; Kloepper et al., 1985; Bahme and

Schroth, 1987; Klein et al, 1990; Kloepper et al., 1991; Parke, 1991).

Severa! factors were suggested that May influence colonization such as the

ability of certain microorganisms to attach to the root. The presence of poLysaccharides

on the cell surface seems to play a raIe in plant-microbe associations such as crown

gall by Agrobacterium tumefaciens ( Matthysse et al., 1981; Douglas et al., 1982,
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1985; Thomashow et al., 1987) and the nadulation of legumes by (Brady)Rhizobium

species (Oazzo et al., 1984; Leigh et al., 1985; Cangelosi et al., 1987; Srnit et al.,

1987). Studies on rhizosphere colonization have been reviewed recently by van Elsas

and Heijnen (1990), KIoepper and Beauchamp (1992) and Kluepfel (1993). The major

problem for a successful application of PGPR strains in sail was the lack of stable

effectiveness of the inoculant (van Elsas and Heijnen, 1990). This were always due to

ineffective colonization of the plant, as weIl as low activity of the introduced

population. Xu and Gross (l986b) and Bull et al. (1991), demonstrated a positive

relationship between root colonization by a PGPR strain and disease suppression,

suggesting that methodologies which improve root colonization may also improve the

performance of a PGPR strain in soil.

Severa! studies suggest that the ability of a bacterial strain to survive and grow

in the rhizosphere may dependent on the plant species (van Peer and Schippers, 1989.

Beauchamp et al., 1991) and even plant cultivar (Wel1er, 1986). One method of

increasing rhizosphere colonization by certain PGPR strains may be through

maximizing the bacterial inoculum load on the seed. Hebbar et al. (1992) reported that

the colonization and spread of Pseudomonas cepacia (which acts as a bio-control agent

against Fusarium monilifonne) on the roots and in the rhizosphere of maize correlated

with the amount of inoculum on the seed. However, this was not always true. For

example, root colonization by introduced pseudomonad strains on maize (Scher et al.,

1984) and wheat (1uhnlde et al., 1989) has been shawn to be independent of the initial

inoculum level. It is obvious that under certain conditions, increasing the level of

inoculum may increase the rhizosphere comPetence of sorne, but not all, bacteria.

Beneficial bacteria which are introduced into the rhizosphere are involved in a

complex of biological interactions with the host plant. They are nourished by root

exudates and as a result dependent on the hast plant. At the same time, they may affect

the hast plant by inducing physiological changes (KloepPer et al., 1988b).

In a recent study, Zhang et al. (1996a,b) have shown that co-inoculation of B.

japonicum with sorne PGPR strains increased soybean nodulation and nitrogen fixation
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and increased soybean growth and development, but the stimulatory strains vary with

RZTs. PGPR 1-102 S. proteamaculans was shown to increase soybean root nadulation.

nitrogen fixation, plant growth and development at suboptimal RZTs (17 and 15°C)

while PGPR 2-68 S. Iiquefaciens was shown ta have the same effect on soybean plants

at 25°C. Our results showed that PGPR 1-102 Serratia proteamaculans which was most

stimulatory at l5°C (Zhang et al., 1996a,b), showed best root colonization at that

temperature, while PGPR 2-68 (Serrana /iquefaciens) which was shown ta stimulate

plant growth and development at 25°C (Zhang et al. , 1996a), showed best root

colonization at that temperature.

Our data indicate that some PGPR are able to grow better and can colonize

soybean roots effectively at lower RZTs while, at the same time, their numbers in the

rooting medium decline. Those PGPR which are not able to colonize the root will be

present in the rooting medium in relatively high numbers. Other PGPR are able to

colonize roots at higher temperatures, and their numbers were higher in the root and

lower in the rooting medium at such temperatures. Also, in as much as the PGPR

strains which colonized the roots well have been shown to be best at promoting soybean

growth at each RZT, sorne strains that colonized the roots weIl were shawn not to be

effective at plant growth promotion (Zhang at al., 1996a,b). It seerns likely that an

ability to effectively colonize plant roots, as affected by PGPR strain, plant type and

environmental conditions, it is necessary, but not sufficient condition for the stimulation

of plant growth.

In summary, the results of this study indicated that the ability of PGPR strains to

grow, multiply, and survive is strain specific and temperature dependent. Sorne PGPR

strains are able to grow and multiply effectively at low RZTs and colonize the roots

effectively. Others are able to grow and multiply effectively at higher RZTs and

colonize the roots effectively. It was shown that in the optimum RZT range an

effective PGPR will be heavily present on the root, but be relatively less present in the

surrounding rooting medium, while outside the optimum RZT range the reverse was

true. Also, the ability of the PGPR to colonize the root effectively could be a
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prerequisite to the stimulation of growth, nodulation and nitrogen fixation of soybean

plants.
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Table 6.1. Species identification and the geographical origins of the PGPR strains lested in this
study.

~

Strain number Strain identification Source

31-34 Pseudomoas pUlida Mould Bay Soi]

G1] -32 Pseudomollu.\' pUlida Grise Fiord, NWT

36-43 Pseudomonos jluorescellJ Canola rhizosphere Clyde, AB

63-49 Pseudomollas j1uorescells Canola rhizosphere Winnipeg, MB

2-68 Serratia Iiquejàcie1l:; James Bay Soil, NWT

1-102 Serratia proteamucululls Yellowknife, NWT

1-104 Pseudomollus /JUIida Yellowknife, NWT
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Table 6.2. Root associated PGPR colony forming units (log cfu gm dry roof 1
) for different

PGPR strains at different temperatures.

(log cfu gm dry roof l
)

PGPR STRAINS 15°C 17.5°C 25°C

31-34 8.73 8.86 8.49
GII-32 8.81 8.92 8.71

36-43 8.55 7.93 8.29
63-49 8.11 8.55 8.59
2-68 8.21 8.80 8.61
1-102 8.90 8.29 7.61
1-104 8.42 8.38 7.85

LSDo.OSa 0.45
LSDo.05b 0.48
Means within the same column were analyzed by an ANDVA prolecled LSD test. LSDo.osa is for
comparisons of means within the same main-plot unit and LSOO.OSb is for comparisons of means
across levels of the main plot factor.
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Table 6.3. Rhizosphere PGPR colony forming units (log cfu gm dry rooting media- I
) for

different PGPR strains at three different temperatures.

log cfu gm dry rooting media-'

PGPR STRAINS 15°C 17.5°C 25°C

31-34 5.08 4.48 5.45
G11-32 5.30 5.40 5.56

36-43 4.99 4.99 5.35
63-49 4.92 4.86 4.67
2-68 5.10 5.29 5.38
1-102 4.82 3.96 4.58
1-104 5.05 5.10 5.21

LSDo.osli O. 17
LSDo.05b O. 16
Means within the same column were analyzed by an ANDVA protecled LSD test. LSDo.o.sa is for
comparisons of means within the same main- plot unit and LSDo.05b is for comparisons of means
across levels of the main plot factor
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Table 6.4. Root associated and rhizosphere PGPR colony forming units (log cfu gm dry roof 1

and rooting media-J
) for different PGPR strains at three different temperatures.

log cfu gm dry roof l and rooting media- I

"'"

PGPR STRAINS

31-34
G11-32

36-43
63-49
2-68
1-102
1-104

15°C

8.7
8.8
8.6
8.1
8.5
8.9
8.4

17.5U C

8.8
8.9
7.9
8.6
8.7
8.4
8.4

25°C

8.5
8.7
8.3
8.6
8.6
7.6
7.9

LSDo.05a 0.4
LSDo.05b 0.5
Means within the same column were analyzed by an ANDVA protected LSD test. LSDo.osa is for
comparisons of means within the same main- plot unit and LSDo.OSb is for comparisons of means
across levels of the main plot factor.
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Preface to Section 7

Section 7 is comprised of a manuscript by N. Dashti, R.K. Hynes, and D.L. Smith,

prepared for submission in 1996. The format has been changed to conform as much as

possible to a consistent format within this thesis. AlI literature cited in this section is

listOO in the reference section at the end of the thesis. Each table or figure is presented

at the end of this section.

After having demonstratOO that PGPR promote soybean nodulation, N2 tixation

and growth under cool spring soil conditions and that RZT play a definite role in the

effectiveness of the PGPR in previous sections. In this section we attempted to

determine the effects of PGPR on the early stages in the establishment of soybean

nodules and how the stimulatory effect is transmitted from the PGPR to the soybean

roots.
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Section 7

PLANT GROWm PROMOTING RHIZOBACTERIA AND SYMBIOSIS

ESTABLISHMENT BETWEEN SOYBEAN [Glycine max (L.) Merr.]

AND Bradyrhizobiumjaponicum AT LOW

ROOT ZONE TEMPERATURES

7.1. Abstract

Low root zone temperatures (RZTs) have more effect on infection and early nodule

development than on subsequent development of the nitrogen fixation symbiosis by

soybean [Glycine max (L.) Merr.]. We have recently shown that sorne plant growth­

promoting rhizobacteria (PGPR) stimulate nodule formation, and/or nitrogen tixation at

low RZTs. However, there have been no studies regarding the effects of PGPR

application on the infection of soybean at low RZTs. Two controlled environment

experiments were conducted. In experiment l, the effects of PGPR on the early stages

of symbiosis establishment between soybean and Bradyrhizobium japonicum at low root

zone temperatures were tested. Soybean plants were maintained at 25, 17.5, or 15: C

RZT and inoculated with B. japonicum strain 532C alone (control), or B. japonicum

with either Serralia proteamaculans (1-102), or Serrana iiquefaciens (2-68). In

experiment 2, PGPR cells were centrifuged from log phase cultures and the resulting

supematant was tilter sterilized and tested for PGPR associated stimulation of the early

stages of symbiosis development at 15°C and 25°C RZT. At 15°C, soybean plants were

inoculated with B. japonicum strain 532C alone, or inoculated with B. japonicum

treated with PGPR growth media alone, with S. proteamaculans (1-102), with S.

proteamacu/ans (1-102) supematant applied only once (at the same time as plant

inoculation), or with S. proreamaculans (1-102) supematant every day. At 25°C,

soybean plants were subjected to the same treatments as at 15°C, except that S.

proreamaculans (1-102) was replaced with Serratia iiquefaciens (2-68). Previous work

has shown S. proteamaculans (1-102) to be most effective at 15°C and Serratia

iiquefaciens (2-68) to be most effective at 25°C. Early symbiotic establishment between

soybean and B. japonicum was examined microscopically. The results showed that: (1)
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at 25°C PGPR 2-68 reduced the time required for root hair curling, infection thread

initiation, and the infection thread to reach the base of the root hair, (2) at 15~C PGPR

1-102 shortened the duration of all the measured steps of the infection process, (3) at

both 15 and 25°C, daily watering of soybean plants with the PGPR supematant reduced

the time required for root hair curling, infection thread initiation, and the infection

threads to reach the base of the root hairs, more than inoculation with the PGPR, (4)

the frequency of occurance of every measured infection stage was the highest at bath 15

and 25°C for soybean plants watered daily with the PGPR supernatants. Taken together

these results indicate that the PGPR tested accelerate the early stages of the soybean-B.

japonicum symbiosis and that they do so through a substance released into their growth

medium.

7.2 Introduction

Soybean [Glycine max (L.) Merr.] is a subtropicallegume which requires root zone

temperatures (RZTs) in the 25 to 30°C range for optimal symbiotic activity (Jones and

Tisdale, 1921). Studies of sub-optimal RZT effects on N2 fixation by soybean and

other subtropicallegumes has indicated that low RZTs decrease both nodulation and

nodule funetion (Jones and Tisdale, 1921; Hardy et al., 1968; Layzell et al., 1984;

Roughley and Date, 1986; Lynch and Smith, 1994). When soil temperature drops

below the optimal range (25 to 30°C for soybean), legume nodulation and N:,! tixation

are negatively affected.

Matthews and Hayes (1982) have shawn that decreasing RZT below 25°C results

in decreased nodule growth and total N2 fixation per plant, while at a RZT of L5°C, the

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

nodulation ceases in plants at 10°C RZT (Matthews and Hayes, 1982). The infection

and early nodule development processes are the most sensitive to suboptimal RZTs

(Lindemann and Ham, 1979; Matthews and Hayes, 1982; Lynch and Smith, 1993).

AlI stages of nodule formation and functioning are affected by low RZT (Lie,

1974). Lynch and Smith (1993) observed that a RZT of 15°C severely restrieted both

infection and nodule development, and delayed the onset of nitrogen fixation until
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approxirnately 7 to 8 weeks after inoculation. In Canadian soybean growing areas sail

temperatures at a depth of 10 cm during the early growing season often range from 10

to 15°C. Soybean production in eastem Canada is at the northern most North American

limit of the crop.

Zhang et al. (l995a) demonstrated that: 1) RZTs less than 17°C strongly

inhibited both infection and nodule devélopment, 2) the early nodule development

stages (within 14 days after inoculation) were very sensitive to RZT, 3) an early

infection step (within 12 hours after inoculation) is most sensitive to low RZTs. and 4)

before flowering, inoculated plants at RZTs between 17 and 25°C fixed sorne nitrogen.

but plants at 15°C RZT had not began to fix nitrogen.

Reeently, the knowledge of rhizosphere biology has been advaneed by the

diseovery of a specifie group of mieroorganisrns, known as plant growth promoting

rhizobacteria (PGPR), that colonize plant roots and enhance plant growth (Kloepper et

al., 1980a,b). There were severa! mechanisms suggested for the beneficial effects of

the PGPR such as: direct plant growth promotion, mobilization of insoluble nutrients

(e.g. phosphate) and subsequent enhancement of uptake by the plant (Lifshitz et al ..

1987), production of antibiotics (De-Ming and Alexander, 1988), and associative

nitrogen fixation (Chanway and Holl, 1991a). Sorne PGPR were shown to increase

legume nadulation and nitrogen fixation (Grimes and Mount, 1987; Chanway et al ..

1989), often resulting in increased plant growth.

The exact mechanism by which PGPR increase nadulation and/or N2 fixation is

unknown and the ecology of PGPR is poorly understood. Consequently, there is little

understanding as to how environmental factors affect bacterial colonization and

persistence on roots and the resulting effects on plant growth. Direct growth promotion

by the PGPR occurs when a rhizobacterium produces metabolites that promote plant

growth without any direct interactions with elements of the native soil microflora

(Kloepper et al., 1991). We have recently shown, in a controlled environment study

(Zhang et al., 1996b), that sorne plant growth-promoting rhizobacteria (PGPR)

stimulate nodule formation, and/or nitrogen fixation at low RZTs. Those results aIso
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demonstrated that the effects of PGPR were altered by RZT. Plant physiological events

and growth in general were increased by PGPR, and soybean nodulation and N~

fixation was improved. The two PGPR strains, 1-102 (Serratia proreamaculans) and 2­

68 (Serratia liquefaciens), tested here were shown to be the best of seven PGPR strains

tested, including pseudomonads, for stimulation of soybean nitrogen fixation (Zhang et

al., 1996a,b). They exerted their effects first on overall plant physiology and

secondarily on nadulation (Zhang et al., 1996a,b).

Until now, there have been no investigations of the effects of PGPR application

on the various infection stages of soybean at low temperatures. The objectives of this

experiment were to: 1) determine the effects of PGPR application at three RZTs (25,

17.SoC and 15 OC) on the early infection stages of soybean-Bradyrhizobium japonicum

symbiotic establishment, and 2) test the hypothesis that PGPR exert their beneficial

effects through a diffusible substance or substances whose production does not require

the presence of plant roots.

7.3 Materials and methods

7.3.1. Plant materials

Seeds of the soybean cultivar Maple Glen were surface sterilized in sodium

hypochlorite (2 % solution containing 4 mL L- I Tween 20), then rinsed with distilled

water several times (Bhuvaneswari et al., 1980). The seeds were then planted in trays

containing a sterilized Turface (Applied Industrial Materials Corp., Illinois, USA):sand

(1:1 vol.) mixture. Seven-day-old seedlings at the VC stage [unifoliolate leaves were

unrolled sufficiently that the edges were not touching (Fehr et al., 1977), were

transplanted into sterilized 13 cm plastic pots containing the same medium, on a

Conviron growth bench (Model GB48, Controlled Environments Ltd., Winnipeg,

Manitoba). The growth bench light (300 ILE m-2 S<I) was provided by Coolwhite

fluorescent tubes and the photoperiod was 16:8 h (day:night). As this work is

attempting to isolate RZT effects, air temperature was held constant at 25°C. RZTs

were controlled by circulating cooled water around the pots, with eight pots sealed to

the bottom of each tank. A hole drilled in the tank bottom below each pot allowed the
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pots to drain when watered. After transplanting into the pots, the plants were

acclimatized for 24 hours before the inocula were applied.

7.3.2 [noeu/um preparation

7.3.2.1. Experimenr 1

The Bradyrhizobium portion of the inocula was produced by culturing B. japonicum

strain 532C in yeast extract mannitol broth (Vincent, 1970) in 2 L flasks shaken at 125

rpm at room temperature (23-25°C). The PGPR strains tested in this experiment were

Serratia liquejaeiens (2-68) and Serratia proteamaeulans (1-102). These two strains

were chosen based on the results of a previous controlled environment experiment in

which seven PGPR strains were tested for their ability to enhance soybean nodulation

and nitrogen fixation at both optimal and suboptimal RZT. S. proteamaeulans 1-102

increased nodule size and nitrogen fixation at 15°C RZT, while S. liquefaeiens 2-68

caused similar effects at 25°C RZT (Zhang et al., 1996a,b). The PGPR strains were

cultured in Pseudomonas media (Polonenko et al. 1987) in 250 ml flasks shaken at 250

rpm at room temperature (21-23°C). After reaching the stationnary phase (7-days for

B. japonicum and 1.5-days for PGPR), bath B. joponicum and PGPR were subcultured

using the procedure described above. When they reached the log phase (3-days for B.

japonieum and l-day for PGPR), each of the PGPR strains was adjusted with distilled

water to an 0.D'420 value giving a cell density of 108 cells mL-I. Before inoculation

equal volumes of B. japonieum and PGPR cultures were mixed and allowed to stand for

more than 30 min at room temperature without shaking. The inoculum was cooled to

the corresponding RZT temperature and applied by pipette ta the rooting medium at the

base of the plant. Each inoculated plant received 1 mL of the inoculum. Control plants

were inoculated only with B. japonieum. Plants were watered with a modified

Hoagland's solution (Hoagland and Amon, 1950), in which Ca(N03h and KN03 were

replaced with CaCI2 , K2HP04 and KH2P04, to provide a nitrogen-free solution. Prior

to each watering the added Hoagland's solution was temperature adjusted to the

treatment RZT.
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7.3.2.2. Experiment 2

The same procedure was followed for the production of the B. japonicum as in

experiment 1. The PGPR strains tested in this experiment were, again, S. liquefaciens

(2-68) and S. proteamacu/ans (1-102). The PGPR strains were cultured as described

above. After reaching the stationary phase (1.5-day), the two PGPR were subcultured

using the procedure described above. When they reached the log phase each of the

PGPR strains was adjusted with distilled water to an O.D..no value giving a cell density

of 108 cells mL-l
• The two PGPR cell suspensions were pelleted in sterile centrifuge

tubes at 7000g for 15 minutes~ after which~ the supematant was collected and filter

sterilized. Before inoculation equal volumes of B. japonicum and PGPR supematant

were mixed and allowed to stand for more than 30 min at room temperature without

shaking. Each inoculated plant received 1 mL of the inoculum. The inoculum was

cooled to the corresponding RZT temperature and applied by pipette to the rooting

medium at the base of the plant. Plants were watered with a modified Hoagland' s

solution (Hoagland and Amon, 1950), in which Ca(N03)2 and KN03 were replaced

with CaC12 , K2HP04 and KH2P04t to provide a nitrogen-free solution. Prior to each

watering the added Hoagland's solution was temperature adjusted to the treatment RZT.

Plants receiving daily applications of PGPR supematant were given 50 mL of sterile

supematant, adjusted to the appropriate RZT, every day for 10 days for PGPRI-I02 at

15°C, or 6 days, for PGPR2-68 at 25°C. This material was applied instead of the

Hoagland's solution.

7.3.3. Experimental design

7.3.3.1. Experimenrl

The experiment was arranged in a completely randomized design with 4 replications.

Three different RZTs used: 25 [optimal temperature for soybean nadulation and

nitrogen fixation (Jones and Tisdale, 1921; Dart and Day, 1971)], 17.5 [sub-optimal

temperature, but still above the critical point of 17°C, below which soybean nadulation

and nitrogen fixation were strongly inhibited (Lynch and Smith, 1993)], or 15°C [at

this RZT soybean nodulation was strongly inhibited (Lynch and Smith, 1993)]. Recent
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work has shown that between 25 and 17°C RZT the onset of N2 fixation was delayed by

2 days for each degree decrease in RZT and the relationship between RZT and the onset

of N2 fixation is linear from 25 to 17°C. However, the onset of N2 fixation was

delayed by 15 days, or 7.5 days per :le, when the RZT decreased from 17 to 15;C

(Zhang et al, 1995a).

7.3.3.2 Experiment 2

The experiment was arranged in a completely randomized design with 3 replications.

Two root zone temperatures, 25 and 15°C, were used. At 25°C, the treatments were

combinations of B. japonicum 532C and PGPR 2-68, B. japonicum and supematant of

PGPR 2-68 applied only at the time of B. japonicum inoculation, and supernatant of

PGPR 2-68 applied daily beginning at the time of B. japonicum inoculation. Two

contraIs were included, B. japonicum alone and B. japonicum inoculated with the

Pseudomonas media used to grow the PGPR. At 15°C, soybean plants were inoculated

with B. japonicum strain 532C alone, or treated with the Pseudomonas media atone,

with S. proreamacu[ans (1-102), with S. proreamaculans (1-102) supematant applied

only at the time of B. japonicum inoculation, or with daily watering of S.

proteamaculans (1-102) supematant beginning at the time of B. japonicum inoculation.

The two contraIs included at 25°C were also included at 15°C RZT.

7.3.4. Harvesr and data collection

Plants were harvested each day, from 0.5 day after inoculation (DAI) until 6 DAI for

plants grown at 25°C, and one DAI until 10 DAI for plants grown at 15°C. Plant foots

were washed in distilled water and the six uppermost plant roots were taken for

microscopie observation. Plant foots were stained with 1% aniline blue for 10 minutes

and observed under a light microscope (Jenalumar, Jena Instruments Ltd., Jena,

Gennany).

7.3.5. StanslÎcal analysis

Results were analyzed statistically by analysis of variance using the SAS system (SAS

Institute Inc., 1988). When analysis of variance showed significant treatment effects,

the least significant difference (LSD) test was applied to make comparisons among the
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means at the 0.05 levels of significance (Steel and Torrie, 1980).

7.4. Resolts

7.4.1 Experimenr 1

Root haïr curling and infection thread initiation

The effects of RZT on morphological changes during the early nodule infection stages

of soybean, as observed by light microscope, was reported by Zhang and Smith (1994).

In the current study, for the control plants (no PGPR treatment) at 25)C RZT, root hair

curling commenced at 0.5 DAI while the infection thread initiation occurred at 1 DAI

(Table 7.1). For the plants grown at suboptimal RZTs, all the infection steps were

delayed and the duration of these stages were increased. Root hair curling commenced

at 1 and 2 DAI for plants grown under suboptimal RZTs of 17.5 and 15 oC.

respectiveIy.

Application of PGPR 2-68 shortened the duration of root hair curling and

infection thread initiation at 25 and 17.5°C RZTs. Raot hair curling was completed at

0.5 DAI at an optimal RZT (25°C) and infection thread initiation commenced

immediatelyafter. For plants maintained at suboptimal RZTs of 17.5 and 15 ~C. root

hair curling commenced at 1 and 2 DAI, respectively, while the infection thread

initiation was completed at 2 and 4 DAI. There was little difference between plants

receiving PGPR 2-68 and those receiving no PGPR treatment at 15 ~C RZT for root hair

curling and infection thread initiation. In both cases, root hair curling ended at 2 DAI

while infection thread initiation ended by 4.5 DAI (Table 7.1).

For the plants receiving PGPR 1-102, root hair curling commenced at 0.5 DAI,

while infection thread initiation occurred at 1 DAI for plants grown under optimal RZT

(25°C). For plants grown under suboptimal RZTs of 17.5 and 15'lC, root. haïr curling

commenced at 1 and 1.5 DAI (Fig 7.1), respectively. Application of PGPR 1-102 did

not affect the duration of the stages at an optimal RZT (25°C) or at 17.5'C, but at

15°C it shortened all measured stages relative to the control.

Elongation of infection threads was affected by RZT. At 25°C RZT Infection

threads of the control plants (no PGPR) reached the base of root hairs at 3.5 DAI, for
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an elapsed time of 3 days after infection thread initiation (Table 7.1). Infection thread

growth of the plants maintained at the sub-optimal RZTs, 17.5 and 15°C, was

decreased, with the infection thread reaching the base of the plant root hairs at 6 and 8

DAI, respectively. Application of PGPR 2-68 shortened the time required for root hair

curling, infection thread initiation, and the infection thread to reach the base of the root

hair at both 25 and 17.S but not at lsa~, while application of PGPR 1-102 shortened

the duration of aU the stages at IS but not at 25 and 17.SoC.

7.4.2. Experimem 2

The sarne pattern was seen in terms of temperature and PGPR effects on the time

required for root hair curling, infection thread initiation, infection threads to reach L/2

way down the root hair, and infection threads to reach the base of the root hairs. There

was no difference observed between B. japonicum alone and B. japonicum plus growth

medium at either 15 or 2SoC, removing the possibility that any observed effects were

due to constituents of the pseudomonad growth medium. At 15°C, there was no

difference in the duration of the different stages for plants receiving PGPR 1-102 or

PGPR 1-102 supematant at inoculation. For plants receiving PGPR 1-102 supematant

daily, the durations of ail the stages were shortened relative to the PGPR 1-102

treatment (Table 7.2). The frequency of the occurance of root hair curling, infection

thread initiation, infection thread 1/2 way down the foot hair, and infection thread

reaching the base of the root hair were all increased for plants receiving daily watering

with PGPR 1-102 supematant (Fig 7.2). At 25°C, there was no difference in the

duration of the different stages between plants receiving PGPR 2-68 or PGPR 2-68

supematant only at the time of plant inoculation. For plants watered daily with PGPR

2-68 supematant, the durations of alI the stages were shortened relative to other PGPR

2-68 treatments (Table 7.2). The frequency of occurance of root hair curling, infection

thread initiation, infection thread 112 way down the root hair, and infection thread

reaching the base of the root hair were greater for plants watered daily with PGPR 2-68

supematant than those inoculated with PGPR 2-68 or watered with its sUPematant only

at the time of plant inoculation (Fig 7.1).
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7.S Discussion

Plant growth-promoting rhizobacteria strains S. liquefaciens 2-68 and S.

proteamaculans 1-102 were selected following previous controlled environment studies

(Zhang et al., 1996a,b) in which nine PGPR strains were tested for effects on soybean

plant growth, development, nadulation and nitrogen fixation over a range of RZT under

controlled environment conditions. Inoculation of soybean plants with PGPR strains

produced a wide range of effects which varied among strains of PGPR and over RZTs.

In experiment 1, application of PGPR 2-68 acce1erated root hair curling,

infection thread initiation, infection thread 112 way down the root haïr, and infection

thread reaching the base of the root hair when compared to the control (no PGPR) at

both 17.5 and 25°C (Table 7.1). On the other hand, PGPR 1-102 accelerated all

measured variables compared to the control (no PGPR) at 15°C (Table 7.1). 30th S.

proteamaculans 1-102 and S. iiquefaciens 2-68 were reported to stimulate plant growth,

development, and plant physiological activities (Zhang et al., 1996a). At an optimal

RZT (25°C), S. liquefaciens 2-68 was reported to increase plant leaf development and

dry matter accumulation, while at ISoC RZT S. proteamaculans 1-102 increased plant

dry matter accumulation (Zhang et al., 1996a).

In experiment 2, no differences were observed between application of PGPR 2­

68 and application of PGPR 2-68 supernatant at inoculation for the four measured

infection stages at 2SoC (Table 7.2). The same result was observed for PGPR 1-102

and PGPR 1-102 supernatant addition at ISoC. These results indicate that the effect of

the PGPR is due to a substance or substances present in the PGPR supematant. Plant

growth promoting rhizobacteria have been shown to produce many phytohormones and

signal molecules (Burr and Caesar, 1984; Davison, 1989; Kapulnik, 1991), such as

genistein, a plant-to-bacteria signal involved in the soybean nodule infection and

formation processes. Molecules of this type could have been present in the sUPematant

and, as a result, cause morphologica1 changes of the root haïr.

If signal molecules were being produced, they are unlikely to have been

analogues of genistein, or to stimulate the development of the N2 fixing symbiosis the
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same way genistein does (Zhang and Smith, 1995b). There are two pieces of evidence

that argue this point. First, Zhang and Smith (1995b) found that genistein addition to

B. japonicum cause a stimulation of photosynthesis only at the time when nadulation

was cornpleted and N2 fixation began. Zhang et al., (1996a) found that PGPR

stimulated photosynthesis prior to the onset of N2 fixation. Second, while Zhang and

Smith (1995b) found that genistein addition to B. japonicum inocula accelerated root

hair curling, it did not shortened the duration of time between root hair curling and

infection thread initiation, or the time required for developing infection threads to reach

the haIf way or all the way down the root hairs. We found that PGPRs or their

supematants shortened all measured stages of infection (Tables 7.1 and 7.2).

For plants watered daily with PGPR 2-68 supematant, the durations of all the

stages were shortened relative to plants inoculated with the PGPR itself (Table 7.2).

The frequency of the occurance of root hair curling, infection thread initiation,

infection thread 1/2 way down the root hair, and infection thread reaching the base of

the plant root was also increased (Fig 7.1). The same pattern was observed for plants

watered daily with PGPR 1-102 supernatant (Table 7.2 and Fig 7.2). The most

probable explanation for this is that, as we made the PGPR inocula by spinning down

the cells, almost all the growth stimulating molecules were discarded with the

supernatant. It would then have taken sorne time for the PGPR to synthesize more of

the plant growth stimulating substance(s). When we added the supematant only at

inoculation, the roots were exposed to the growth stimulating substance(s) sooner than

when plants are inoculated with PGPR cells, but experience it/them only transiently.

However, when we watered every day with the supernatant the roots were exposed to

the growth stimulating substance(s) from the time of inoculation and constantly

thereafter. Thus, the roots were affected more by the growth stimulating molecule(s)

when they were added constantly than would be the case with once only supematant

application or inoculation with PGPR cells.

The observation that the supernatant of PGPR cells not previously exposed to

plant tissues produce growth stimulating substances indicates that unlike the signal
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exchange process between legumes and their N2 fixing symbionts, the production of the

bacteria-to-plant effector molecule(s) in the PGPR system does not require a signal

molecule from the plant.

80th s. proteamaculans 1-102 and S. iiquefaciens 2-68 were reported to

stimulate plant growth, development, and photosynthesis (Zhang et al., 1996b). At an

optimal RZT (25°C), S. liquefaciens 2-68 was reported to increase plant leaf

development and dry matter accumulation, while at 15°C RZT S. proteamaculans

1-102 increased plant dry matter accumulation.

Sorne reports have shown positive effects of PGPR on the legume N 2-fixing

symbiosis. The bacteria involved have been termed nodule promoting rhizobacteria

(NPR). Inoculation with NPR, often pseudomonads, and (Brady)Rhizobium has been

demonstrated to positively affect symbiotic nitrogen fixation by enhancing root nodule

number or rnass (Singh and Subba Rao, 1979; Burns et al., 1981; Grimes and Mount,

1987; Polonenko et al., 1987; Yahalom et al., 1987) and by increasing nitrogenase

activity (Iruthayathas et al., 1983; Alagawadi and Gaur, 1988).

The mechanisms of growth and nitrogen fixation promotion by PGPR are not

weIl understood; however, a wide range of possibilities have been postulated, as

discussed above, including both direct and indirect actions. Although it seems likely

that sorne diffusible molecule(s) mediates these effects on the plants, this has not been

proven.

This study suggests that both PGPR 1-102 and 2-68 produce diffusible growth

promoting substance(s), and that 1-102 does this weIl at high temperatures (25°C) and

2-68 at lower temperatures, or that 1-102 makes the substance(s) available to the plant

at higher temperatures due to effective rhizosphere eolonization at high temperatures, as

we have shown in a previous study (Dashti et al., unpublished data), and 2-68 makes

the substance (s) available to the plant only at low RZT because it is able to colonize

the rhizosphere effectively only at low RZT (Dashti et al., unpublished data). Since

addition of the PGPR supematant resulted in stimulation which was strain specifie and

temperature dependent, our data suggests that each PGPR releases a different growth
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stimulating substance. Although, given that they have similar effects on plant growth.

they may be similar molecules.

In summary, this is the first time it has been shown that: 1) at 25 and 17.5'C,

application of PGPR 2-68 shortened the time elapsed from the beginning of root hair

curling until the infection thread reached the base of the root hair, 2) at 15°C PGPR 1­

102 shortened the duration of the root hair curling, infection thread initiation and

infection thread growth to the base of the root hair, 3) at both 15 and 25°C treatment of

the soybean plants with PGPR supematant, at inoculation only or through daily

applications, reduced the time required for root hair curling, infection thread initiation.

and the infection threads to reach the base of the root hair, 4) the frequency of the

occurance of the different stages was the highest at both 15 and 25°C for soybean plants

treated daily with PGPR supematants.
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Tabl~ 1.1. Effoct of lh~ plant growth prornotàng rhizobacl~ria on root hair curling, intè:ction thr~d initiation,intoction lhr~

1/2 way down lb~ foot hair, md infoction thread r~ching the b~ of the plant foot hain» at 15, 11.5 and 25°C RZT.

~

15°C

PGPRI-102

PGPR2-68

Control

LSDo.05

17.5°C
PGPRl-102

PGPR2-68

Control

LSDo.o~

25°C

PGPRI-I02

PGPR2-68

Conlrol

00.5-

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.6

0.8

0.5

DI

1.0

1.0

0.5

0.08

1.0

1.4
1.0

0.13

1.5

2.1

1.6

02

1.6

1.4

1.2

0.3

1.7
1.9
1.5

0.13

2.5

2.9
2.3

03

2.4

2.2

2.0

0.32

2.0
2.4

2.1

0.13

3.1

3.6

3.2

04

2.6

2.3
2.1

0.18

2.5

3.3

2.5

0.13

3.6

4.0
3.7

05

2.7
2.5
2.4

0.26

2.7
3.8

2.8

0.13

3.8

4.0
4.0

06

3.2
2.9
3.0

0.26

3.3

4.0
3.5

0.16

4.0

4.0
4.0

01

3.6

3.2

3.2

0.23

3.8

4.0
3.9

0.13

08

4.0

3.5
3.5

0.23

4.0
4.0
4.0

0.0

D9

4.0
3.7
3.8

0.13

DIO

4.0

4.0
4.0

0.0

LSDo.o.s 0.21 0.23 0.13 0.28 0.12 0.13 0.0

M~s within lhè samè column wc:rc: analyud by an ANDVA prolc:clOO LSD le:st. LSDuu.s is lhe: comparisuns uf lhe: mc:ans wilhin
the: sarne: tc:mpc:ralurc: and sampling lime:. D:;;: days afle:r inocullliion. •vlllut:s indiclltt: int~ction stage:s: 1 -roui hair curling,
2 - infocllon thrc:ad initialion, 3 - infdCllon thre:ad 1/2 WllY down thé rout hair, and 4 - int"c:ctiun thrc:ad réaching thé baSé uf lhé
plant root hairs; non-inte:gc:r valués indicatc: .the: ave:ragc: stage: obsc:rvc:d on c:ach day.
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Table 7.2. Effoct of the plant growth promoting rhizobacteria, supematant (S), or daily watering with supematant (SW) on root hair curling,
infection thread initiation, infection thrc:ad 1/2 way down the root hair, and inft:Ction thread r~ching the base of the plant root haini al
15, 17.5 and 25°C RZT.

0.5D Dl 02 03 04 05 06 07 08 09 DIO

1SOC

PGPRI-I02 0.0 1.10 1.30 2.30 2.65 3.00 3.30 3.50 3.70 3.90 4.00

PGPRI-I02 (S) 0.0 1.10 1.30 2.30 2.70 2.95 3.25 3.45 3.65 3.90 4.00

PGPRI-102 (SW) 0.0 1.20 1.40 2.40 3.00 3.40 3.50 3.70 4.00 4.00 4.00

Control. (B. japomkum) 0.0 0.90 1.20 2.00 2.20 2.40 2.70 2.90 3.20 3.70 4.00

Control b (Madium) 0.0 0.85 l.15 2.00 2.20 2.40 2.70 2.90 3.20 3.70 4.00

LSDo,M 0.0 0.18 0.10 0.10 0.17 0.19 0.25 0.15 0.14 0.13 0.00

25°C.

PGPR2--68 0.88 2.23 3.12 3.80 4.00 4.00

PGPR2--68 (S) 0.90 2.30 3.20 3.80 4.00 4.00

PGPR2--68 (SW) 1.20 2.40 3.44 4.00 4.00 4.00

Control. (8. japomic:um) 0.70 1.70 2.30 3.40 3.80 4.00

Control b (Madium) 0.66 1.68 2.30 3.33 3.72 4.00

LSDo.05 0.19 0.20 0.19 0.28 0.07 0.00

Means within the same colunm were analyzed by an ANDV A protcxtetl LSD test. LSOo.os is the comparisons of the means within the same
lemperalure and sampling lime. 0 = days after inoculation. values indicate inft:Ction stages: 1 -wot hair curling, 2 - int~lion thread initiatiun,
3 - infection thread 112 way down the mot hair, and 4 - inft:Ction thre::ad re::a~hing the:: base of the:: plant root hairs; non-mte::ge::r values indkate lhe::
average stage obselVed on e::ach day.
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Fig. 7.1. The frequency of root hair curling, infection thread initiation, infection

thread 1/2 way down the root hair, and infection thread reaching the base of the plant

root hairs for different treatments over time at 25°C. Each point is the mean (±s.e.)

value for ten observations.
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Fig. 7.2. The frequency of root hair curling, infection thread initiation, infection

thread 1/2 way down the root hair, and infection thread reaching the base of the

plant root haies for different treatments over time at 15°C. Each point is the mean

(+s.e.) value for ten observations.
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Preface to Section 8

Section 8 is comprised of a manuscript by N. Dashti, R.K. Hynes, and D.L. Smith.

prepared for publication in 1996. The format has been changed to conform as much as

possible to a consistent format within this thesis. AlI literature cited in this section are

listed in the reference section at the end of the thesis. Each table for section 8 is

presented at the end of this section.

As we had demonstrated the ability of PGPR ta stimulate soybean nodulation.

N2 fixation and growth under field conditions and shawn that this is related to RZT. and

as it has already been shawn that the same is true for genistein, a plant-to-bacteria

signal molecule, in this section we have tested the hypothesis that the addition of PGPR

and genistein together will result in greater stimulation of nodulation and N2 tixation

than either alone.
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Section 8

CO-INOCULATION OF Bradyrhizobiumjaponicum PREINCUBATED WITH

GENISTEIN AND PLANT GROWTII PROMOTING RHIZOBACTERIA

ACCELERATFS SOYBEAN [Glycine max (L.) Merr.] NODULATION

AND NITROGEN FIXATION AT SUBOPTIMAL ROOT ZONE

TEMPERATURES

8.1. Abstract

Application of plant growth-promoting rhizobacteria (PGPR) has been shown to

increase nadulation and nitrogen fixation of soybean [Glycine max (L.) Merr.] over a

range of root zone temperatures (RZTs), as has preincubation of Bradyrhizobium

japonicum cultures with the plant-to-bacteria signal molecule, genistein. A controlled­

environment experiment was conducted to examine the combined ability of bath PGPR

and genistein ta reduce the negative effects of low root zone temperature (RZT) on

soybean nadulation and nitrogen fixation. Each of two PGPR strains, Serralia

proreamacu/ans 1-102 and Serrarla iiquefaciens 2-68 were co-inoculated with B.

japonicum USDAI10 or 532C preincubated with different concentrations of genistein

(0, 15, or 20/-LM). The resulting inocula were added to a soybean rooting medium ta

test their ability to reduce the negative effects of low RZT on soybean growth and

development by improving the physiological status of the plants. Three RZTs were

tested: 25 (optimal), 17.5 (somewhat inhibitory), and 15"C (very inhibitory). At each

temperature PGPR strains and genistein increased the number of nodules formed and

the amount of fixed nitrogen, but the mast stimulatory combination of PGPR, genistein

concentration and B. japonicum strain varied with ternperature. The combinations that

were most stimulatory at each temperature were as follows: at 15::C - S.

proreamaculans 1-102, genistein concentration 0 JLM and B. japonlcum USDA110, at

17.5°C - S. proteamaculans 1-102, genistein concentration 15 JLM and B. japonicum

USDAIIO, and at 25°C - S. proleamaculans 1-102, genistein concentration 5 #LM and

B. japonicum USDA110. In at least sorne cases, these stimulatary effects cao be

attributed ta additive effects of bath PGPR and genistein in enhancing the number of
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nodules formed and the amount of nitrogen fixed by soybean plants. The combinatians

of PGPR and genistein showed additive effects. when compared ta PGPR or genistein

alone at higher RZT (25°C), while they show antagonistic effects at lower RZT (15°C).

8.2. Introduction

As a subtropicallegume, soybean [Glycine max (L.) Merr.] requires temperatures in the

25 to 30°C range for optimal symbiotic activity (Jones and Tisdale. 1921). When root

zone temperatures (RZTs) drop below this, soybean nodulation and nodule function are

negatively affected (Jones and Tisdale, 1921; Hardy et a.• 1968; Roughley and Date,

1986; Legros and Smith, 1994; Lynch and Smith, 1994). In areas with short growing

seasons, such as the Canadian soybean production regions, the poor adaptability of

soybean ta cool soUs is considered the primary factor limiting yield (Whigham and

Minor, 1978).

Infection and early nodule development processes are most sensitive to low

RZT (Lindemann and Ham, 1979; Lynch and Smith, 1993; Zhang and Smith, 1994).

When the RZT drops below 25°C, but remains above 17°C, the time between

inoculation and the anset of N2 fixation is delayed by 2 to 3 days for each oC decrease in

the temperature, whereas RZTs between 17.5 and 15°C are more strongly inhibitory,

and each oC delays the onset of N2 fixation by about a week (Zhang et al., 1995a).

Certain rhizosphere microorganisms, collectively referred to as plant growth

promoting rhizobacteria (PGPR), can colonize plant roots and promote plant grawth

(Kloepper et al., 1980a). PGPRs can increase plant growth, development, and yield in

such nonlegume crops as patata, radish, sugar beet, wheat and canala (Gaskins et al.,

1985; Palonenko et al., 1987). Co-inoculation of (Brady)rhizobium with PGPR has

been shown to increase soybean plant nadulation and nitragen fixation under normal

grawth conditions (Verma et al., 1986; Li and Alexander, 1988). Similarly, an

increase in grain yield, nodule dry matter, and nitrogenase activity was also obtained in

chick pea inoculated with a mixture of Azospirillum brasilense and Rhizobium strains

(Rai, 1983). Grimes and Mount (1984) found that a Pseudomonas purida strain (Ml?),

which had been selected as a potential biolagical control agent, markedly increased
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Rhizobium nodulation of bean in field soils. Polonenko et al. (1987) found similar

effects of fluorescent pseudomonads on nadulation of soybean foots by B. japonicum.

Nurnerous studies indicated that co-inoculation of Bradyrhizobium and certain

PGPR, can positively affect symbiotic nitrogen fixation by enhancing both root nodule

nurnber and rnass (Polonenko et aI., 1987; Yahalom et al., 1981), and by increasing

nitrogenase activity (Iruthayathas et al., 1983; Alagawadi and Gaur, 1988).

Plant growth promotion by the PGPR has been attributed to the production of

plant growth regulators (Kloepper and Schroth, 1981; Gaskins et al., 1985), increased

access to soil nutrients (Lifshitz et al., 1987), disease suppression (De-Ming and

Alexander, 1988), and associative nitrogen fixation (Chanwayand Hall, 1991a).

Zhang et al. (l996b) investigated the tripartite association of nitrogen-fixing

bacteria, PGPR and soybean plants at different RZTs. They have shawn that

co-inoculation of B. japonicum with sorne PGPR strains increased soybean nodulation

and nitrogen fixation at both optimal and suboptimal RZTs, although, the PGPR strains

exerting stimulatory effects varied with RZT. The effects of PGPR on legume plant

growth and development were apparent before the onset of nitrogen fixation and were

therefore through improved overall plant physiological activities, whereas after the

onset of nitrogen fixation they may aIso have been due to improvement of plant

nadulation and nitrogen fixation.

Genistein, the most important plant-to-bacterial signal in the soybean-B.

japonicum symbiosis, is a part of the earliest phase of the nodulation process, the

release of signal molecules that trigger the coordinated expression of a series of

bacterial nadulation (nad) genes in the bacterial symbiont (Long, 1989, Peters and

Verma, 1990). The isof1avones daidzein and genistein are the major components of the

soybean root extracts responsible for inducing the nad genes of B. japonicum (Kosslak

et al., 1987). Zhang et al. (l996c) have shown that the roots of plants germinated and

grown at lower RZTs have lower genistein concentrations and contents than plants

grown at higher RZTs. The beneficial effects of genistein increased with decreasing

RZT (Zhang and Smith, 1995b). At suboptimal RZTs (17.5 and lSOC) the most
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effective concentrations are in the 15 to 20 ?,M range 9 whereas at an optimal (25 :C)

RZT 5 ?,M is most effective.

Two studies by Zhang and Smith (1 995b), and Zhang et al. (1996d) under

controlled environment conditions and under field conditions 9 have shown that

preincubation of B. japonicum with genistein hastened the onset of nitrogen tïxation,

increased the number of nodules produced, increased the size of the nodules, and

increased plant growth.

Zhang and Smith (1995b) showed that genistein stimulation of photosynthesis

was only seen after the onset of N2 fixation, while PGPR stimulation of photosynthesis

was apparent prior to the onset of N2 fixation. Thus, while the effects of genistein are

through nitrogen fixation 9 the effects of PGPR are on overall plant vigour (Zhang et

al.,1996a). Since PGPR and genistein seem to work by different mechanisms, their

beneficial effects might reasonably be additive. As bath PGPR and genistein have been

shown to stimulate plant nadulation and nitrogen fixation, but by different mechanisms,

a controlled environment experiment was conducted to test the hypothesis that the

inclusion of both PGPR and genistein in B. japonicum inocula would increase soybean

nadulation and nitrogen fixation at suboptimal and optimal RZTs more than the addition

of either PGPR or genistein alone.

8.3. Materials and methods

8.3.1. Experimental design

Two controlled environment experiments were conducted. Both were arranged in

completely randomized designs with three replications. Three different RZTs 15, l7.5.

and 25°C were tested. Combinations of B. japonicum strains, genistein levels and

PGPR strains were used as the treatments. At each RZT three PGPR levels (no PGPR,

Se"atia proteamacuIansl-l02 and Serra/ia liquefaciens 2-68), two B. japonicum strains

(USDA110 and 532C (Hume and Shelp, 1990)], and two genistein concentrations were

factorially combined. The two genistein concentrations tested were 0 and 5 JLM, 0 and

15~M, and 0 and 20?,M at 25, 17.5 and 15°C RZT, respectively (Zhang and Smith,

1995b). The combination of PGPR (S. liquefaciens 2-68), B. japonicum (532C), and
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genistein concentrations (5, 15 and 20 JLM at 25, 17.5 and 15 :C, respectively), were

excluded due to insufficient space. The different genistein concentrations were chosen

based on a report by Zhang and Smith (l995b). They found that at suboptimal RZTs

(17.5 a.l1d 15°C) the most effective genistein concentrations were in the 15 to 20 J.L M

range, whereas at an optimal (25°C) RZT 5 JlM was most effective.

8.3.2. Plant marerials

Seeds of the soybean cultivar Maple Glen were surface sterilized in sodium

hypochlorite (2 % solution containing 4 mL L- l Tween 20) for 5 minutes, then rinsed

with distilled water severa! times (Bhuvaneswari et al., 1980). The seeds were then

planted in trays containing a sterilized Turface (an inert calcined clay; Applied

Industrial Materials Corp., Deerfield, IL, USA): sand (1:1 vol.) mixture. Two

ten-day-old seedlings at the vegetative cotyledonary (VC) stage [unifoliolate leaves

unrolled sufficiently that the edges were not touching (Fehr et al., 1971)] were

transplanted into each sterilized, 13-cm plastic pot containing the same rooting medium.

In experiment 1, the seedlings were grown on a Conviron growth bench (Model GB48.

Controlled Environments Ltd., Winnipeg, Canada) at an irradiance of 300 ,umol m- l
S-I

and a 16:8 h (day:night) photoperiod with a constant air temperature of 25 -C.

Experiment 2, was established in a greenhouse facility where the level of environmental

control was comparable to the growth bench used in experiment 1 but with a higher

light intensity (800-1200 /lmol m-2 sol). In both experiments, the pots were sea1ed to

the bottoms of plastic tanks (68 x 42 cm) and RZTs (± 0.5°C) were controlled by

circulating cooled water around the pots, with eleven pots in each tank. A hole drilled

through the bottom of the tank beneath each pot allowed the pots to drain when

watered. Plants were then acclimatized for 24 h prior to inoculation. During the

period of plant growth, plants were watered with a modified Hoagland 1s solution

(Hoagland and Arnon, 1950), in which Ca(NO)2 and KNO) were replaced with CaCl2

(1 mM), K2HP04 (1 mM) and KH2P04 (1 mM), to provide a nitrogen-free solution.

Prior to each watering, the added Hoagland 1s solution was adjusted to the temperature

of the treatment RZT.
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8.3.3. [noeu/um

Two PGPR strains, S. proteamaculans 1-102 and S. tiquefaciens 2-68, were included in

this study, based on the reports of Zhang et ai. (l996a and 1996b). AlI PGPR strains

were cultured in Pseudomonas medium (Polonenko et al., 1987) in 250-mL flasks,

shaken at 250 rpm, at room temperature (20 to 23:lC). After reaching the stationary

phase (36 h), the PGPR were subcultured. When the subculture reached the log phase

(24 h), each of the PGPR strains was adjusted spectrophotometrically with distilled

water to an A420 value giving a cell density of 108 ceUs mL-I. B. japonicum strains

532C and USDAIIO (Hume and Shelp, 1990) were cultured in yeast extract mannitol

broth (Vincent, 1970) in 250 mL flasks shaken at 125 rpm at room temperature. For

production of B. japonicum with genistein, genistein (4' , 5, 7-trihydroxyisotlavone,

purity of 98%, Sigma, Mississauga, Ontario, Canada), as a 10 mM stock solution in

100% methanol, was added to the cultures. The final genistein concentrations of the

cultures were equal to the treatment requirements. Cultures were incubated at 23)C

without shaking for 48h (Halverson and Stacey, 1984). Following incubation, the cell

suspensions were pelleted in sterile centrifuge tubes at 7000g for 10 minutes, washed

once with distilled water, and resuspended to an A620 of 0.08 (approximately lOS ceUs

mL-I). The suspension was then mixed with each PGPR (1: 1 cell population) strain

before inoculation. The inoculum was cooled to the corresponding root temperature

and 1 mL was applied by pipette ta the rooting medium at the base of the plant.

8.3.4. Harvesl and data collection

Plants from both experiments were harvested at 50 days after inoculation (DAI) and the

following data were collected: number of nodules; nodule dry weight; plant dry weight

and plant nitrogen concentration (Kjeltec system, with digestion system 20 and l002

distilling unit, Tecator AB, Hoganas, Sweden). The amount of nitrogen fixed per plant

was calculated from the total plant nitrogen content minus the amount of nitrogen in the

original seed (11.5 mg per seed; average of 25 seeds). The nitrogen concentration of

different plant tissues (nodules, shoots, and roots) was also measured.
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8.3.5. Statistical analysis

Results were analyzed statistically by analysis of variance (ANOVA) with SAS (SAS

Institute Inc., 1988). When analysis of variance showed significant treatment effects,

the least significant difference (LSD) test was applied to make comparisons among the

means at the 0.05 levels of significance (Steel and Torrie, 1980).

8.4. Results

8.4.1. Nadularion

The effects of different combinations of B. japonicum, genistein concentration and

PGPR strains on nodule formation varied with RZT.

8.4.1.1. At 25°C

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 1-102 increased nodule dry weight per plant (56 %), nodule size (53 %) and the

ratio of nodule dry weight ta plant dry weight (47 %) over B. japonieum 532C alone in

experiment 1 (Table 8.1). B. japonicum 532C preincubated with 5 ~M genistein

increased nodule number (23 and 30%), nodule dry weight per plant (84 and 23 %) and

the ratio of nodule dry weight ta plant dry weight (50 and 13 %) over B. japonicum

532C alone in experiments 1 and 2, respectively (Table 8.1). The combination of S.

proteamaculans 1-102, 5 JLM genistein and B. japonicum 532C increased only nodule

size (9%) in experiments 1 and 2 when compared with B. japonicum 532C preincubated

with 5 JLM genistein. The same combination increased nodule number (13 and 16%),

nodule dry weight per plant (20 and 24 %), and the ratio of nodule dry weight ta plant

dry weight (7 and 12 %) in experiments 1 and 2, respective1y, when compared with B.

japonicum 532C co-inoculated with PGPR 1-102.

Co-inoculation of soybean plants with B. japon/eum 532C and PGPR 2-68

increased nodule dry weight per plant (26%), nodule size (40%) and the ratio of nodule

dry weight ta plant dry weight (13%) over B. japonicum alone in experiment 1 (Table

8.1).

PGPR 1-102 co-inoculated with B. japonicum USDAII0 increased nodule

number (27 and 32 %) t nodule dry weight per plant (40 and 66 %), nodule size (14 and
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29 %) and the ratio of nodule dry weight to plant dry weight (28 and 55 %) over B.

japonicum USDAII0 alone in experiments 1 and 2, respectively. B. japonicum

USDAIIO preincubated with 5 p.M genistein increased nodule number (28 and 36%),

nodule dry weight per plant (63 and 81 %), nodule size (29 and 36%) and the ratio of

nodule dry weight to plant dry weight (38 and 60%) in experiments 1 and 2.

respectively, over the B. japonicum USDAI10 alone (Table 8.1). The combination of

S. proteamaculans 1-102, 5 .'LM genistein and B. japonicum USDAIIO increased

nodule dry weight per plant (27 and 22%), nodule size (44 and 39%) and the ratio of

nodule dry weight to plant dry weight (22 and 16%) in experiments 1 and 2.

respectively, when compared with B. japonicum USDAIIO co-inoculated with PGPR 1­

102. The same combination increased nodule dry weight per plant (la and 12 %).

nodule size (28 and 32 %) and the ratio of nodule dry weight to plant dry weight (l3

and 12 %) in experiments 1 and 2, respectively, when compared with B. japonicum

USDA 110 preincubated with 5 p,M genistein.

Co-inoculation of soybean plants with a mixture of B. japonicum USDA 110

and PGPR 2-68 increased nodule dry weight per plant (100 and 132 %), nodule size

(129 and 164%) and the ratio of nodule dry weight to plant dry weight (55 and 80%)

over B. japonicum USDAII0 alone in experiments 1 and 2, respectively (Table 8.1).

The combination of S. liquefaciens 2-68, 5 ~M genistein and B. japonicum USDA 110

decreased nodule dry weight per plant (23 and 26%), nodule size (34 and 38%), and

the ratio of nodule dry weight to plant dry weight (2 and 6%) when compared to B.

japonicum USDAII0 co-inoculated with PGPR 2-68 in experiments 1 and 2,

respectively. The same combination increased nodule size (17%) and the ratio of

nodule dry weight to plant dry weight (10 %) in experiment 1 and increased nodule size

(21 %) in experiment 2 when compared to B. japonicum USDA 110 preincubated with 5

p.M genistein.

8.4.1.2. At 17.5°C

Plants receiving a mixture of B. japonicum 532C and PGPR 1-102 had increased

nodule number (12 %), nodule dry weight per plant (128 %), nodule size (114 %) and the
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ratio of nodule dry weight to plant dry weight (140%) in experiment 2 over B.

japonicum 532C alone (Table 8.2). B. japonicum 532C preincubated with 15 ~M

genistein increased nodule number (27%) and the ratio of nodule dry weight ta plant

dry weight (13 %) over B. japonicum 532C alone in experiment 1 and increased nodule

number (24%), nodule dry weight per plant (100%), nodule sire (71 %) and the ratio of

nodule dry weight to plant dry weight (~O%) in experiment 2 (Table 8.2). The

combination of S. proteamacu/ans 1-102, 15,uM genistein and B. japonicum 532C

increased nodule dry weight per plant (125 and 80 %) and nodule size (116 and 67 %) in

experiments 1 and 2, respectively, when compared with B. japonicum 532C

preincubated with 15 ~M genistein. The same combination increased nodule number

(13 %), nodule dry weight per plant (58 %), nodule size (33 %), and the ratio of nodule

dry weight ta plant dry weight (39 %) in experiment 2 when compared with B.

japonicum 532C co-inoculated with PGPR 1-102 aIone.

Co-inoculation of soybean plants with of B. japonicum 532C and PGPR 2-68

increased nodule number (33%), nodule dry weight per plant (12%) and the ratio of

nodule dry weight to plant dry weight (27 %) over B. japonicum 532C alone in

experiment 1 (Table 8.2).

Soybean plants co-inoculated with B. japonicum USDAI LO and PGPR 1-102

had increased nodule dry weight per plant (48%), nodule size (56%) and the ratio of

nodule dry weight to plant dry weight (23 %) in experiment 1 and increased nodule

number (51 %), nodule dry weight per plant (181 %), nodule size (88 %) and the ratio of

nodule dry weight to plant dry weight (166%) in experiment 2 over B. japonicum

USDAI10 alone (Table 8.2). B. japonicum USDAII0 preincubated with 15 ~M

genistein increased nodule number (37%), nodule dry weight per plant (118 %), nodule

size (56%) and the ratio of nodule dry weight to plant dry weight (54%) in experiment

1, while this treatment increased nodule number (51 %), and nodule size (25 %) in

experiment 2 over the B. japonicum USDA110 alone (Table 8.2). This treatment

increased nodule dry weight increased aImost 4 times, while ratio of nodule weight to

plant weight increased 3 times in experiment 2 over the B. japonicum USDAIIO alone.
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The combination of S. proleamacu/ans 1-102, 15 JLM genistein and B. japonicum

USDAII0 increased nodule number (72 %), nodule dry weight per plant (50%), and the

ratio of nodule dry weight to plant dry weight (25 %) in experiment l while it increased

nodule dry weight per plant (35%), nodule size (67%) and the ratio of nodule dry

weight to plant dry weight (20%) in experiment 2, when compared with B. japonicum

USDAII0 co-inoculated with PGPR 1-102 (Table 8.2). S. proreamaculans 1-102, 15

JLM genistein and B. japonicum USDAII0 increased nodule number (14%) in

experiment 1 while it increased nodule size 2.5 times in experiment 2 more than B.

japonicum USDA 110 preincubated with 15 JLM genistein.

Co-inoculation of soybean plants with B. japonicum USDA 110 and PGPR

2-68 increased nodule number (34%), nodule size (l25%), while nodule dry weight per

plant and the ratio of nodule dry weight to plant dry weight increase 3 times over B.

japonicum USDA 110 alone in experiment 2 (Table 8.2). On the other hand, the

combination of S. liquefaciens 2-68, 15 JLM genistein and B. japonicum USDA 110

decreased nodule number (13 and 25%), nodule dry weight per plant (8 and 41 %) and

the ratio of nodule dry weight to plant dry weight (12 and 44%) when compared to B.

japonicum USDAII0 and PGPR 2-68 in experiments 1 and 2, respectively. Also. the

same combination decreased nodule number (19 and 34 %), nodule dry weight per plant

(38 and 56%) and the ratio of nodule dry weight to plant dry weight (25 and 45%)

when compared to B. japonicum USDAl10 preincubated with 15 JLM genistein.

8.4.1.3. AI 15°C

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 1-102 increased nodule number (143 and 52%), and nodule dry weight per plant

(32 and 88 %) in experiments 1 and 2 over B. japonicum 532C alone (Table 8.3). B.

japonicum 532C preincubated with 20 p-M genistein increased nodule number (108 %)

in experiment 1 and increased nodule dry weight Per plant (122%), nodule size (109%)

and the ratio of nodule dry weight to plant dry weight (114 %) in ex.periment 2 over B.

japonicum 532C alone (Table 8.3). The combination of S. proteamaculans 1-102. 20

p-M genistein and B. japonicum 532C decreased nodule number (48 and 40 %), and
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nodule dry weight per plant (69 and 44%) in experiments 1 and 2, respectively. when

compared with B. japonicum 532C preincubated with PGPR 1-102. The same

combination also decreased nodule dry weight per plant (71 and 53 %), and nodule size

(50 and 46%) in experirnents 1 and 2, respectively, when compared with B. japonicum

532C preincubated with 20 ~M genistein.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 2-68 decreased nodule size (33 %) and ratio of nodule weight ta plant weight

(40%) cornpared to B. japonicum 532C alone in experirnent 1 (Table 8.3).

PGPR 1-102 co-inoculated with B. japonicum USDAII0 increased nodule

nurnber (2.5 tirnes), nodule dry weight per plant (3 times) and ratio of nodule weight to

plant weight (2.5) tirnes over B. japonicum USDAI10 alone in experiment 2. B.

japonicum USDA 110 preincubated with 20 ~M genistein increased nodule number (51

and 79 %), nodule dry weight per plant (65 and 115 %) and ratio of nodule weight ta

plant weight (29 and 100%) in both experiments 1 and 2, respectively. over the B.

japonicum USDA110 alone (Table 8.3).

The combination of S. proreamaculans 1-102, 20 ~M genistein, and B.

japonicum USDAII0 decreased nodule nurnber (18 and 55%), nodule dry weight per

plant (44 and 60%), and ratio of nodule weight ta plant weight (88 and 55 %) in

experiments 1 and 2, respectively, compared with B. japonicum USDA lia co­

inoculated with PGPR 1-102. The same combination decreased nodule number (20 and

31 %), nodule dry weight per plant (39 and 41 %), and the ratio of nodule dry weight ta

plant dry weight (94 and 44%) per plant in experiments 1 and 2, respectively,

compared with B. japonicum USDAII0 with 20 ~M genistein (Table 8.3).

Co-inoculation of soybean plants with a mixture of B. japonicum USDA Il0 and

PGPR 2-68 decreased nodule dry weight per plant (33 %), nodule size (33 %) and the

ratio of nodule dry weight to plant dry weight (57 %) compared to B. japonicum

USDA110 alone in experiment 1 (Table 8.3). There was no difference between the

combination of S. liquefaciens 2-68, 20 ~M genistein and B. japonicum USDAII0

when compared to either B. japonicum USDAII0 co-inoculated with PGPR 2-68 or B.
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japonicum USDAIIO preincubated with 20 JLM genistein.

8.4.2. Nirrogen fixation

8.4.2.1. At 25 :C

There was no difference in the plant nitrogen fixation (as indicated by total plant

nitragen content minus seed nitragen) between soybean plants receiving a mixture of B.

japonicum 532C and PGPR 1-102 and B. japonicum 532C alone in experiments land 2

(Table 8.1). B. japonicum 532C preincubated with 5 ~M genistein tlxed 28 and 69%

more nitrogen than B. japonicum 532C alone in experiments 1 and 2, respectively

(Table 8.1). The combination of S. proteamaculans 1-102, 5 JLM genistein and B.

japonicum 532C was not different in the amount of plant nitrogen fixed from the B.

japonicum 532C preincubated with 5 .uM genistein treatment in experiment 2. The

same combination resulted in 12 and 24% more plant nitrogen fixed in experiments 1

and 2, respectively, than B. japonicum 532C co-inoculated with PGPR 1-102. The

same combination resulted in Il and 43 % more plant nitrogen fixed in experiments 1

and 2, respectively, than B. japonicum 532C alone.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 2-68 resulted in 10 and 52 % more plant nitrogen fixed, in experiments 1 and 2,

respectively, than B. japonicum 532C alone (Table 8.1). Plant nitrogen fixation

resulting from PGPR 1-102 co-inoculated with B. japonicum USDAI10 was increased

10 and 41 % over B. japonicum USDAII0 alone in experiments 1 and 2, respectively.

B. japonicum USDAII0 preincubated with 5 .uM genistein increased plant nitragen

fixation by 21 and 41 % over the B. japonicum USDAI10 alone in experiments 1 and 2,

respectively (Table 8.1). Nitrogen fixation by plants receiving S. proreamaculans

1-102, 5 .uM genistein and B. japonicum USDAII0 was 7% greater than B. japonicum

USDAII0 co-inoculated with S. proteamaculans 1-102 in experiment 1. There was no

difference in the plant nitrogen fixation for plants receiving S. proteamaculans 1-102,5

JLM genistein and B. japonicum USDA110 and those receiving B. japonicum USDA 110

preincubated with 5 J.'M genistein.

Co-inoculation of soybean plants with a mixture of B. japonicum USDAllO and
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PGPR 2-68 resulted in 33 and 57% more tïxed nitrogen than B. japonicum USDA 110

alone in experiments 1 and 2, respectively (Table 8.1). The combination of S.

liquejaciens 2-68, 5 ,aM genistein and B. japonicum USDAIIO resulted in (28 and

20%) less fixed nitrogen than B. japonicum USDA 110 and PGPR 2-68 in experiments

1 and 2, respectively. The same combination resulted less fixed nitrogen (20 and Il %)

compared B. japonicum USDA 110 preincubated with 5 ,aM genistein in experiments 1

and 2, respectiveLy.

8.4.2.2. Ar17.5=C

Nitrogen fixation by soybean plants receiving B. japonicum 532C co-inoculated

with PGPR 1-102 was (19%) greater in experiment 1 than plants receiving B.

japonicum 532C alone (Table 8.2). B. japonicum 532C preincubated with 15 ,uM

genistein resulted in (23 and 65 %) more plant nitrogen fixed than B. japonicum 532C

alone in experiments 1 and 2, respectively (Table 8.2). The combination of S.

proceamaculans 1-102, 15 ,uM genistein and B. japonicum 532C resulted in an average

pLant nitrogen fixation level not different from the B. japonicum 532C preincubated

with 15 ~M genistein treatment. The same combination resuLted in 54% more plant

nitrogen fixed than B. japonicum 532C co-inoculated with PGPR 1-102 in experiment

2.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 2-68 resulted in 39% more plant nitrogen fixed over B. japonicum 532C alone in

experiment 2 (Table 8.2).

The nitrogen fixation by plants receiving PGPR 1-102 co-inoculated with B.

japonicum USDAI10 increased 48 and 51 % over B. japonicum USDAI10 alone

treatment in experiments 1 and 2, respectively. B. japonicum USDA110. preincubated

with 15 JLM genistein resulted in 75 and 76 % more fixecl nitrogen than B. japonicum

USDAI10 alone in experiments 1 and 2, respectively (Table 8.2). The nitrogen

fixation by plants receiving S. proteamacu/ans 1-102, 15 ~M genistein and B.

japonicum USDAI10 was 16 and 34% greater than B. japonicum USDA110 receiving

S. proreamaculans 1-102 in experiments 1 and 2, respectively. Nitrogen fixation by
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plants receiving S. proteamaculans 1-102, L5 p.M genistein and B. japonicum

USDA110 was 15% higher than those receiving B. japonicum USDAL 10 preincubated

with 15 IlM genistein in experiment 2.

Co-inoculation of soybean plants with a mixture of B. japonicum USDA Lla and

PGPR 2-68 resulted in (89 and 19%) more fixed nitrogen when compared to B.

japonicum USDAII0 alone in experiments 1 and 2, respectively (Table 8.2). The

combination of S. iiquefaciens 2-68, 15 p.M genistein and B. japonicum USDA LLO

resulted in 24% more fixed nitrogen, in experiment 2, when compared to the B.

japonicum USDAII0 and PGPR 2-68 treatment. The same combination resuLted in less

fixed nitrogen (21 and 16%) compared to B. japonicum USDAL La preincubated with l5

IlM genistein in experiments Land 2, respectively.

8.4.2.3. At 15 =c
After 50 days, the duration of this experiment, plants inoculated with B.

japonicum USDA 110 or 532C alone had not fixed any nitrogen in either experiment at

15°C RZT (Table 8.3). This was also true for sorne other combinations, such as B.

japonicum USDA 110 coinoculated with PGPR 2-68 and 20 IlM genistein in experiment

1. Plant nitrogen fixation was increased by co-inoculating with S. proteamacll/ans

1-102 for either B. japonicum USDAII0 or 532C when compared to B. japonicum

alone in experiments 1 and 2, respectively (Table 8.3). Nitrogen fixation by plants.

receiving either B. japonicum USDA 110 or 532C preincubated with 20 IlM genistein

was greater than by plants inoculated with B. japonicum alone in both experiments.

The combination of B. japonicum USDA 110, 20 IlM genistein and S.

proteamaculans 1-102 decreased the amount of fixed nitrogen by 33 and 71 % when

compared to B. japonicum USDAII0 co-inoculated with S. proteamaculans 1-102 in

experiments 1 and 2, respectively. Nitrogen fixation by soybean plants receiving B.

japonicum 532C, 20 ,uM genistein and S. proteamaculans 1-102 was decreased by 26

and 45% compared to B. japonicum 532C and S. proteamaculans 1-102 in experiments

1 and 2, respectively.

No other relative comparisons were possible as no nitrogen was fixed in plants
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inoculated with B. japonicum in the absence of genistein or PGPR.

8.4.3. Nirrogen distribution

Nodule, shoot, and root nitrogen concentrations were assayed separately. The

differences of nitrogen concentration ratio of nodule to shoot tissues between treatments

indicated that the applied treatments variably affected nitrogen transfer from root­

nodules to shoot tissues. For example, at 15°C plants inoculated with B.

japonicumUSDAl10 and S. proreamaculans 1-102 had a lower nitrogen concentration

ratio for nodule to shoot tissues (2.3 and 1.3) when compared to plants receiving B.

japonicum USDA110alone (2.8 and 2.7) in experiments 1 and 2, respectively.

The same combination was not different from those receiving B. japonicum and

20 JLM genistein in experiment 1 and 2. At 17.S and 25°C RZT, bath the plant

nodule:shoot and shoot:root nitrogen concentration ratios were not different among

PGPR treatments or when compared to control plants receiving B. japonicum or

genistein or PGPR alone (Tables 8.4 and 8.S).

8.5. Discussion

Co-inoculation of soybean plants with PGPR strains produced a wide range of

effects which varied among PGPR and over RZTs. S. proteamaculans 1-102 and S.

/iquefaciens 2-68 were reported to enhance nodulation and nitrogen tixation at

suboptimal RZTs (Zhang et al., 1996b). At an optimal RZT (25 'C), S. tiquefaciens

2-68 was reported to increase nodule size and nitragen fixation, while S.

proteamacuJans 1-102 had the same effect but at a lawer RZT (15 j C). S.

proreamacuJans 1-102 was reported to perform very poorly at 25°C (Zhang et al.,

1996a,b). Those results indicated that the effects of PGPR on soybean plants are

affected by RZT. The same patterns of results were observed in both experiments 1

and 2 of the current work. At an optimal RZT (25°C), S. iiquefaciens 2-68 increased

nodule dry weight per plant, nodule size and ratio of nodule weight to plant weight.

The increase in the ratio of nodule weight to plant weight was due to increased nodule

sized (as indicated by the higher average weight peT nodule). At IS)C RZT S.

proreamacuJans 1-102 increased nodule number, nodule dry weight per plant, nodule
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size and ratio of nodule weight to plant weight, again, confirming the results of Zhang

et al. (1996b).

A wide range of possibilities have been postulated to expIain the mechanisms of

PGPR, including an increase in mobilization of insoluble nutrients and subsequent

enhancement of uptake by the plants (Lifshitz et al., 1981), production of antibiotics

toxic to sail-borne pathogens (Li and Alexander, 1988), associative N2 fixation

(Chanwayand Holl, 1991a), and production of plant growth regulators that stimulate

plant growth (Gaskins et al., 1985). Given that our plants were growing in nutrient

solution, without pathogen pressure, and that members of the genus Serratia are not

known to fix N2, our results suggest the fourth possibility. PGPR applied ta legume

crops have aIso been demonstrated to positively affect symbiotic nitrogen tïxation by

enhancing root nodule number or mass (Grimes and Mount, 1984; Polonenko et al.,

1987; Yahalom et al., 1987; Zhang et al., 1996b) and increasing nitrogenase activity

(Iruthayathas et al., 1983; Alagawadi and Gaur, 1988). Previous studies have shown

that co-inoculation of Pseudomonas sp. (including P. fluorescens and P. putida) with B.

japonicum increased nodule formation and weight of soybean plants in different rooting

media (soil and perlite mix) (Polonenka et al., 1987); in the present study, bath

Serratia species increased these twa variables. The enhancement of nadule weight per

plant by PGPR or genistein additions always 100 ta increased nitrogen fixation (Tables

8.1, 8.2, and 8.3). Increases in nodule weight per plant can be due to increases in

nodule number, increases in the weight per nodule or both. In this work both were

increased by PGPR and genistein additions and, aIthough there were few notable

exceptions, the weight per nodule generally increased more. 80th the number of

successful infections and the growth of nodules resulting from successful infections

were stimulated by genistein and PGPR additions.

Genistein (the most effective plant-to-bacterium signal in the soybean-B.

japonicum N2 fixing symbiosis) has been reported to increase soybean nadulation at

suboptimai RZTs. Genistein effects increased with decreasing RZT (Zhang and Smith,

1995b). At suboptimal RZTs (17.5 and 15°C) the most effective concentrations are in
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the 15 to 20 J.LM range, whereas at an optimal (25 =C) RZT 5 ,aM was most effective.

At 25°C, addition of PGPR plus genistein generally resulted in greater, and

approximatelyadditive, increases than the addition of either alone. However. while co­

inoculation of soybean plants with B. japonicum USDA 110 and PGPR 2-68 increased

nodule dry weight per plant (26 %), nodule size (40 %) and the ratio of nodule dry

weight to plant dry weight (13 %) over B. japonicum alone in experiment 1 (Table 8.l)

or preincubation of B. japonicum USDA110 with 5 p.M genistein. which was reported

to be most effective at 25°C (Zhang et al., 1995b), the addition of PGPR 2-68 and

genistein resulted in an antagonistic interaction between the PGPR and the genistein.

Nodule dry weight per plant, nodule size and the ratio of nodule dry weight to plant dry

weight were decreased when compared to B. japonicum USDAllO co-inoculated with

PGPR 2-68 (Table 8.1). The combination of B. japonicum USDA ll0 with PGPR 2­

68 or 5 J.LM genistein showed the largest proponional increases of any of the possible

combinations of B. japonicum strains, PGPR strains and genistein, when compared to

B. japonicum USDA 110 alone, but when genistein and PGPR were added together an

antagonistic effect was observed.

In the same way, the largest proportional increases in nodulation variables and

nitrogen fixation (ranging up to 2-3 times), due to the addition of either PGPR or

genistein occured at 15°C RZT and it was at this RZT that antagonistic effects were

observed between PGPR and genistein additions. Although the underlying cause for

this is unclear, it does appear that when the increases are largest, due to the addition of

PGPR or genistein alone the probability of antagonistic interactions between the two is

greatest.

Zhang et al. (1995a) demonstrated the existence of a linear relationship between

RZT and the time from inoculation with B. japonicum to the onset of nitrogen fixation

between 25 and 17.5°C RZTs. In this RZT range the time between inoculation and the

onset of nitrogen fixation was delayed by 2 days for each degree decrease in RZT.

However, the onset of nitrogen fixation was delayed by one week per ~C as the RZT

decreased from 17.5 to 15°C. The results from the second experiment showed that the

136



(

(

(

nitrogen concentrations of plant shoots and whole plants grown at 15::C were Iower

than those at 17.5 and 25°C. These results agreed with those of Zhang et al. (1996b).

Our data showed stimulation of nodulation and nitrogen fixation due to genistein

addition. At optimal (2S0C) RZT B. japonicum USDAII0 co-inocuIated with 5 J-LM

genistein increased nodule number, nodule dry weight per plant, nodule size and ratio

of nodule weight to plant weight in experiments 1 and 2. At suboptimal RZT (l7.5"C)

B. japonicum USDA110 pre-inoculated with 15 J-LM genistein increased nodule number.

nodule dry weight per plant, nodule size and ratio of nodule weight to plant weight

relative to the controls in both experiments 1 and 2 (Table 8.2). At 15°C B. japonicum

USDAI10 co-inoculated with 20 J.LM genistein resulted in increased nodule number.

nodule dry weight per plant, nodule size and ratio of nodule weight to plant weight

relative to the contraIs in both experiments 1 and 2 (Table 8.3).

Sorne PGPR and genistein combinations showed additive effects. The

combination of PGPR 1-102, B. japonicum USDAIIO and 5J.LM genistein had an

additive effect on the nodule dry weight per plant in both experiments 1 and 2 at 25°C.

At 2SoC RZT many of the additive effects were approximately complete, with the

increases due to genistein addition being nearly the same in the presence or absence of

PGPR. On the other hand, the combination of PGPR 2-68, B. japonicum USDA ll0

and SJ.LM genistein showed an antagonistic effect on aImost ail plant variables at 25°C

in contrast with PGPR 2-68, B. japonicum USDAIIO alone which was previously

reported to increase plant nodule number, nodule weight, nodule size and nitrogen

fixation capacity (Zhang et al., 1996b) and which data in our current work support.

At 17.SoC, there was still evidence of additivity, for instance, the combination

of PGPR 1-102, B. japonicum USDAIIO and lSJ.LM genistein had an addiçive effect on

the nodule number in experiment 1 and on nodule size in experiment 2. However, the

level of additivity was not complete, with the increases due to the addition of genistein

being smaller, or non existent, in the presence of genistein than in i ts absence. As at

25°C RZT, the combination of B. japonicum USDA110, PGPR 2-68 and 5 J.LM

genistein resulted in antagonism between the genistein and the PGPR.

137



(

(

(

At 15°C, the combination of PGPR 1-102, B. japonicum USDAII0. and 20JLM

genistein had an antagonistic effect on ail measured variables. PGPR 1-102 performed

better by itself than with genistein at RZT 15°C.

The additive effects observed al 25 and 17.5°C RZT could be explained in that

genistein and PGPR rnay work by different mechanisms, stimulating different aspects of

soybean plant physiology at optimum R~Ts. At a suboptimal RZT (1S0C) or for the

combination of B. japonicum U5DAIIO, PGPR 2-68 and 5JLM genistein at 25°C. the

effects are antagonistic. The cause of the antagonistic effects is unclear and requîres

further study.

The frequent increases in the ratio of nodule weight to plant dry weight

demonstrate that plants treated with genistein or PGPR. or both required more nodule

mass to achieve each gram of accumulated dry weight. Thus, while the additions of

PGPR, genistein or both, increase nodule dry weight per plant, and plant nitrogen

fixation, it appears that the efficiency with which the additional nodule mass is able to

support plant growth is less than for the nodule mass formed without the addition of

these materials. These decreases in efficiency could be due to decreased relative

efficiency for nitrogenase or greater restrictions of O2 entry in to the nodules (Hunt and

Layzell, 1993).

The nitrogen distribution data indicated that the applied treatments variably

affected nitrogen translocation from root-nodules to shoot tissues. The nitrogen

concentrations of plant shoots and whole plants grown at 15°C were lower than those at

17.5 and 25°C RZT. These results agree with those of Zhang et al. (l996b). B.

japonicum and S. proteamacu/ans 1-102 showed a lower nitrogen concentration ratio

for nodule to shoot tissues (2.3) and (1.3) when compared to plants receiving B.

japonicum alone (2.8) and (2.7) in experiments 1 and 2, respectively. Co-inoculation

of B. japonicum with S. proteamaculans 1-102 was shown to increase nitrogen

concentration of plant shoots at 15°C RZT.

In summary, the results of this study indicated that 1) sorne PGPR strains

combined with genistein can enhance soybean nadulation and nitrogen fixation, 2)
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PGPR S. proteamaculans 1-102 which was previously shown to perform poorly at 25°C

was shown in this study to he effective at 25°C when combined with 5 ~M genistein, 3)

the stimulations due to combinations of PGPR and genistein were probably due to

PGPR stimulation prior to the onset of N2 fixation on PGPR plus genistein effects after

the onset of nitrogen fixation, 4) the combinations of PGPR and genistein had an

additive effect compared to PGPR or genistein alone at the highest RZT tested (25°C),

and partial additivity at 17.5°C, while they showed antagonistic effects at a lower RZT

(l5°C). Overall these findings confirm that adding PGPR or genistein, along with B.

japonicum, to soybean roots each accelerates nitrogen fixation and shows, in addition,

that adding the two together caused stimulations of N2 fixation that, in sorne cases. were

greater than those caused by either PGPR or genistein alone.
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Tuble 8.1. Ellècts of B. japoII;cum struins. PGPR struins und gcnistclIl addition on soybcunnooulation and nitrogc:n tixutton ut 25° C,

nodule dry weight (mg)
------

PGPR B. japo";cum Gc:nistein nodule number (plant'1) nodule" planr l plant N concentration lixed N
strain stnsin (~ M) (planr l

) (mg) (mg g'l) (mg plunr l
)

Elperimenl 1
1-102 USDAIIO 0 117.4 184,5 1.6 0,U37 31.8 162.6

5 lOlO 235,0 2.3 0,045 32.5 1713
532C 0 86.8 202,1 2.3 0.044 30.7 141.9

5 97.7 242.8 2.5 0,047 30.2 159.3
2~8 USDAIIO 0 84.0 265.8 3.2 0,045 32.4 197.6

5 95.3 2U3.9 2.1 0.044 29.9 143.1
532C 0 78.7 162.7 2.1 0.034 31.6 157.9

Control USDAllO 0 92.7 131.5 1.4 O,()29 32.0 148.2
5 119.0 213.7 1.8 O.04U 32.8 179.4

532C 0 83.7 129,4 1.5 0,03U 29.6 143.1
5 102.7 237.6 2.3 0.045 33.7 182.5

LSDoos 6.6 15.7 0.2 0.0028 1.5 SA

Elperiment 2
1-102 LJSDAIIO 0 96,0 168 () 1.8 0.031 34.93 163.7

5 83.0 205,0 2.5 0.036 34.82 168,7
532C 0 67.0 172,0 2.6 (),O34 27.26 111.0

5 78,0 212.7 2.7 0.038 32.87 158.2
2-68 USDAIIO 0 64.0 2357 3.7 0.036 32.60 1810

5 75.7 174.0 2.3 0,034 33.79 146.4
532C 0 58.7 132.7 2.3 0.024 33.59 151.7

Control USDA 110 0 72.7 IOl.S 1.4 0,020 28.4b 1163
5 99.0 1817 1.9 0,0:'1 32.93 1637

532C 0 617 1(1),3 2.7 oon 25.21 IOO,n
5 82,7 2U7,7 25 0036 34.27 16MB

LSDoos 5.9 14..a 0.2 0.003 4.27 20.7
Means lhe same colullm an cxpcrimcnt wcrc anulYlcd by un ANOVA protcclcd LSD test,
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Table 8.2. EtTccls ofB. japo"icum slfalns, PGPR slrall1s and gcnlsldn addition on soybcun nodulullon w1d nÜrog~n Ilxullon ul 17,5°C.

nooul~ dI)' wdghl (mg)
------------

PGPR H. japollicum Gcnisl~ln nooule nwnbcr (phmr l
) nooulc:' l plunr ' piani Nconcenlrallon tixcd N

slfain struin <.- M)
(plant· l

) (mg) (mg g'l) (mg pianI" 1)

Experiment 1
1-102 USDAIIO 0 15.7 22.3 1.4 O.Olll 23.7 23.2

15 27.0 33.4 1.4 0.020 30.0 26.9
532C 0 6.3 13.6 1.2 0.011 23.9 26.0

15 26,7 27.2 1,3 O.OIS 29,() 28.6
2-68 LJSDAIIO 0 22.3 22.3 1,0 0.017 29.0 29,6

15 19.3 20.6 J.I 0.015 25.9 21.8
S32C 0 21.3 25.3 1.2 0.019 22.6 19.5

Control USDAllU 0 17.3 15.1 0.9 0.013 22.3 15,7
15 23.7 33.0 1.4 0.020 28.0 27.5

532C 0 Ill,O 22.5 1.2 0.015 25.9 21.9
15 2U.3 12.8 0.6 0.017 29.1 26.9

LSDoos 2.3 2.2 0.3 0.002 2.5 3.5

Experlment 2
1-102 USDA 110 0 92.2 137.7 1.5 O.OKO 31.5 35,2

15 84,8 185.7 2.5 0.096 32.7 47.3
532C 0 75,3 Imu~ 1,5 0.072 29.7 27.6

15 85.3 172.3 2.0 0.10 31,8 42.5
2-68 WiDAl 10 0 81.8 144.3 1,8 0.097 27.1 27.7

15 61.0 84.8 14 0.054 30.3 34.4
532C 0 914 1535 1.7 0.096 284 32.7

Conlrol lJSDAllO 0 610 4~() 0.8 0.030 27.7 213
15 92,2 Il)l~ 1.0 O.Ol)9 ]2.7 410

5J2C 0 67.2 47.7 0.7 003U 28.4 23.5
15 810 956 12 ()'()54 32.5 38.8

LSDoo~ (•. 9 7.9 ".2 ".OOS 2.6 ..A
M~uns lhe SLIIUC colulUn un cxpcrimcl11 wcrc UIIUIYlCd by llll ANOV1\ prolcch:d LSD h:st.
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Table 8.3. B. japo"Îcum struins. POPR struins und genistein uddilion on soybcun nodululion wld nitrogen fixution al 15uC.

paPR
sirain

Elperiment 1
1-102

2-68

Control

LSDoos

nodule dry wcighl (mg)

-
8. japo"icrtm Genistcin nodulc number (planf l

) uodulc· 1 plllUf l plunt N ,onccntrution thcdN
struin (~ M)

(plunf l
) (mg) (mg g'l) (mg plunr l )

USDAIIO 0 11.0 7.7 0.7 0.008 29.0 15.2
20 3.U 1.3 0.5 0,()()2 26.2 10.2

532C 0 9.0 2.9 0.3 0.007 30.6 8.7
20 4.7 0.9 0.2 0.001 27.2 11.7

USDAIIU 0 H.7 2.9 0.4 0.006 28.U 2.9
20 9.3 2.2 0.2 0.006 26.7 0.0·

532C 0 10 1.3 0.4 0.003 23.7 0.0·
USDAllU 0 7.5 4.3 0.6 0.014 24.2 0.0·

20 11.3 7.1 0.6 0.018 JO.3 9.7
532C 0 3.7 2.2 0.6 0.005 23.5 0.0·

20 7.7 3.1 0.4 0.005 32.2 9.7
• ..1 1.• 0.1 0.002 1.8 •..1

USDAIIO

532C

532e
USDAIIII

USDAIIO

532C

o 313 18.3 ()j5 0.020 29.0 15.7
20 15.0 7.3d 0.49 O.DO,) 22.7 4.6
() 22.0 9.0c OAI 0.011 25.3 8.9
2U 13.3 5.Uc 0.37 0.006 227 4.9
o 18.3 7.2d 0.39 0,010 20.3 3.4
20 21.2 9.3c 0.45 0.013 23.U ~.8

o 12J~ 7.ld 0,57 0.010 193 2.6
Il 12.2 5 7d 047 0.008 18 Il 110-

20 21.8 ILl 0.56 (UU6 2411 71
o 14.5 4.81' Il 33 n.OU7 167 0.0·
2U 15.3 10.7 O.hl) 0.U15 23,4 16

LSDoo!l 3.8 2.2 0.16 0.005 ".0 2.3

Elperlmcnt 2
1-102

Control

2-68

Meuns the sume cohlJlm un e:\pcrimcnl \\'CIC mlUlY.lcd by an ANOVA proleclcd LSD lest -Zcro prcscnlcd lltullhe tolul lixeJ nilrogcl\ pel
plunt (plant nitrogcn conh:nl-sccd I\llrugcl\ conlcnl) \\'crc lcro or 1II1l1U1'S (llècmlsc uf JCplëllOIl ur SCëÙ nÎlrogcn rcsël ... ..:S ilS plmlls gmwlIIg III

nitrogcll'rce media)
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{ Table 8.4. Effects ofc(rinoculation ofB. )opo"icum with PGPR on nitrogen concentrations of dilTerent soyœan tISSUC:S and
nitrogen concentration ratios for nodule:shoot. nodule:root. and shootroot at three temperatures. (c:xperirnent ~)

nitrogen concentrations (mg g.l) nitrogen concentrations ratios

PGPR B. japonicum Genistein nodule shoot root nodule:shoot nodule:root shootroot
(J.LM)

lSoC
1-102 USDA 110 0 56.7 24.7 12.6 2.3 4.5 1.4

20 47.3 19.7 . 1l.7 2.4 4.0 17
532C 0 6l.0 17.9 12.9 3.4 4.7 14

20 46.0 21.3 11.3 2.2 4. 1 19
2-68 USDAIIO 0 53.1 18.0 13.0 2.9 4.1 1.4

20 49.0 18.9 12.3 2.6 4.0 1 5
532C 0 37.7 18.1 12.4 2.1 3.0 15

Control USDAIIO 0 46.0 16.6 Il.8c 2.8 3.9 14
20 55.3 22.3 13.2 2.5 4.2 17

532C 0 46.0 17.6 11.4 2.6 4.0 15
20 65.7 17.9 13.0 3.7 5.1 14

LSDoos ~.S JA 1.8 0.5 0.6 OA

l'rC
1-102 USDAIIO 0 32.6 21-1 14.1 1.5 2.7 15

15 35.4 25.0 14.8 1.4 2.4 1.7
532C 0 32.3 17.2 14.1 1.9 1 .. 12_.-'

15 41.0 24.3 13.4 1.7 31 1.8
2-68 USDAIIO 0 52.4 21.2 9.6 2.1 5.5 25

(
15 52.2 20.5 13.7 2.5 3.8 1.5

532C 0 42.7 23.3 14.8 2.0 2.9 14
Control USDAI10 0 35.3 19.3 12.2 1.8 2.9 1.6

15 48.0 23.7 15.7 2.0 3.1 15
532C 0 37.7 17.0 10.4 2.2 36 1.6

15 50.7 20.4 13.5 2.5 3.8 15
LSDoos 8.2 2.8 2.6 0.5 1.1 nA

2SoC
l-lO2 USDAIIO 0 52.8 35.9 16.1 1.5 3.3 2.2

5 50.2 38.2 16.1 1.3 3.1 2.4
532C 0 39.5 28.0 14.3 1.5 2.8 2.0

5 50.4 34.6 13.5 1.5 3.7 2.6
2-68 USDAIIO 0 49.0 32.3 16.5 1.5 3.0 2.0

5 50.7 33.8 16.2 1.5 3.1 2.1
532C 0 51.5 34.8 14.5 1.5 3.6 2.4

Control USDAIIO 0 40.9 30.3 13.8 1.3 3.0 2.2
5 49.7 32.5 16.5 1.5 3.0 2.0

532C 0 37.7 24.0 13.9 1.6 2.7 1.7
5 52.8 36.0 14.3 1.5 3.7 2.5

LSDoos 10.0 4.4 2.5 0.J7 0.8 0.4
Means the same colwnn an expcrimcnt were analyzed by an ANOVA protectc:d LSO test.
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Table 8.5. EtTects of co-inoculation of B. japotlicum '-'o;th PGPR on mtrogc:n concentrations al di1fl::rent soy~an t1ssur;:s and
nitrogen concentration ratios for nodule:shool. nodule:root, and shootroot at three temperatures. (r;:xperiment Z)

nitrogen concentrations (mg g.l) nitrogen concl::ntrations ratios

PGPR B. japonicu1II Genistein nodule shoot root nodule:shoot nodull:::root shoot.root
(li M)

IS·C
1-102 USDAIIO 0 ~6.2 35.4 138 1.3 ) 3 2.6

20 ~7.1 31.7 12.~ 1.5 38 26
532C 0 47.0 19.5 12.4 2A 38 16

20 ~6.8 24.1 12.8 1.9 37 1 <)

2-68 USDAI10 0 44.4 21.3 13.9 2.1 3.2 l 5
20 63.6 20.4 13.1 3.1 4.9 1.6

532C 0 39.2 21.8 12.0 1.8 3 3 18
Control USOAI10 0 ~3.0 15.7 10.3 2.7 ..t2 1 5

20 54.7 22.3 13.2 2.5 ..tl 17
532C 0 39.1 18.9 9.7 2.1 4.0 Il)

20 52.4 19.9 10.6 2.6 ~.9 19
LSOoos 15.2 lA 2.1 0.6 1...& 0.3

lrC
1-102 USDAIIO 0 ~8.4 25.4 154 19 3 1 1 ô

20 55.0 25.8 16.8 2.1 3 3 1 5
532C 0 ~3.0 30.3 15.8 14 2.7 1 l)

( 20 ~9.4 28.4 17.7 1.7 2.8 16
2-68 USOAIIO 0 44.7 23.2 13.5 1.9 33 17

20 46.2 28.8 15.8 1.6 2.9 t8
532C 0 41.7 27.3 16.1 1.5 2.6 1 7

Control USOAIIO 0 41.7 26.3 15.2 1.6 2.7 17
20 53.7 27.1 17.4 2.0 3 1 16

532C 0 41.0 27.5 16.6 15 2.5 17
20 52.0 28.5 17.1 1.8 30 1 7

LSOoos 5.6 6.9 1.9 0.6 0.5 nA

2S·C
1-102 USDAIIO 0 49.1 43.6 16.6 1.4 3.0 21

20 46.9 35.0 19.5 1.3 2.4 18
532C 0 42.7 28.5 17.6 1.5 2.4 16

20 45.9 35.2 18.3 1.3 2.5 1.9
2-68 USDAIIO 0 48.1 32.1 17.5 1.5 2.7 1.8

20 48.0 24.4 17.4 2.0 2.8 l.~

532C 0 45.3 34.1 16.4 1.3 2.8 2.1
Control USDAllO 0 47.3 31.4 17.0 15 2.8 1.8

20 47.6 35.7 17.7 1.3 2.7 2.0

532C 0 41.4 29.7 15.4 1.4 2.7 Il)
20 48.0 34.4 18.6 1.4 2.6 1.8

LSDoos 3.9 1.9 2.S 0.17 O.S 0.3
Means the same colUIlUl an experiment were analyzed by an ANOVA protected LSD test.

{
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Preface to Section 9

Section 9 is comprised of a manuscript by N. Dashti, R.K. Hynes, and D.L. Smith,

prepared for publication in 1996. The format has been changed to conform as much as

possible to a consistent format within this thesis. AlI Iiterature cited in this section are

listOO in the reference section at the end of the thesis. Each table for section 9 is

presented at the end of this section.

As the previous section showed that the stimulation of soybean nodulation and

nitrogen fixation by PGPR plus genistein was greater than either of these factors alone

at 25°C and 1-,oC, but not at 15°C RZT, in this section we examined these effects on the

growth and development of soybean plants.
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Section 9

CO-INOCULATION OF Bradyrhizobiumjaponicum PREINCUBATED WITH

GENISTEIN AND PLANT GROWTH PROMOTING RHIZOBACTERIA

ACCELERATES SOYBEAN [Glycine max (L.) Merr.] PHYSIOLOGY

AND DEVELOPMENT AT SUBOPTIMAL

ROOT ZONE TEMPERATURES

9.1. Abstract

Application of plant growth-promoting rhizobacteria (PGPR) has been reported to

enhance soybean growth and development at suboptimal root zone temperatures (RZTs)

as has preincubation of Bradyrhizobium japonicum cultures with the plant-to-bacteria

signal Molecule, genistein. A controlled-environment experiment was conducted to

examine the combined effect of bath PGPR and genistein on soybean growth and

photosynthesis at suboptirnal RZTs. Each of two PGPR strains, Serratia

proteamaeulans 1-102 and Serraria iiquefaciens 2-68 were applied ta B. japonicum

USDAI10 or 532C preincubated with different concentrations of genistein (0, 15, or

20jLM). The resulting inocula were added to a soybean rooting medium to test their

ability to reduce the negative effects of low RZT on soybean growth and development

by improving the physialogical status of the plants. Three RZTs were tested: 25, 17.5,

and 15°C. At each ternPerature sorne combination of PGPR strains and genistein

concentration increased plant growth and development, but the Most stimulatory

combinations of PGPR strains, genistein concentration and B. japonieum strains varied

with temperature. The combinations that were rnost stimulatory at each temperature

were as follows: at 15°C - S. proteamacu/ans 1-102, genistein concentration 0 ,'LM and

B. japonicum USDA110, at 17.5°C - S. proteamaculans 1-102, genistein concentration

15 J.LM and B. japonicum USDAII0, and at 25°C - S. proteamaculans 1-102, genistein

concentration 5 JLM and B. japonicum USDAI10. In at least sorne cases, these

stimulatory effects can be attributed to additive effects of both PGPR and genistein in

enhancing soybean growth and early development. At 25°C, sorne combinations of

PGPR strains, genistein concentration and B. japonieum strains has shawn an additive
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effects, while at 15°C others has antagonistic effects.

9.2. Introduction

Soybean [Glycine max (L.) Merr.] is a plant of tropical to subtropical ongin, which

requires temperatures in the 25 to 30°C range for optimal growth and development

(Jones and Tisdale, 1921). When soybean is grown under suboptimal temperatures

(below 25°C), plant growth and development are inhibited, and final total dry matter

production and grain yield are decreased (Summerfield and Wien, 1982). Soybean

production in eastem Canada is at the northemmost North American limit of the crop.

In most of the Canadian soybean production area, early vegetative growth of soybean

occurs under elevated shoot temperatures but 10w root zone temperatures (RZTs).

Studies of low RZT effects on nitrogen fixation by soybean have indicated that

low RZTs decreased both nodulation and nodule function (Jones and Tisdale, 1921;

Hardy et al., 1968, Roughleyand Date, 1986; Legros and Smith, 1994; Lynch and

Smith, 1994). Between 25°C (an optimum RZT) and 17°C, the time between soybean

inoculation and the onset of nitrogen fixation was linearly delayed by 2 days for each

degree decrease in temperature, whereas at RZT between 17 and 15°C nadulation and

onset of nitrogen fixation were delayed by one week for each degree of decrease in

temperature (Zhang et al., 1995a).

Plant growth promoting rhizobacteria (PGPR), are rhizosphere microorganisms

which can colonize plant roots and promote plant growth (Kloepper et al., 1980a).

PGPRs can dramatically increase plant growth, development, and yield in such

nonlegume crops as potato, radish, sugar beet, wheat and canola (Gaskins et al., 1985;

Polonenko et al., 1987). Co-inoculation of {Brady)Rhizobium with PGPR has been

shown to increase soybean plant foot and shoot weight, seed yield, plant v~gour,

nadulation and nitrogen fixation under normal growth conditions (Verma et al., 1986;

Li and Alexander, 1988). Soybean yield has been shown to increase following

inoculation with a mixed culture of B. japonicum and certain PGPR strains, when

compared to inoculation with B. japonicum alone (Yahalom et al., 1987). Similarly,

an increase in grain yield, nodule dry matter, and nitrogenase activity was obtained in
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chick pea inoculated with a mixture of Azospirillum brasilense and Rhizobium strains

(Rai, 1983). The beneficial effects of PGPR are thought to be direct plant growth

promotion by the production of plant growth regulators (Gaskins et al., 1985, Kloepper

and Schroth, 1981), increased access to soil nutrients (Lifshitz et al., 1981), disease

control (De-Ming and Alexander, 1988) and associative nitrogen fixation (Chanway and

HoIl, 1991a).

Recently, the tripartite association of nitrogen-fixing bacteria, PGPR and

soybean plants was investigated at different RZTs. Zhang et al. (1996a,b) have shown

that co-inoculation of B. japonicum with sorne PGPR strains increased soybean

nadulation, nitrogen fixation, growth and development at both optimal and suboptimal

RZTs, although, the PGPR strains exerting stimulatory effects varied with RZT. The

effects of PGPR on legume plant growth and development were apparent before the

onset of nitrogen fixation and were therefore through improved overall plant

physiological activities, whereas afterward the onset of nitrogen fixation they may aIso

have been due to improvement of plant nadulation and nitrogen fixation.

Symbiotic N2 fixation is a complex process involving physiological and

biochemical aspects of both symbiotic partners. An early phase in the nadulation

process involves the selective attachment to and penetration of the plant root by the

bacterium. The first step is the release of flavonoid signal molecules that bind the

bacterial symbiont and trigger the coordinated expression of a series of bacterial

nadulation genes called nod genes (Long, 1989, Peters and Verma, 1990). The

isotlavones daidzein and genistein are the major components of the soybean root

extracts responsible for inducing the nod genes of B. japonicum (Kosslak et al. t 1987).

Genistein plays an important role in the establishment of the soybean-Bradyrhizobium

japonicum nitrogen fixing symbiosis. It is essential to the development of effective root

nodules and responsible for inducing the nod genes of B. japonicum (Kosslak et al.,

1987). Zhang et al. (1996c) have shown that the roots of plants germinated and grown

at lower RZTs have lower genistein concentrations and contents than plants grown at

higher RZTs. The beneficial effect of genistein increased with decreasing RZT (Zhang
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and Smith, 1995b). At suboptimal RZT (17.5 and 15°C) the most effective

concentrations are in the 15 to 20 p.M range, whereas at optimal (25: C) RZT 5 ,uM is

most effective.

Studies by Zhang and Smith (l995b) and Zhang et al. (l996d), under controlled

environment conditions and under field conditions, have shown that preincubation of B.

japonicum with genistein hastened the onset of nitrogen fixation, increased the number

of nodules produced, increased the size of the nodules, and increased plant growth.

Zhang and Smith (l995b) showed that genistein stimulation of photosynthesis

was only seen after the onset of N2 fixation, while PGPR stimulation of photosynthesis

was apparent prior to the onset of N2 fixation. Thus, while the effects of genistein are

through nitrogen fixation, the effects of PGPR are on overall plant vigour (1996a).

Since PGPR and genistein seem to work by different mechanisms, their beneficial

effects might reasonably be additive. As both PGPR and genistein have been shown to

stimulate plant growth and development, but by different mechanisms, a controlled

environment experiment was conducted to test the hyPOthesis that the inclusion of both

PGPR and genistein in B. japonicum inocula wouId increase various soybean

physiological activities, such as photosynthesis, leading to levels of plant growth at

suboptimal RZTs that are greater than is the case with the addition of either PGPR or

genistein alone.

9.3. Materials and methods

9.3.1. Experimental design

Two experiments were conducted. 80th were arranged in completely randomized

designs with three replications. Combinations of B. japonicum strains. genistein levels

and PGPR strains were used as the treatments at three different RZTs 15, 17.5, and

25°C. At each RZT three PGPR levels (0, Serrana proteamaculansl-l02 and Serratia

iiquefaciens 2-68), two B. japonicum strains [USDAIIO and 532C (Hume and Shelp,

1990)], and two genistein concentrations were factorially combined. The two genistein

concentrations tested were 0 and 5 p.M, 0 and 15~M and 0 and 20~M at 25, 17.5 and

15°C RZT, respectively (Zhang and Smith, 1995b). The combination of PGPR (S.
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liquefaciens 2-68), B. japonicum (532C), and genistein concentrations (5, 15 and 20

JLM at 25, 17.5 and 15°C, respectively), was exc1uded due to insufficient space. Zhang

and Smith (1995b) found that at suboptimal RZTs (17.5 and 15;C) the most effective

genistein concentrations were in the 15 to 20 J,LM range, whereas at an optimal (25 ~C)

RZT 5 }.LM was most effective.

9.3.2. Plant materials

Seed of the soybean cultivar Maple Glen was surface sterilized in sodium hypochlorite

(2 % solution containing 4 mL L- I Tween 20) for 5 minutes, then rinsed with distilled

water severa! times (Bhuvaneswari et al., 1980). The seeds were then plantcd in trays

containing a sterilized Turface (an inert calcined clay; Applied Industrial Materials

Corp., Deerfield, IL, USA):sand (l: 1 vol.) mixture. Two ten-day-old seedlings at the

vegetative cotyledonary (VC) stage [unifoliolate leaves unrolled sufficiently that the

edges were not touching (Fehr et al., 1971)] were transplanted into each sterilized,

13-cm plastic pot containing the same rooting medium. In experiment l, the seedlings

were grown on a Conviron growth bench (Model GB48, Controlled Environments Ltd.,

Winnipeg, Canada) at an irradiance of 300 JLmol mo2
S-l and a 16:8 h (day:night)

photoperiod with a constant air temperature of 25~C. Experiment 2, was established in

a greenhouse facility where the level of environmental control was comparable to the

growth bench used in experiment 1 but with a higher light intensity (800-1200 JLmol m,l

S·l). In both experiments, the pots were sealed to the bottoms of plastic tanks (68 x 42

cm) and RZTs (+ 0.5°C) were controlled by circulating cooled water around the pots,

with eleven pots in each tank. A hole drilled in the bottom of each pot and through the

bottom of the tank beneath each pot allowed the pots to drain when watered. Plants

were then acclimatized for 24 h prior to inoculation. During the period of plant

growth, plants were watered with a modified Hoagland t s solution (Hoagland and

Arnon, 1950), in which Ca(N03)2 and KNO) were replaced with CaCl2 (1 mM) ~

K2HP04 (1 mM) and KH2P04 (1 mM), to provide a nitrogen-free solution. Prior to

each watering, the added Hoagland's solution was adjusted to the temperature of the

treatment RZT.
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9.3.3. lnoculum

Two PGPR strains, S. proreamaculans 1-102 and S. tiquefaciens 2-68, were included in

this study, based on the reports of Zhang et al. (1996a and 1996b). AIl PGPR strains

were cultured in Pseudomonas medium (Polonenko et al., 1987) in 250-mL flasks,

shaken at 250 rpm, at room temperature (20 to 23~C). After reaching the stationary

phase (36 h), the PGPR were subcultured. When the subculture reached the log phase

(24 h), each of the PGPR strains was adjusted spectrophotometrically with distilled

water to an A420 value giving a ceH density of 108 ceUs mL- t
• B. japonicum strains

532C and USDA110 (Hume and Shelp, 1990) were cultured in yeast extract mannitol

broth (Vincent, 1970) in 250 mL flasks shaken at 125 rpm at room temperature. Strain

532C has been shown to perform weil over a range of temperatures (Lynch and Smith,

1993). For production of B. japonicum with genistein, genistein (4', 5, 7­

trihydroxyisoflavone, purity of 98%, Sigma), as a 10 mM stock solution in 100%

methanol, was added to the cultures. The final genistein concentrations of the cultures

were equal ta the treatment requirements. Cultures were incubated at 23?C without

shaking for 48h (Halverson and Stacey, 1984). Following incubation, the ceH

suspensions were pelleted in sterile centrifuge tubes at 7000g for la minutes, washed

once with distilled water, and resuspended ta an A620 of 0.08 (approximately 108 cells

mL-1
). The suspension was then mixed with each PGPR (1: 1 cell population) strain

before inoculation with a final ceU density of 108 ceUs mL-I
• The inoculum was cooled

to the corresponding root temperature and 1 mL was applied by pipette to the rooting

medium at the base of the plant.

9.3.4. Barves! and dala collection

Leaf photosynthetic rate, plant intemal CO2 concentration and stomatal conductance

(LI-6200 portable photosynthesis system, LI-COR Inc., Lincoln, NE, USA) were

measured twelve times during the course of experiment 1 and ten times during

experiment 2. The first measurement was taken 3 days after inoculation, with

subsequent measurements taken every 3 days for experiment 1, and 5 days after

inoculation, with subsequent measurements taken every 5 days for experiment 2. Ail
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measurements of photosynthesis were made between 14:00 and 17:00 h. Plants from

both experiments were harvested at 50 days after inoculation (DAI) and leaf area

(Delta-T area meter, Delta-T Deviees Ltd., Cambridge, England), leaf number, poo

number, plant shoot weight, and root weight were recorded.

9.3.5. Statisrical analysis

Results were analyzed by analysis of variance (ANGVA) with SAS (SAS Institute Inc.,

1988). When analysis of variance showed significant treatment effects, the least

significant difference (LSD) test was applied to make comparisons among the means at

the 0.05 levels of significance (Steel and Torrie, 1980).

9.4. Results

9.4.1. Pholosynthesis

Plant photosynthetic rates, averaged across the twelve measurement times in experiment

l, and ten measurements in experiment 2 were affected by different combinations of

PGPR strains, genistein concentrations, and B. japonicum strains in a way that varied

with RZT.

9.4.1.1. At 25°C

The photosynthetic rates of plants receiving PGPR 1-102 co-inoculated with

532C increased (35 %) in experiment 1 compared with the B. japonicum 532C alone

(Table 9. 1). The photosynthetic rates of plants receiving B. japonicum 532C

preincubated with 5 J.LM genistein increased (60 and 23 %) over B. japonicum 532C

alone in experiments 1 and 2, respectively. The combination of S. proteamaculans

1-102,5 J.LM genistein and B. japonicum 532C had (34%) higher photosynthetic rates in

experiment 1 than B. japonicum 532C preincubated with 5 ,LLM genistein. The same

combination increased the photosynthetic rate (60 and 45%) in experiments 1 and 2,

respectively, when compared with B. japonicum 532C co-inoculated with PGPR 1-102.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and PGPR 2-68

increased the photosynthetic rate (79 and 9%) over B. japonicum 532C alone in

experiments 1 and 2, respectively (Table 9.1).

There was no difference in the photosynthetic rate between the PGPR 1- L02 co-
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inoculated with B. japonicum USDAII0 treatment and B. japonicum USDAIIO alone.

B. japonicum USDAIIO preincubated with 5 #-LM genistein increased the photosynthetic

rate (37 and Il %) in experiments 1 and 2, respectively, over B. japonicum USDA 110

alone (Fig. 9.1). S. proteamaculans 1-102, 5 #-LM genistein and B. japonicum

USDAI10 increased the photosynthetic rate (168 and 52%) in experiments 1 and 2.

respectively, when compared with PGP~ 1-102 alone. The photosynthetic rate of the

same combination was increased (82 and 35 %) for experiments 1 and 2 over plants

receiving B. japonicum USDAII0 preincubated with 5 ILM genistein.

Co-inoculation of soybean plants with a mixture of B. japonicum USDA 110

and PGPR 2-68 increased the photosynthetic rate (68 and 10%) in experiments 1 and 2.

respectively, over B. japonicum USDAII0 alone (Fig. 9.1). S. iiquefaciens 2-68, 5

ILM genistein and B. japonicum USDAII0 had lower photosynthetic rate (9 and 30%)

when compared to B. japonicum USDA 110 preincubated with 5 ILM genistein in

experiments 1 and 2, respectively. The same combination had lower photosynthetic

rates (21 and 25%) than B. japonicum USDAII0 co-inoculated with PGPR 2-68 alone

in experiments 1 and 2, respectively (Table 9.1). The photosynthetic rate of plants

receiving S. proteamaculans 1-102, genistein 51LM, and B. japonicum USDAllO at

25°C RZT were always the highest of all treatments tested.

There were correlations between stomatal conductance and photosynthesis (Figs

9.1 to 9.3), although with relatively low correlation coefficients of 0.253 and 0.244.

for experiments 1 and 2, respectively. Leaf CO2 concentration was not correlated with

photosynthesis.

9.4.1.2. At 17.SoC

Plants receiving a mixture of B. japonicum 532C and PGPR 1-102 had higher

photosynthetic rates (40%) in experiment 1 than B. japonicum 532C alone (Fig. 9.2).

Pretreatment of B. japonicum 532C with 15 #-LM genistein stimulated plant

photosynthetic rates by 31 and 37% in experiments l and 2, respectively over B.

japonicum 532C alone. The combination of S. proteamaculans 1-102, 15.uM genistein

and B. japonicum 532C decreased the photosynthetic rates (10 and 20%) in eXPeriments
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1 and 2, respectively, when compared with B. japonicum 532C preincubated with 15

JLM genistein. The same combination decreased the photosynthetic rate (21 %) in

experiment 1 when compared with B. japonicum 532C co-inoculated with PGPR 1-102.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 2-68 increased the photosynthetic rates (37 and 46%) in experiments land 2,

respectively, over B. japonicum 532C alone (Fig. 9.2).

The photosynthetic rates of plants cO-inoculated with S. profeamaculans L-l02

and B. japonicum USDAII0 were increased 6 and 55% over those receiving B.

japonicum USDAII0 alone in experiments 1 and 2, respective1y. The photosynthetic

rates of plants receiving 15 p.M genistein and B. japonicum USDA110 were increased

(24 and 40%) over those receiving B. japonicum USDA 110 alone in experiments 1 and

2, respectively (Fig. 9.2). S. proreamaculans 1-102, 15 .uM genistein and B.

japonicum USDA 110 stimulated plant photosynthesis by 30 and 14 % over plants

receiving B. japonicum USDAI10 co-inoculated with PGPR 1-102 alone, and 15 and

26% over plants receiving B. japonicum USDAII0 preincubated with 15 J.LM genistein

alone in experiments 1 and 2, respectively.

Co-inoculation of soybean plants with a mixture of B. japonicum USDA LLO

and PGPR 2-68 increased photosynthetic rates by 45% over B. japonicum USDA110

alone in experiment 1 (Table 9.2). The combination of S. liquefaciens 2-68, 15 .urv1

genistein and B. japonicum USDAI10 decreased photosynthetic rates by 26% in

experiment 1, when compared to B. japonicum USDAII0 co-inoculated with PGPR 2­

68. The same combination decreased photosynthetic rates by 10 and 18% in

experiments 1 and 2, respectively, when compared to B. japonicum USDA 110

preincubated with 15 p.M genistein.

At 17.5°C the photosynthetic rate was highest for plants receiving S.

proteamaculans 1-102, genistein 15p.M, and B. japonicum USDAIIO (Figs 9.4 and

9.5), except at the third measurement in experiment 1 where the photosynthetic rate

was highest for plants receiving S. proteamaculans 1-102 and B. japonicum USDA110,
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and the 7th measurement where the photosynthetic rate was highest for plants receiving

genistein lSJLM and B. japonicum USDA 110. There was a correlation between

stomatal conductance (correlation coefficient 0.552) and leaf internai CO2 concentration

(correlation coefficient of -0.223) in experiment 2 (Figs 9.1 to 9.3). In experiment 1

there was no such correlation.

9.4.1.3. Al/5°C

Plants co-inoculated with B. japonicum 532C and PGPR 1-102 had higher

photosynthetic rates (28 and 7%) in experiments 1 and 2~ respectively, than those

inoculated with B. japonicum 532C alone (Fig. 9.3). Preincubation of B. japonicum

532C with 20 ~M genistein, stimulated plant photosynthetic rates by 98 and 10% in

experiments 1 and 2, respective1y, over B. japonicum 532C alone. The combination of

S. proleamaculans 1-102, 20 ~M genistein and B. japonicum 532C decreased the

photosynthetic rates (33 and 27%) in experiments 1 and 2, respectively, when

compared with B. japonicum 532C preincubated with 20 ~M genistein. The same

combination also decreased the photosynthetic rates (21 %) in experiment 2 when

compared with B. japonicum 532C co-inoculated with PGPR 1-102.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 2-68 increased photosynthetic rates (24 %) in experiment lover B. japonicum

532C alone (Fig. 9.2).

The photosynthetic rates of plants receiving S. proreamaculans 1-102, B.

japonicum USDAII0 increased 140 and 106% over those receiving B. japonicum

USDAII0 alone in experiments 1 and 2, respectively. Photosynthetic rates of plants

receiving 20 ,uM genistein and B. japonicum USDA110, were stimulated by 82 and

87% compared to B. japonicum USDAIIO alone in experiments l and 2, respectively

(Fig. 9.3). S. proleamacu/ans 1-102, 20 ~M genistein and B. japonicum USDAI10

decreased photosynthetic rates by 65 and 13% over plants receiving B. japonicum

USDAl10 co-inoculated with PGPR 1-102 in experiments 1 and 2, respectively, and by

51 and 13 % over plants receiving B. japonicum USDA 110 preincubated with 20 J-LM

genistein in experiments 1 and 2, respectively.
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Co-inoculation of soybean plants with a mixture of B. japonicum USDA 110

and PGPR 2-68 increased photosynthetic rates by 24 and 20 % over B. japonicum

USDAII0 alone in experiments 1 and 2, respectively (Fig. 9.3). The combination of

S. iiquefaciens 2-68, 20 JlM genistein and B. japonicum USDA110 increased

photosynthetic rates by 27 and 47% in experiment 1 and 2, respectively, when

compared to B. japonicum USDAIIO ca-inoculated with PGPR 2-68. The same

combination decreased photosynthetic rates by 31 and 10% in experiments 1 and 2.

respectively, when compared to B. japonicum USDAIIO preincubated with 20 ,u~1

genistein.

The change in plant photosynthetic rates across the ten measurements in

experiment l, and twelve measurements in experiment 2, was calculated for the most

stimulatory PGPR strain, genistien concentration, and B. japonicum strain combinations

for each RZT. In both experiments 1 and 2, at the 15"C RZT, the photosynthetic rates

for the combination of S. proreamaculans 1-102 and B. japonicum USDA110 were

highest over time. In experiment l, for the first five measurements there was no

difference between this treatment and B. japonicum USDA 110 receiving 20 ~M

genistein, but photosynthetic rates thereafter were higher for the three-way combination

than the B. japonicum USDAI10-genistein treatment.

There were correlations between photosynthesis and stomatal conductance

(correlation coefficient of 0.402) and between photosynthesis and leaf internal CO:!

concentration (correlation coefficient of -0.349) in experiment 2 (Figs 9.1 to 9.3). [n

experiment 1 there were no such correlation.

9.4.2. Plant Lealdevelopmenr and dry weight conductance

9.4.2.1. A125°C

There was no effect of PGPR 1-102 co-inoculated with 532C on any of the soybean

plant variables measured when compared with the B. japonicum 532C alone in either

experiment (Table 9. 1). B. japonicum 532C preincubated with 5 ~M genistein

increased leaf area (28 and 19%), pod number (54 and 96%), and total plant weight (19

and 10%) over the B. japonicum 532C alone in experiments 1 and 2, respectively

156



(

(

{

(Table 9.1). There was no difference between the combination of S. proteamaculans

1-102, 5 ILM genistein, B. japonicum 532C and B. japonicum 532C preincubated with 5

~M genistein in either experiment 1 or 2. The same combination increased pod number

(67%) and total plant dry weight (15%) in experiment 1 and increased leaf number

(9%), leaf area (22%), pod number (94%), and total plant weight (13%) in experiment

2 when compared with B. japonicum 532C co-inoculated with PGPR 1-102. Co­

inoculation of soybean plants with a mixture of B. japonicum 532C and PGPR 2-68

increased leaf area (26 and 18 %) and total plant weight (10 and 2 %) over B. japonicum

532C alone in experiments 1 and 2, respectively (Table 9.1).

PGPR 1-102 co-inoculated with B. japonicum USDAI10 increased total plant

weight (12 %) in experiment 1 and increased leaf area (20%) and total plant weight

(10%) in experiment 2 over the B. japonicum USDAI10 alone. B. japonicum

USDA 110 preincubated with 5 ~M genistein increased leaf number (12 %) and total

plant dry weight (18%) in experiment C while it increased leaf number (18%), leaf

area (46%), pod number (110%) and total plant dry weight (17%) in experiment 2 over

B. japonicum USDA110 alone (Table 9.1). S. proteamaculans 1-102, 5 ~M genistein

and B. japonicum USDA 110 increased leaf number (17%) and plant total dry weight

(3%) in experiment l, and increased leafnumber (31 %), leafarea (40%), pod number

(68%) and plant total dry weight (4%) in experiment 2, when compared with B.

japonicum USDAII0 co-inoculated with PGPR 1-102. The same combination

increased leaf area (20 and L5%), in experiments 1 and 2, respectively, when compared

with B. japonicum USDA110 preincubated with 5 }LM genistein.

Co-inoculation of soybean plants with a mixture of B. japonicum USDA 110

and PGPR 2-68 increased leaf number (15 and 24%), leaf area (45 and 61.%) and total

plant dry weight (33 and 29 %) over B. japonicum USDA 110 alone in experiments 1

and 2, respectively (Table 9.1). S. liquefaciens 2-68, 5 JLM genistein and B.

japonicum USDAI10 decreased leaf number (12 and 13%), leaf area (19 and 32 %),

pod number (84 and 91 %) and total plant dry weight (12 and 11 %) when compared ta

B. japonicum USDAll0 preincubated with 5 ~M genistein in experiments 1 and 2,
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respectiveLy. The same combination decreased leaf number (15 and 18%), leaf area

(37 and 38%), pod number (83 and 89%) and total plant dry weight (22 and 20%)

when compared to B. japonicum USDAII0 co-inoculated with PGPR 2-68 in

experiments 1 and 2, respectively (Table 9.1).

9.4.2.2 At 17.5 ~C

Plants co-inoculated with B. japonicum 532C and PGPR 1-102 had increased

total plant dry weight (11 %) in experiment 1 and increased leaf number (16%), and leaf

area (24%) in experiment 2 over B. japonicum 532C alone (Table 9.2). B. japonicum

532C preincubated with 15 JLM genistein increased total plant weight (14%) in

experiment 1 and increased leaf number (32%), leaf area (47%) and total plant weight

(11 %) in experiment 2 over B. japonicum 532C alone. The combination of S.

proteamacu/ans 1-102, 15 ~M genistein and B. japonicum 532C increased total plant

weight (9 %) in experiment l, when compared with B. japonicum 532C preincubated

with 15 JLM genistein. The same combination increased leaf number (40 and 12%),

leaf area (36 and 12 %) and total plant weight (12 and 13 %) in experiments 1 and 2

when compared with B. japonicum 532C co-inoculated with PGPR 1-102.

Co-inoculation of soybean plants with a mixture of B. japonicum 532C and

PGPR 2-68 increased total plant weight (11 %) over B. japonicum 532C in experiment 1

(Table 9.2).

Soybean plants co-inoculated with a mixture of B. japonicum USDAII0 and

PGPR 1-102 increased leaf number (14%) and total plant dry weight (13%) over B.

japonicum USDAII0 alone in experiment 1 and increased leaf number (29%), leaf area

(13%) and total plant dry weight (6%) in experiment 2 (Table 9.2). B. japonicum

USDAIIO strains preincubated with 15 JLM genistein increased leaf number (52 and

50%), leafarea (66 and 99%) and total plant dry weight (31 and 24%) over B.

japonicum USDAIIO alone in experiments 1 and 2, respectively, (Table 9.2).

S. proteamacu/ans 1-102, 15 ~M genistein and B. japonicum USDAIIO increased leaf

number (32 and 16%), leaf area (69 and 71 %) and total plant weight (14 and 15%) in

experiments 1 and 2, respective1y, when compared with PGPR 1-102 alone (Table 9.2).
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There was no difference between S. proteamaculans l-L02, 15 ILM genistein and B.

japonicum USDAII0 preincubated with 15 ILM genistein (Table 9.2).

Co-inoculation of soybean plants with a mixture of B. japonicum USDA L10

and PGPR 2-68 increased leaf number (15 %), and total plant weight (8 %) over B.

japonicum USDA110 alone in experiment 1 (Table 9.2). The combination of S.

liquefaclens 2-68, 15 JLM genistein and B. japonicum USDAI10 increased total plant

weight (7 and 5%) in experiments 1 and 2, repectively, when compared to PGPR 2-68

alone. The same combination decreased leaf number (15 and 48 %), leaf area (32 and

52 %) and total plant weight (lI and 20%) in experiments 1 and 2, respectively, when

compared to B. japonicum USDA 110 preincubated with 15 ILM genistein.

9.4.2.3. At 15 =C

Plants co-inoculated with a mixture of B. japonicum 532C and PGPR 1-102 had

increased leaf number (62 and 52 %) and total plant weight (22 %) in experiment 2 over

B. japonicum 532C alone (Table 9.3). B. japonicum 532C preincubated with 20 J.LM

genistein had increased leaf number (61 and 49%) and total plant weight (62 and 17%)

in experiments 1 and 2, respectively, over B. japonicum 532C alone. The combination

of S. proteamacu/ans 1-102, 20 JLM genistein and B. japonicum 532C decreased leaf

number (20 and 27%) and total plant weight (53 and 9 %) in experiments 1 and 2, when

compared with B. japonicum 532C co-inoculated with PGPR 1-102. The sarne

combination deceased leaf number (20 and 25 %) and total plant weight (39 and 5%) in

experiments L and 2 when compared with B. japonicum 532C co-inoculated with 20

J.LM genistein.

Co-inoculation of soybean plants with a mixture of B. }aponicum 532C and

PGPR 2-68 increased leaf number (58 and 99 %) in experiments 1 and 2, respectively,

and increased total plant weight (9 %) over B. japonicum 532C alone in experiment 2

(Table 9.3). Soybean plants co-inoculated with a mixture of B. japonicum USDAI10

and PGPR 1-102 had increased leaf number (133 and 125%) in experiments 1 and 2,

respectively, and total plant dry weight increased almost 3 times in experiment lover B.

japonicum USDAIIO alone. B. japonicum USDAIIO preincubated with 20 p,M
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genistein increased leaf number (64 and 93 %) and total plant dry weight (29 and LI %)

over B. japonicum USDA110 alone in experiments 1 and 2, respectively, (TabLe 9.3).

S. proteamaculans 1-102, 20 ~M genistein, and B. japonicum USDAII0 decreased

leaf number (19 and 21 %) and total plant dry weight (10 and 10%) in experiments 1

and 2, respectively, when compared with B. japonicum USDA110 co-inoculated with

PGPR 1-102. S. proteamaculans 1-102, 20 ~M genistein, and B. japonicum

USDAII0 decreased plant total dry weight (52 %) in experiment 1 when compared with

B. japonicum USDA110 preincubated with 20 J-LM genistein.

Co-inoculation of soybean plants with a mixture of B. japonicum USDA LLO and

PGPR 2-68 increased leaf number (39 and 80%), and total plant weight (66 and 5%)

over B. japonicum USDAIIO alone in experiments 1 and 2 (Table 9.3). The

combination of S. liquefaciens 2-68, 20 ~M genistein and B. japonicum USDA 110

decreased leaf number (5 and 27 %) and total plant weight (17 and 2%) in experiment 1

and 2, respectively, when compared to PGPR 2-68 alone. The same combination

decreased leaf number (20%) in experiment l, while it decreased leaf number (23 %)

and total plant weight (8%) in experiment 2 when compared to 8. japonicum USDAILO

preincubated with 20 J-LM genistein.

9.5. Discussion

Inoculation of soybean plants with PGPR strains produced a wide range of effects on

photosynthesis and growth variables which varied among strains of PGPR and over

RZTs. PGPR strains S. proteamaculans 1-102 and S. liquefaciens 2-68 were reported

to stimulate plant growth, development, and plant physiological activities (Zhang et al.,

1996a). At optimal RZT (25°C), S. liquefaciens 2-68 was reponed to increase plant

leaf development and dry matter accumulation, while at 15)C RZT S. proteamaculans

1-102 increased plant dry matter accumulation. S. proleamaculans 1-102 was reported

to perform very poorly at 25°C (Zhang et al., 1996a,b). Those results indicated that

the physiological effects of PGPR on soybean plants are affected by soil temperature.

The same patterns of results were observed in both experiments 1 and 2 of the current

work. At an optimal RZT (25°C), S. liquefaciens 2-68 increased plant leaf number,
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leaf area, pod number, and total dry matter accumulation, while at 15 ~C RZT S.

proteamaculans 1-102 increased leaf number and plant dry matter accumulation. These

results confirmed the previous observations that the physiological effects of PGPR on

soybean plants are affected by soil temperature.

Genistein (the most effective plant-to-bacterium signal in the soybean-B.

japonicum N2 fixing symbiosis) has been reported to increase soybean nodulation at

suboptimal RZTs, with the effects increasing with decreasing RZT (Zhang and Smith,

1995b). At suboptimal RZT (17.5 and 15°C) the most effective concentrations are in

the 15 to 20 ~M range, whereas at optimal (25" C) RZT 5 ~M was most effective.

Our data agrees with these results since at an optimal (25:C) RZT B. japonicum

USDAIIO preincubated with 5 ILM genistein increased leaf number in experiment l,

and increased leaf number, leaf area and pod number in experiment 2. At suboptimal

RZT (17.5°C) B. japonicum USDAIIO preincubated with 15 ILM genistein increased

leaf number, leaf area and total plant dry weight in experiment 1 cornpared to B.

japonicum USDAII0 alone, while in experiment 2, either B. japonicum USDAIIO or

532C co-inoculated with L5 ILM genistein increased leaf number, leaf area, pod

number, and total plant dry weight compared to either B. japonicum USDA 110 or 532C

(Table 9.2). At 15°C B. japonicum USDAII0 or 532C preincubated with 20 ~M

genistein increased leaf and total plant dry weight in experiment 1. In experiment 2, B.

japonicum USDA110 co-inoculated with 20 ?LM genistein increased leaf number while

B. japonicum 532C co-inoculated with 20 ILM genistein increased leaf number and total

plant dry weight (Table 9.3).

Zhang and Smith (1995b) showed that genistein effects on photosynthesis were

only seen after the onset of nitrogen fixation, while the effects of PGPR were seen prior

to the onset of nitrogen fixation (Zhang et al., 1996b). The changes in photosynthetic

rate over time showed that plant photosynthesis was increased by sorne PGPR strain,

genistein, and B. japonicum strain combinations over a wide range of plant growth

stages (Figs 9.4 and 9.5). As photosynthesis (Figs 9.4 and 9.5), was increased by

stimulatory strain combinations before the onset of nitrogen fixation, the improvements
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in plant growth, development and physiological activities must have been through an

effect of PGPR on overall plant physiology followed by a genistein effect on nitrogen

fixation. Our findings agree with those results and, since PGPR and genistein

stimulations appear to take place by different mechanisms, they might reasonably be

additive.

A wide range of possibilities have been postulated for the mechanisms of PGPR,

including an increase in mobilization of insoluble nutrients and subsequent enhaneement

of uptake by the plants (Lifshitz et al., 1987), production of antibiotics toxie to

soil-borne pathogens (Li and Alexander, 1988), production of plant growth regulators

that stimulate plant growth (Gaskins et al., 1985), and associative nitrogen tïxation

(Chanway and Holl, 1991a). Given that our plants were growing in nutrient solution

and without pathogen pressure, and that Serratia speeies have not been shown to tïx

nitrogen, our results suggests the third PQssibility. PGPR applied to legume crops have

also been demonstrated to positively affect symbiotic nitrogen fixation by enhancing

root nodule number or mass (Grimes and Mount, 1984; Polonenko et al., 1987;

Yahalom et al., 1987; Zhang et al., 1996b) and increase nitrogenase activity

(Iruthayathas et al., 1983; Alagawadi and Gaur, 1988).

Genistein (the most effective plant-to-bacterium signal in the soybean-B.

japonicum N2 fixing symbiosis) was reported to increase soybean nodulation and at

suboptimal RZTs. The effect of genistein increased with decreasing RZT (Zhang and

Smith, 1995b). Zhang and Smith, 1996c) showed that at low RZT soybean roots

produce less genistein than at higher RZT. Thus, it seems that the observed increases

in plant growth and development due to PGPR and genistein addition may he explained

as : 1) being from improvement of plant physiological activities such as photosynthesis

and growth during very early development leading to improved nadulation and nitrogen

fixation during subsequent growth, and 2) more rapid infection and nodule development

due to genistein addition leading to a further acceleration of nodule development and

onset of N2 fixation.

Sorne PGPR and genistein combinations showed additive effects. For instance,
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the combination of PGPR 1-102, B. japonicum USDA 110 and 5#LM genistein had

additive effects for leaf number, leaf area, pod number and plant dry weight at 25°C

RZT. The same combination resulted in a higher average total plant dry weight than B.

japonicum USDAIIO and either PGPR or genistein alone at 25°C. In the same way, at

17.5°C, the combination of PGPR 1-102, B. japonicum USDAIIO, and 15#LM genistein

produced higher leaf number and total plant dry weight values than B. japonicum

USDAl10 and either PGPR or genistein alone treatment. One exception was the

combination of PGPR 2-68, 5#LM genistein concentrations and B. japonicum USDAIIO

for which the PGPR and genistein showed antagonistic effects at 25°C when compared

to genistein or PGPR alone. AIso, PGPR strains and genistein combinations with either

B. japonicum strain showed antagonistic effects at the lowest RZT (15°C). For

example, the combination of PGPR 2-68, 20ILM genistein concentrations and B.

japonicum USDAIIO had lower values for most variables than was the case when either

genistein or PGPR were added with B. japonicum USDA 110.

The proportional increases in nodulation and N2 fixation (section 8) were larger

at 10wer than higher RZTs. The degree of the increase was much larger for nodulation

and nitrogen fixation variables (section 8) than for photosynthesis (Figs 9. Lto 9.3) and

dry weight (Tables 9.1 to 9.3). This was probably due ta lower nodule effeciencies of

the extra nodule mass present due ta PGPR and/or genistein. In a similar way, the

larger degrees of relative increase in N2 fixation (section 8) than in dry weight

production (Tables 9.1 to 9.3) indicates less effective use of the available N, in terms of

dry matter production. This was demonstrated by higher N concentrations for a plant

receiving PGPR and/or genistein treatments (data not shown).

Photosynthesis was more sensitive to the application of PGPR at bQth the

optimal and suboptimal RZTs than were either leaf internal CO2 concentration or

stomatal conductance (Figs 9.1 to 9.3). Within each RZT, comparisons of the

photosynthetic rate increases by the most stimuatory PGPR strain in both experiments

showed that the suboptimal RZT of 17.5°C , S. proreamacu/ans 1-102, 15 JLM

genistein and B. japonicum USDA110 stimulated plant photosynthesis the most. This
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combination increased photosynthetic rates 40 and 73 % over plants receiving B.

japonicum USDAI10 alone. At the lowest RZT (15':lC), the photosynthetic rates of

plants receiving S. proteamacu/ans 1-102, B. japonicum USDAIIO were increase 140

and 106% over those receiving B. japonicum USDAI10 alone in experiments 1 and 2.

respectively. This was accompained with an increase in the stomatal conductance.

Wilson and McMurdo (1981) reported t~at plant photosynthesis was more sensitive to

low temperature effects than was transpiration, which has a direct relationship with

stomatal conductance under uniform conditions. Therefore, PGPR may have increased

plant photosynthetic rates more at low RZTs, relative to plants growing at on optimal

RZT, because the increased photosynthetic rate at the low RZTs was a part of a

reduction of the direct adverse effects of low RZT on photosynthesis. The larger

changes, due to the applied treatments, for stomatal conductance in experiment 2 than

in experiment 1 (Figs 9.1 to 9.3) were probably due to the higher light intensity for

experiment 2.

The combination of S. liquefaciens 2-68, 20JLM genistein and B. japoniculn

USDAII0 increased photosynthesis rates by 27 and 47% in experiments 1 and 2,

repectively, when compared to B. japonicum USDAI10 co-inoculated with PGPR 2­

68, but did not result any increase in the amount of nitrogen fixed. Zhang et al.

(1996b) reported that the effeet of PGPR on photosynthesis were seen prior [0 the onset

of nitrogen fixation. PGPR appear to stimulate overall plant growth including

photosynthesis, which may effect lead to increased nitrogen fixation. The observed

increase in the photosynthesis in the absence of any increase in nitrogen fixation was

probably due to a PGPR effeet.

The stomatal conductance changes showed relationships with changes in

photosynthetic rate. When PGPR strain and/or genistein treatments caused increases in

photosynthesis, stomatal conductance generally increased, and the internal CO2

concentration generally decreased. Thus increases in leaf photosynthesic activity were

due to both decreased resistance to the entry of CO2 into the leaves and were rapid

uptake of CO2 because of increased photosynthetic activity inside the leaves.
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Photosynthetic rate showed correlations with stomatal conductance in experiments 1 and

2 and leaf internai CO2 concentration (experiment 2 only) that were more frequent and

stronger for stomatal conductance than leaf internal CO2 concentration. Thus increases

in photosynthesis activity, due to the addition of PGPR, genistein or both, were related

to both stomatal conductance and leaf internai CO2 concentration but more to stomatal

conductance.

Sorne PGPR and genistein combinations showed additive effects on the

photosynthetic rates at 25 and 17°C RZTs. The combination of PGPR 1-102 with either

B. japonicum USDAIIO or 532C and 5J'M genistein increased the photosynthetic rate

additively compared to B. japonicum USDA 110 or 532C, and PGPR 1-102 or B.

japonicum USDAIIO or 532C and 5JLM genistein. On the other hand, at 15 oC RZT.

PGPR and genistein were antagonistic as the photosynthetic rate decreased relative to

B. japonicum plus PGPR or genistein individually. The combination of PGPR 1-102,

B. japonicum USDA110 and 20J.LM genistein even decreased the photosynthetic rate

compared to soybean plants which received B. japonicum USDA 110 alone.

In sumrnary, the results of this study indicated that 1) sorne PGPR strains

combined with genistein cao stimulate aspects of soybean growth and development, 2)

PGPR S. proteamaculans 1-102 which was reported to perform poorly at 25°C (Zhang

et al., 1996a,b) was shown in this study to be effective at 25°C when combined with 5

,uM genistein, 3) the stimulations due to combinations of PGPR and genistein were

probably due to PGPR stimulation prior to the onset of N2 fixation on PGPR plus

genistein effects after the onset of nitrogen fixation, 4) at 25°C, sorne PGPR strains,

genistein concentrations, and B. japonicum strain showed additive effects relative to B.

japonicwn alone, while at 15°C some showed antagonistic effects. Overall these

findings confirm that adding PGPR or genistein alone with B. japonicum to soybean

fOOts each accelerates nitrogen fixation leading to increased growth and shows, in

addition, that adding the two together caused stimulations of N2 fixation and growth

that, in sorne cases, were greater than those caused by either PGPR or genistein alone.
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Table 9.1. Effccls of PGPR application on soybcan growth at 25() C RZT

lcaf(planr l
) plant dry wcight (mg)

PGPR n. japuniculII Gcnistcin number arca(cm~) Pod no foot shoot total (planr l
)

(~ M)

E~I)crimcn'1
1-102 USDAIIO 0 40.21 "09.9 3.13 888.6 4126.6 5015.2

5 47.22 460.7 4.27 869.H 4304.4 5174.2
532C 0 40.69 402.4 2.67 875.7 3622.6 449H.3

5 43.23 "5U.3 .....7 H62.8 -1296.6 5159.-1
2-6H USDAIIO () 45.55 489.3 3.80 1365.3 4595.5 5960.7

5 38.79 309.3 0.63 H34.8 3823.2 4657.9
532C 0 44.05 "60.2 2.67 704.5 4151.9 4H56.5

Control USDAIIO () 39.54 337.8 2.90 635.0 385H.3 "493.3
5 44.13 383.9 4.00 803.7 "512.7 5316.5

532C () 42.22 365.7 3.00 660.3 3758.0 .... 18.3
5 ..5.-15 "67.6 ".63 94H.8 4]13.-1 5262.2

LSDoos -I.U8 78.6 1.28 86.6 60.3 108.6

ESI)criment 2
1-102 USDAIIO 0 35.70 416.0 2.93 1033.3 ""4H.8 5482.1

5 46.67 583.8 ".93 1025.8 4649.4 5675.2
532C 0 "0.6" "05.8 2.67 1031.7 3967.6 4999,3

5 44.2i 4tJ4.8 5.17 lO18.8 4641.6 5660.4
2-68 USDAIIO 0 46.00 557.1 4.67 1521.1 4940,5 6"61.7

5 37.84) H6.2 U.53 990.8 "168.2 5158. 4)

532C () ·n.6" 524).7 3.60 860.5 ....tJ6.9 5357.5

Control USDAIIO () 37.00 346.2 2.70 791.7 ..203.3 "995.0
5 ·0.67 506,0 5.67 961.6 4857.8 5819.4

5nC 0 42,22 449,7 2.97 1124.4) 4 lOlO 52279
:' "4.00 514,() 5.8] 1104,8 4658." 57ü1,2

LSD(j(j~ 3.35 55,3 1.4.. 88.3 61.3 1Ol),7

Mc.ms wilhin the same column ,Ill cxpcrimclll \Vcre fUtalyzcd b ANOVA protecled LSD lesl.
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Table 9.2. Effects of PGPR application on soybean growth al 17.5°C RZT.

lcaf (plant'I) plant dry weight (mg)

PGPR B. japonicu/II Genislein Humber area(cm2
) rool shoot lolal (plan.-!)

J.l M)

EII.eriment 1
1-102 USDAIIO 0 18.17 107.00 341.1 1031.9 1373.0

15 24.00 IHI.17 394.2 1173.3 1567.5
532C 0 16.17 109.67 289.6 989.9 1279.6

15 22.67 148.67 335.3 1104.3 1437.U
2-6H USDAIIO 0 IH.33 117.50 342.6 975.6 1318.2

15 20.67 128.3] ]47.7 1064.7 1412.3
532C 0 16.94 109.10 266,4 1012.1 1278.5

Control USDAIIO 0 16.00 114.50 311.7 905.2 1216.9
15 24.28 190.0U ]51.b 1244.0 15')5.7

532C 0 18.83 155.3] 289.] 858,4 1156.7
15 20.33 132.17 234.8 985.6 1320.5

LSDoo~ l.HO 33.H2 12,4 39,4 45.3
EXI)Crimcnl 2
1-102 USDAIIO 0 20.67 129.17 398.6 1280.1 1678.7

15 24.00 220.25 489.5 1442,4 1931.9
532C () 2U.3] 132.00 388.3 1125.] 1513.6

15 22.67 148.33 4U7.7 1298.3 1706.0

2-68 USDA11U () 16.9-l 109.27 162,1 1127.5 1489.6

15 16.17 110,31 .no, 1 IltJ2.8 15629
532C 0 IX.]] 117.50 J93.1 12lU.I 1603.2

Conlrol USDAllU 0 ICl.OO 114.33 ]61.) 1218.2 1579.5

15 23.94 227.50 491.5 1462.2 1953.7
532C 0 17.50 106.3] 152.1 1239.5 1591 ()

15 21.17 156.33 -t2X.X lJ44.'1 17717

LSDoll~ 1.'1(, K,45 12.9 16.5 14.7

Means Ihe Si,me column an cxpcrimcnl wcrc analyzcd by an ANOVA prolcclcd LSD lcst.
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Table 9.3. Effecls of PGPR application on soybean growth al 15°C RZT.

Plant dry wcighl (mg)

PGPR B. japu1Iicum Gcnislcin Icafnumbcr fool shool total (planr' )
(~M)

Ellteriment 1
1-102 USDAIIO 0 6.77 534.1 382.3 916.5

20 5.50 510..- 314.7 825.1
532C 0 4.17 205.3 192.9 39H.1

20 3.33 487.0 363,2 850.2
2-68 USDAIIO 0 4.03 279.7 231.0 510.7

20 3.83 209.0 162.9 371.9
532C 0 4.07 181.6 225.6 406.9

Control USDAIIO 0 2.90 194.4 113.2 307.9
20 4.77 234.2 161.9 396.1

532C () 2.57 188.0 216.4 404.4
20 4.13 358.3 298.8 657,0

LSDoos 0.94 15.8 28.7 32.2
EXlteriment 2
1-102 USDAIIO 0 6.55 "07.2 453.0 H60.2

20 5.17 36].9 412.2 776.2
532C () 3.92 386.6 ..21.3 807.9

20 2.88 367.1 405," 772.5
2-68 USDAIIO 0 5.23 337.5 383.tJ 721..4

20 4.33 3]2.8 374... 707,2
532C () 5.13 345.2 J7H.tJ 724.2

Conlrol USDAll0 0 2,9c JIH.6 367.9 6H6.5
20 5.60 152.9 412.1 764,9

5J2C () 2,57 J08.4 J514 661.8
20 3.S3 339.5 392.7 7]2,2

LSDo(J~ l,OS 10.2 1).9 11.1

Mcans the saille column an cxpcrimcnt wcrc analyzcd by an ANDVA prolcctcd LSD tesl.
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9.1. Effects ofPGPR, genistein, and B.japQllicum on photosynthesis,intemal
COZ concentration, and stomatal conductance for plants grown at 25°C.

Verticallines on top of each bar indicated one standard error unit (n = 36 for exp 1)
(n = 30 for exp 2).

In order fron left to right

c=:J PGPR 0 B.japoniclim USDAIIO Genistein Oll

~ PGPRI-I02 B.japolliclim USDAIIO Genistein Oll

.~~~ PGPR 0 B.japoniclim USDAIIO Genistein 5J!

... PGPRI-I02 B.japoniclim USDAIIO Genistein 5J!

~ PGPR 0 B.japoniclim 532 Genistein Oll

lIIlIIIIillIIII PGPRI-I02 B.japoniclim 532 Genistein OJ!

~ PGPR 0 B.japonÎclIm 532 Genistein Sil

c=:J PGPRI-IOZ B.japonicum 532 Genistein 5J!

L·.':{!if~] PGPR2-68 B.japolliclim USDAIIO Genistein OJ!

b~~~~gj PGPR2-68 B.japol1iclim USDAIIO Genistein Sil

_ PGPR2-68 B.japonicum 532 Genistein Oll
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Fig. 9.2. Effects ofPGPR, genistein, and B.japollicum on photosynthesis,internal
CO2 concentration, and stomatal conductance for plants grown at 17.5°C.

Verticallines on top of each bar indicated one standard error unit (n =36 for exp 1)
(n = 30 for exp 2).

In order fron left to right

c:=J PGPR 0 B. japollicllm USDA 110 Genistein OJl

Ft;{~Ù~ PGPRI-I02 B.japonicum USDAIIO Genistein OJl

'~''&~~~ PGPR 0 B. japonicum USDAIIO Genistein 15J.l

_ PGPRI-I02 B.japonicum USDAIIO Genistein 15Jl

~ PGPR 0 B.japonicum 532 Genistein OJ!

lIillIIIIIIIill PGPRI-I02 B.japonicllm 532 Genistein Oll

~ PGPR 0 B.japol1icum 532 Genistein 15Jl

c:=J PGPRI-I02 B.japonicum 532 Genistein ISIl

[;-;.',;1( PGPR2-68 B.japollicum USDAIIO Genistein OJl

b~~,;~~~if PGPR2-68 B. japol1icum USDA 110 Genistein 15 Jl

_ PGPR2·68 B. japonicum 532 Genistein Oll
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Fig. 9.3. Effects ofPGP~ genistein~ and B.japonicum on photosynthesis.intemal
CO2 concenration, and stomatal conductance for plants grown at 15°C.

Verticallines on top of each bar indicated one standard error unit (n = 36 for exp 1)
(n = 30 for exp 2).
In arder rran left ta right

(=:J PGPR 0 B.japonicum USDAIIO Genistein O~

f.:·~··;:·~1 PGPRI-I02 B.japonicum USDAIIO Genistein Oll

["~~;';;~d PGPR 0 B.japol1icum USDAIIO Genistein 20ll

~ PGPRI-102 B.japonicum USDAllO Genistein 20~

~ PGPR 0 B. japonicllm 532 Genistein OJl

1!ilid! III PGPRI-102 B.japoniclim 532 Genistein OJl

~ PGPR 0 B.japonicum 532 Genistein 20J,l

(=:J PGPRI-102 B.japonicum 532 Genistein 5Jl

1 ~;<;)I PGPR2-68 B.japol1icum USDAIIO Genistein Oll

t ..·,··,·:},~J PGPR2-68 B. japonicum USDA 110 Genistein 20ll

~ PGPR2-68 B. japol1icum 532 Genistein Oll
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Fig. 9.4. Photosynthetic rate of four treatments over lime at three temperatures
(results from experiment 1). Verticallines on top of each bar indicated one standard
error unit (n = 36 for exp. l, n = 30 for exp. 2)

---c:r B. japonicum USDAII0, Genistein, PGPRI-I02

_ B. japonicum USDAII0, Genistein, no PGPR

--4r- B.japonicum USDII0, no Genistein. PGPR 1-102

-<>- B. japonicum USDA 110, no Genistein. no PGPR

for each RZT, when applied the Genistein concentrations were:20 J.1M at 15°C.
15 J.1M at 17.5°C, and 5 J.lM at 25°C.
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Fig. 9.S. Photosynthetic rate of four treatments over time at three temperatures
(results from experiment 2). Vertical lines on top of each bar indicated one standard
error unit (n = 36 for exp. 1, n =30 for exp. 2)

-0- B.japonicum USDAII0, Genistein, PGPRI-I02

___ B.japonicum USDAIIO, Genistein, no PGPR

--Â- B.japonicum USDIIO, no Genistein, PGPR 1-102

-0-- B. japoniclim USDA 110, no Genistein, no PGPR

for each RZT, when applied the Genistein concentrations were:20 JlM at 15°C.
lS JlM at 17.SoC, and 5 JlM at 2SoC.
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Section 10

GENERAL DISCUSSION

10.1. Application of PGPR to B. japonicum reduced the inhibition of suboptimal

RZTs

Plant growth promoting rhizobacteria can increase plant growth, developrnent,

and yield in non legume crops such as potato, radish, sugar beet, wheat and canola

(Gaskins et al., 1985; Polonenko et al., 1987). Co-inoculation studies with PGPR and

B. japonicum have demonstrated increased plant root and shoot weight, seed yield.

plant vigour, nadulation, and N2 fixation (Verma et al., 1986; Li and Alexander,

1988). However, effects of PGPR strains on soybean plant growth, sorne physiological

activities, and the N2 fixation symbiosis were shown to vary with RZT. Previous work

by Zhang et al. (l996a and 1996b) showed that sorne PGPR increase plant growth,

photosynthesis, amount of fixed N and number of nodules formed when co-inoculated

with B. japonicum, although the stimulatory strains varied with RZT. The most

stimulatory strains at each temperature were: 15~C - Serratia proteamaculans 1-102,

17.5°C - S. proteamaculans 1-102, Aeromonas hydrophila P73, S. liquefaciens 2-68,

and 25°C - S. liquefaciens 2-68. It was therefore reasonable to test the effects of PGPR

on soybean plants under field conditions. The results of sections 3 and 4 showed that

co-inoculation of B. japonicum with PGPR accelerates soybean nodule developmen~ and

N2 fixation under cool early spring field conditions. These field experiments showed

that the onset of N2 fixation by soybean plants receiving B. japonicum preincubated

with PGPR was two to three days earlier than those receiving no PGPR treatment at

both the unsterilized and sterllized sites. PGPR application also increased the number

of nodules per plant at the unsterilized site. Since nodule dry weight per plant was

increased and the anset of nitrogen fixation was hastened by B. japonicum co­

inoculation with PGPR, total fixed nitrogen and nitrogen yield per plant were

increased. Sprent (1979) postulated that an increase of ten percent in the period of

nodule activity of a grain legume, particularly between the onset of N2 fixation and the

achievement of maximum fixation, could double the seasonal level of nitrogen fixed.
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Our data (section 3) showed that the period of nodule function was about 70

days (Jate-June to early-September). Because B. japonicum co-inoculated with PGPR

resulted in a two to three day increase in the duration of N2 fixation, the total amount of

N fixed throughout the whole season was increased. Therefore, it seems likely that

sorne of the increase in total fixed N was due to an earlier onset of N2 fixation due to

PGPR application under conditions where soiIs were stressfully cool in the early

growing season, with the remainder of the increase being due to the increased plant

nodule masse

As nodule number and seasonal fixed N were increased by PGPR application,

plant dry matter and total protein production, and grain and grain protein yield were

increased. Direct application of PGPR onto seeds and sail in the furrow al the time of

planting also improved plant nodulation and N2 fixation. At the unsterilized site,

although both of the PGPR tested did not increase plant nodule number. they both

increased weight Per nodule, total fixed nitrogen and N yield. At the sterilized site,

both PGPRs increased nodule number, total nitrogen fixed, and N yield.

The average proportional increases in nodule number Per plant, nodule weight

Per plant, total fixed nitrogen, N yield, final grain, and protein yield when B.

japonicum was co-inoculated with PGPR were generally larger than when PGPR were

directly applied onto seeds and sail in the furrow at the time of planting. There are two

possible explanations for this observation. First, PGPR were preincubated with B.

japonicum for a period of at least 30 minutes before inoculation, during which PGPR­

B. japonicum interactions might have occurred. Plant growth promoting rhizobacteria

produce many phytohormones and signal molecules (Burr and Caesar, 1984; Davison,

1988; Kapulnik, 1991), such as genistein, the plant-to-bacteria signal involved in the

soybean nodule infection and formation processes. Therefore, inoculation of soybean

plants with B. japonicum and PGPR could have resulted in higher relative increases in

nitrogen fixation and subsequent soybean growth and yield than B. japonicum or PGPR

alone. Second, the PGPR may have stimulated overall plant growth, leading to greater

nitrogen demand by the developing soybean plants, leading, in tum, to greater
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nodulation and nitrogen fixation. The data of Zhang et al. (1996b), showing improved

soybean photosynthesis and growth due to PGPR prior to the onset of nitrogen fixation,

argue against the former of these two possibilities.

10.2. PGPR growth and survival under field conditions

Co-inoculation of B. japonicum with plant growth promoting rhizobacteria

(PGPR) has been shown to increase soybean nadulation, nitrogen tixation and growth

compared to the non-treated controls, in areas with low spring soil temperatures

(section 3). The survival and growth of rhizosphere populations of two PGPR Serratia

iiquefaciens 2-68 or Serratia proteamaculans 1-102 inoculated on soybean were

examined under short season conditions. Colonization of soybean plants varied among

PGPR strains and soil conditions. At an unfumigated site, PGPR 2-68 colonized

soybean plants roots more efficiently than PGPR 1-102 in the first sampling, while

there was no difference by the second sampling which indicated that PGPR 2-68 was

able to grow and colonize the soybean root more effectively initially, but over time

PGPR 2·68 was able to grow and colonize soybean roots as effectively as PGPR 1­

102. PGPR 2-68 was able to proliferate successfully in the soil at bath samplings. The

population density of both PGPR 68 and 1-102 with the different combinations of B.

japonicum strains and soybean cultivars decreased over time except for the combination

of PGPR 2-68, B. japonicum USDAI10 and cultivar AC Bravor where the population

density increased over time at the unfumigated site. These observations indicated that

PGPR 2-68 can survive and colonize the roots of the soybean plants effectively in the

presence of other microflora.

At the fumigated site, where we assumed, no other microfiora competed with

the PGPR, PGPR 2-68 showed the same pattern as at the unfumigated site. AIso, the

population density of bath PGPR increased over time. These observations suggest that

both PGPR were able to survive and increase in number in the absence of other

microfiora elements.

Colonization of plant roots by microorganisms is not weIl understood. Several

factors have been suggested as affecting colonization, including the ability of certain
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microorganisms to adhere to the root. The presence of polysaccharides on the cell

surface seems to play a role in plant-microbe associations such as crown gall by

Agrobacterium tumefacielLS (Douglas et al., 1982, 1985; Matthysse et al., 1981;

Thomashow et al., 1987) and the nodulation of legumes by (Brady)Rhizobium species

(Cangelosi et al., 1987; Dazzo et al., 1984; Leigh et al., 1985; Smit et al .. 1987).

Many of the PGPR strains which stimulate the growth of potatoes have been

identified as fluorescent pseudomonads (Bahme and Schroth, 1987; Baker, 1968;

Brown, 1975; Burr and Caeser, 1984; Xu and Gross, 1986). These bacteria have the

ability to establish high population densities in the rhizosphere (Bahme and Schorth.

1987; Suslow, 1982), a characteristic suggested to be an essential factor for the

production of consistent plant growth responses (Bahme and Schroth, 1987; Klein et

al., 1990; Kloepper et al., 1980a and 1985; Kloepper et al., 1991; Parke, 1991;

Suslow, 1982).

Studies on rhizosphere colonization have been reviewed by van Elsas and

Heijnen (1990), Kloepper and Beauchamp (1992) and Kluepfel (1993). Lack of

consistent effectiveness of the inoculant was found to be the major problem preventing

successful application of PGPR strains to soiIs (van Elsas and Heijnen, 1990). This has

always been caused by ineffective colonization of the pla'lt, as weIl as poor survival

and/or low activity of the introduced population. Xu and Gross (l986b) and Bull et al.

(1991), demonstrated a positive relationship between root colonization by a PGPR

strain and disease control, suggesting that methods applied which improve root

colonization may aIse improve the establishment of a PGPR strain in sail. The extent

and amount of root colonization required by a PGPR strain to increase plant growth

depends on numerous interrelated factors. The choice of methods used to try to

increase rhizosphere colonization and plant growth should take these factors into

account (Stephens, 1994b).

Previous studies have suggested that the fitness of a bacterial strain in the

rhizosphere may be dependent upon the pla.'1t species (van Peer and Schippers, 1989,

Beauchamp et al., 1991) and even plant cultivar (Weller, 1986) One method of
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increasing rhizosphere colonization by certain PGPR strains may be through

maximising the bacterial inoculum load on the seed. Hebbar et al. (1992) reported that

the colonization and spread of Pseudomonas cepacia (which acts as a bio-control agent

against Fusarium monilifonne) on the roots and in the rhizosphere of maize correlated

with the amount of inoculum on the seed. However, the dependence of final

colonization level on the initial inoculum leveL has not been a universal observation.

For example, the colonization of introduced pseudomonad strains on maize (Scher et

al., 1984) and wheat (Juhnkle et al., 1989) has been shown ta be independent of the

initial inoculum level. It is apparent that, under certain conditions, increasing the level

of inoculum may increase the rhizosphere competence of sorne, but not ail. bacteria.

Beneficiai bacteria which are introduced into the rhizosphere are involved in a

complex of biological interactions with the host plant. The introduced bacteria are

nourished by root exudates and are thus dependent on the host plant. At the same time,

the introduced bacteria may affect the host plant by inducing physiological changes

(Kloepper et al, 1988b). The genetic marking of bacteria with antibiotic resistance for

identification purposes allows the study of population dynamics of soil-inhabiting

bacteria. Specifie PGPR that cause marked increases in plant growth and yield have

been marked to follow their populations during the various stages of plant development

(Polonenko et al., 1987).

We found that co-inoculation with PGPR and B. japonicum improved plant

growth, development, yield components, and final grain and protein yield under field

conditions at bath fumigated and unfumigated sites. Also, application of PGPR with

the B. japonicum directly onto the seeds in the furrow at the time of planting aIso

improved plant growth and inereased grain and protein yield at the fumiga~ed site. The

effects of PGPR S. iiquefaciens 2-68 and S. proteamaculans 1-102 on plant growth,

development, and final protein yield were shown to be not different, which was

attributed to variations in field soil temperature during the entire soybean growing

season. In addition, co-inoculation of PGPR and B. japonicum accelerated soybean

nodulation and the onset of nitrogen fixation under short-season conditions. This study
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indicated that PGPR 2-68 was able to grow and survive better than PGPR 1-102 under

short season conditions. Inoculation with PGPR 2-68 generally increased soybean

nodulation, nitrogen fixation, growth and yield more than PGPR 1-102 (sections 3 and

4). These findings suggest that there is a direct relationship between the ability of these

PGPR to colonize the roots of the soybean plants and their ability to stimulate soybean

nodulation, nitrogen fixation, plant gro~th and physiological activities under short

season conditions.

10.3. Effects or suboptimal RZTs on PGPR growth and survival

Sorne PGPR strains are able to colonize soybean root plants more efficiently

than others, while others proliferated more successfully in the rooting medium. At

l5°C RZT, PGPR Serratia proteamaculans (1-102) had a higher population density

associated with the soybean roots while its population density was reduced in the

rooting medium. The sarne pattern was seen for the PGPR Serratia /iquefaciens (2-68)

at its more appropriate RZT, 25°C. These results indicate that the colonization of

soybean roots and the rhizosphere by PGPR is altered by temperature.

Zhang et al. (1996a,b) have shown that co-inoculation of B. japonicum with

sorne PGPR strains increased soybean nodulation and nitrogen fixation and increased

soybean growth and developrnent, but the stimulatory effect varied with the RZT. The

ability of the PGPR to colonize roots effectively is probably a prerequisite to the

stimulation of soybean growth, nodulation and nitrogen fixation.

Root zone temperature exert a clear effeet on the ability of PGPR to colonize

soybean roots and this probably explains at least part of the differences in the

colonization and plant growth stirnulating abilities of PGPR 2-68 and 1-102 noted in

sections (3, 4 and 5). Elements of the soil flora and fauna and aspects of the soil

chemistry may also have contributed to the differences in performance of the two PGPR

tested.

10.4. Effect of PGPR on root haïr infection and early nodule development

AIl stages of symbiotic establishment investigated to date, such as root hair

curling, infection thread formation and penetration, and nodule development and
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function, are inhibited by suboptimal RZTs (Lie, 1981; Zhang and Smith, 1994).

Gibson (1971) suggested that low temperatures retard root hair infection more than

nodule initiation, nodule development, and N assimilation in the legume­

(Brady)Rhizobium symbiosis. Studies on the effects of suboptimal RZTs on soybean

suggested that such conditions decrease N2 fixation activity by directly decreasing the

activity of the nitrogenase enzyme comp1ex (Layzell et al., 1984a) and by suppressing

and/or delaying root infection and nodulation (Walsh and Layzell, 1986). Resu1ts from

microscopie observations of co-inoculation of soybean plants with plant growth

promoting rhizobacteria at optimal (25j and suboptimal (17.5 and 15:lC) RZTs have

indicated that at 25 and 17'C, application of the PGPR Serratia liquefaciens (2-68)

shortened the time elapsed from the beginning of root hair curling until the infection

thread reached the base of the root hair. At lSoC PGPR Serratia proteamaculans (1­

102) shortened the duration of root hair curling, infection thread initiation and infection

thread growth to the base of the TOOt hair.

The negative effects of low RZT on soybean nodulation have been shown to be

particularly extreme during the first stages of root hair infection (Zhang and Smith.

1994). Low RZTs of these types are typical of field conditions in Eastern Canada

(Zhang et al., 1995a). The observation that PGPR accelerate the earliest stages of

soybean root hair infection helps to explain their beneficial effects at low RZT (Zhang

et al., 1996a,b) and under eastem Canadian field conditions (sections 3 and 4).

At both 15 and 25°C treatment of the soybean plants with PGPR supematant at

inoculation only or through daily applications reduced the time required for root hair

curling, infection thread initiation, and the infection thread to reach the base of the root

haire The frequency of the occurance of the different stages was the highest at both 15

and 25°C for soybean plants treated dai1y with PGPR supernatant. These results

suggest that both PRPR S. proteamaculans and S. liquefaciens produce growth

promoting substances and possibly that PGPR S. proteamaculans (1-102) does it well at

high temperatures (25°C) and PGPR S. liquefaciens (2-68) at lower temperatures.
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10.5 Co-inoculation of PGPR and B. japonicum with genistein addition under a

range of RZTs

Co-inoculation of soybean plants with PGPR produced a wide range of effects

which varied among strains of PGPR and over RZTs. S. proreamaculans 1-102 and S.

iiquefaciens 2-68 were reported to stimulate soybean plant growth, development, plant

physiological activities, and enhance nadulation and nitrogen fixation at suboptimal root

zone temperatures (Zhang et al., 1996b). At an optimal RZT (25~C), S. iiquefaciens

2-68 was reported to increase plant leaf development, dry matter accumulation, nodule

size and nitrogen fixation, while S. proteamaculans 1-102 had the same effect but at a

lower RZT (15:lC). S. proreamaculans 1-102 was reported to perform very poorly at

25°C (Zhang et a., 1996a,b). In this study (sections 8 and 9) it was observed that at an

optimal RZT (25°C), S. iiquefaciens 2-68 increased plant leaf number, leaf area, pod

number, total dry matter accumulation, nodule dry weight per plant, nodule size and

total nodule weight per plant, while al 15°C RZT S. proleamaculans 1-102 increased

leaf number plant dry matter accumulations, nodule number, nodule dry weight per

plant, nodule size and total nodule weight per plant. These results confirmed that the

physiological effects of PGPR on soybean plants are affected by RZT.

The change in photosynthetic rate over time showed that plant photosynthesis

was increased by sorne PGPR strains, genistein, and B. japonicum strain combinations

over a wide range of plant growth stages. As photosynthesis was increased by

stimulatory strain combinations before the onset of nitrogen fixation, the improvement

of plant growth, development and physiological activities must have been through an

effect of PGPR on overall plant physiology followed by a genistein effect on nitrogen

fixation. Also, application of PGPR 2-68 shortened all early infection stages (section

7).

Zhang and Smith (1995b) showed that genistein effects on photosynthesis were

ooly seen after the onset of N2 fixation, while the effect of PGPR was seen prior to the

ooset of nitrogen fixation (Zhang 1996b). Also, (Zhang 1996 a,b) showed that PGPR

strain S. proleamaculans 1-102 performed very poorly alone at 17 and 25°C. Our
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findings agree with those results, and since both PGPR and genistein seem to work by

different mechanisms, their effects might reasonably, be additive. A wide range of

possibilities have been postulated to illustrate the mechanisms of PGPR, including an

increase in mobilization of insoluble nutrients and subsequent enhancement of uptake by

the plants (Lifshitz et al., 1987), production of antibiotics toxic to sail-borne pathogens

(Li and Alexander, 1988), associative N2 fixation (Chanway and Hall., 1991a) and

production of plant growth regulators that stimulate plant growth (Gaskins et al .. L985).

Given that our plants were growing in nutrient solution and without pathogen pressure,

our results suggest the fourth possibility. PGPR applied to legume crops have aIso been

demonstrated to positively affect symbiotic nitrogen fixation by enhancing root nodule

number or mass (Grimes and Mount, 1984; Polonenko et al., 1987; Yahalom et al ..

1987; Zhang et al., 1996b) and increase nitrogenase activity (Iruthayathas et al., 1983;

Alagawadi and Gaur, 1988). Genistein (the most effective plant-to-bacterium signal in

the soybean-B. japonicum N2 fixing symbiosis) was reported to increase soybean

nodulation and at suboptimal RZTs. The effect of genistein increased with decreasing

RZT (Zhang and Smith, 1995b). Therefore, the observed increases in plant growth and

development due to PGPR and genistein addition may be explained as : 1) from

improvement of plant physiological activities such as photosynthesis and growth leading

to improved nodulation and nitrogen fixation after the onset of N2 tixation, and 2) more

rapid in infection and nodule development due to genistein addition leading to a further

acceleration of nodule development and onset of N2 fixation.

Sorne PGPR and genistein combinations showed additive effects. The

combination of PGPR 1-102, B. japonicum USDA110 and genistein had an additive

effect on the nodule dry weight per plant at 25 but not lSoC. At 17.SoC, the

combination of PGPR 1-102, B. japonicum USDAI10, and 15JLM genistein has an

additive effect on the nodule number and nodule size. At 15°C PGPR 1-102 performed

better by itself than with genistein.

Previous studies have shown that co-inoculation of Pseudomonas sp. (including

P. fluorescens and P. pUlida) with B. japonicum increased nodule formation and weight
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by soybean plants in different rooting media (soil and periite rnix) (Polonenko et al. ,

1987); in the present study bath Serratia species increased these two variables. The

enhancement of nodule size by PGPR was always related ta increased nitrogen fixation.

Photosynthesis was more sensitive ta the application of PGPR, at both the optimal and

suboptimal RZTs, than transpiration or stomatal conductance. Within each RZT.

comparisons of the photasynthetic rate increases by the best stimulatory PGPR strain in

bath experiments showed that at suboptimal RZT (l7.5"C), S. proteamaculans 1-102,

15 ~M genistein and B. japonicum USDA 110 stimulated plant photosynthesis the most.

This combination increased photosynthetic rates by 38 and 76 % compared ta the no

PGPR, 0 ~M genistein treatment. At the lowest RZT (l5'C), S. proteamaculans 1-102

increased leaf photosynthetic rate by 100 and 86% when compared ta the no PGPR, 0

~M genistein treatment. Wilson and McMurdo (1981) reported that plant

photosynthesis was more sensitive to low temperature effects than was transpiration.

Therefore, PGPR may have increased plant photosynthetic rates more at Law RZTs,

relative to plants growing at the optimal RZT, because the increased photosynthetic rate

at the Low RZTs was a part of a reduction of the direct adverse effects of low

temperature on photosynthesis.

Sorne PGPR and genistein combinations showed additive effects in the

photosynthetic rate at 25 and 1rc RZTs. The combination of PGPR 1-102 with either

B. japonicum USDAII0 or 532C and 51-LM genistein increased the photosynthetic rate

additively compared ta B. japonicum USDA110, 532C, PGPR 1-102 or 5J.LM genistein

alone. On the other hand, at 15 oC RZT, PGPR and genistein combinations showed

antagonistic effects as the photosynthetic rate was decreased relative to PGPR plus B.

japonicum or genistein plus B. japonicum treatments. The combination of.PGPR 1-

102, B. japonicum USDA110 and 20~M genistein decreased the photosynthetic rate

compared to B. japonicum USDA 110 alone.

Zhang et al. (l995a) demonstrated the existence of a linear relationship between

RZT and the time from inoculation with B. japonicum to the onset of nitrogen fixation

between 25 and 17°C RZTs. In this RZT range the time between inoculation and the
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onset of nitrogen fIXation was delayed by 2 days for each degree decrease in RZT.

However, the cnset of nitrogen fixation was delayed by one week per:lC as the RZT

decreased from 17 to 15°C. Our results showed that the nitrogen concentrations of

plant shoots and whole plants grown at 15°C were lower than those at 17.5 and 25°C.

These results agreed with those of a previous study (Zhang et al., 1995a). Co­

inoculation of B. japonicum with s. proteamaculans 1-102 was shown to lessen the

decrease in nitrogen concentration of plant shoots at 15°C RZT. The results of this

study indicated that sorne PGPR strains cornbined with genistein can enhance soybean

nodulation and nitrogen fixation. PGPR S. proreamaculans 1-102 which was shawn to

perform poorly at 25°C was shown in this study ta be effective at 25°C when combined

with 5 J.'M genistein. The stimulations due to combinations of PGPR and genistein

were probably due ta PGPR stimulation prior ta the onset of N2 fixation, and PGPR

plus genistein effects after the onset of nitrogen fixation. Overall these findings confirm

that adding PGPR or genistein alone with B. japonicum ta soybean roots accelerates

nitrogen fixation and that adding the two together caused stimulations of N2 fixation

that, in sorne cases, were greater than those cause by either PGPR or genistein alone.
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Section Il

SUMMARY AND CONCLUSIONS

Based on the findings of this thesis, a range of general and specific conclusions may be

drawn. These have been placed together in five groups, related to specifie aspects of

soybean biology.

1. RZTs and PGPR effects

1.1. Sorne PGPR strains are able to grow and multiply effectively and colonize

soybean roots effectively at low RZTs, while others are able ta grow and multiply and

eolonize the soybean roots effectively at higher RZTs, and in its optimum temperature

range an effective PGPR will be heavily present on the root, but be relatively less

present in the surrounding rooting medium, while outside the optimum RZT range the

reverse is true.

1.2. The ability of PGPR to colonize the root effectively, at least among the

PGPR tested in this work, is a prerequisite to the stimulation of growth, nadulation and

nitrogen fixation of soybean plants.

2. PGPR and soybean infection by B. japonicum

2.1. At 25 and 17°C, application of PGPR 2-68, which performed better at

higher RZT, shortens the time elapsed from the beginning of root hair curling until the

infection thread reaehed the base of the root hair, while at 15°C PGPR 1-102, which

performed better at lower RZT, shortens the duration of the root hair curling, infection

thread initiation and infection thread growth to the base of the root hair.

2.2. At both 15 and 25°C treatment of the soybean plants with PGPR

supematant at inoculation only or through daily applications reduces the time required

for root haïr curling, infection thread initiation, and the infection threads to reach the

base of the root hairs, and increased the frequency of each of these stages, with the

frequency being highest at both 15 and 25°C when soybean plants were treated daily

with PGPR supematant.

2.3. 80th PGPR 1-102 and 2-68 produce diffusable growth promoting

substances.
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2.4. Since addition of the PGPR supernatant results in stimulation which is

strain specifie and temperature dependent, each PGPR probably releases a different

growth stimulating substance. Although, given that they have similar effects on plant

growth, they may be similar molecules.

3. PGPR effects on soybean N1 rlXation and growth under field conditions

3.1. Co-inoculation of B. japonicum with PGPR improves plant growth.

development, yield components, grain yield, protein yield, and increased soybean

nadulation and nitrogen fixation.

3.2. Application of PGPR to B. japonicum inoculum accelerates the beginning

of N2 fixation by 2 to 3 days during the early portion of the soybean growing season.

when the soils are still cool. This is especially true for the earlier-seeded (one week

before the normal planting date) soybean plants.

3.3. Total fixed nitrogen, fixed nitrogen as a percentage of total plant nitrogen,

and total nitrogen yield were ail increased in at least sorne cases due to PGPR

application.

4. PGPR proliferation and root coIonization under field conditions

4.1. PGPR 2-68 is able to grow and survive better than PGPR 1-102 under

short season conditions.

4.2. There is a relationship between the ability of the tested PGPR to colonize

the roots of the soybean plants and their ability ta stimulate soybean nadulation.

nitrogen fixation, plant growth and physiological activities under short season

conditions.

S. PGPR plus genistein effects on soybean N1 rlXation and growth

5. 1. Sorne PGPR strains combined with genistein cao enhance soybean

nadulation and nitrogen fixation

5.2. PGPR S. proleamaculans 1-102, which was shown to perform poorly at

25°C when added alone, is effective at 25°C when combined with 5 ,uM genistein.

5.3. Sorne PGPR strains combined with genistein has additive effects of

soybean growth and development at 17 and 25°C, while others showed antagonistic

191



(

(

(

effects, and antagonism is the mIe at 15°C RZT.
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Section 12

ACCEPrAN.CE OR REJECTION OF HYPOTHESIS

Hypothesis 1:

PGPR accelerate nodulation, leading to increased nitrogen fixation and

improved yield by soybean in areas with cool spring temperatures.

Results related to hypothesis 1: In this study, preincubation of B. japonicum with

PGPR increased soybean nodulation and nitrogen fixation and subsequent soybean

growth and yield in the early part of the growing season when soil temperatures were

low (sections 3 and 4). Thus, we accept hypothesis l.

Hypothesis 2:

The ability of PGPR to survive, grow and multiply in the field under short­

season conditions is related to their ability to stimulate soybean nitrogen fixation.

growth and yield under field conditions.

Resolts related to hypothesis 2: PGPR 2-68 Serratia iiquefaciens was able to grow

and survive better than PGPR 1-102 Serratia proreamaculans under short season

conditions. A previous study (unpublished data), has shown that the combination of

PGPR 2-68 with AC Bravor plants increased leaf area, seed number, and grain protein

yield, suggesting that there is a direct relationship between the ability of these PGPR to

colonize the roots of the soybean plants and their ability to stimulate soybean

nadulation, nitrogen fixation, plant growth and physiological activities under short

season conditions (section 5). Thus, we accept hypothesis 2.
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Hypothesis 3:

The ability of PGPR to colonize soybean roots is related to their ability to

stimulate soybean N2 fixation and growth, and this is affected by RZT.

Results related to hypothesis 3: The ability of PGPR strains to grow, multiply, and

survive is strain specifie and temperature dependent. Sorne PGPR strains are able to

multiply and colonize the roots effectively at low RZTs. Others are able to multiply

and colonize the roots effectively at higher RZTs. It was shown that in the optimum

temperature range an effective PGPR will he heavily present on the root, but be

relatively less present in the surrounding rooting medium, while outside the optimum

RZT range the reverse was true (section 6). Thus, we accept hypothesis 3.

Hypothesis 4:

Early stages of soybean nadulation are affected by PGPR.

Results related ta hypothesis 4: Application of PGPR 2-68 shortened the time elapsed

from the beginning of root hair curling until the infection thread reached the base of the

root hair at 25 and 17°C, while at 15"C PGPR 1-102 shortened the time until the onset

of root hair curling, infection thread initiation and infection thread growth to the base

of the root haire Thus, we accept hypothesis 4.

Hypothesis S:

PGPR enhance nodule development of soybean at low RZT through production

of diffusible compound.

Results related to hypotbesis S: At both 15 and 25°C RZT, soybean plants treated

with PGPR supernatant at inoculation ooly or through daily applications reduced the
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time required for root hair curling, infection thread initiation, and the infection thread

to reach the base of the root hair, and the frequency of occurance of the different stages

was the highest at both 15 and 25°C for soybean plants treated daily with PGPR

supematant. This demonstrates that both PGPR 1-102 and 2-68 produce growth

promoting substances (section 7). Thus, we accept hypothesis S.

Hypothesis 6:

Addition of genistein plus PGPR will stimulate soybean nodulation, N2 tixation

and growth more than the addition of PGPR alone.

Resolts related to hypothesis 6: Sorne PGPR strains combined with genistein

stimulated sorne aspects of soybean growth and development. Adding the two together

caused stimulations of soybean plants nadulation, N2 fixation and growth that were

greater than those caused by either PGPR or genistein alone at 25 and 17°C RZT with

most combinations of B. japonicum strains, PGPR strain and genistein (sections 8 and

9). Thus, as stated we cao neither accept non reject hypothesis 6.
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Section 13

CONTRIBUTIONS TO KNOWLEDGE

The following are considered ta be original contributions to knowledge developed from

the work in this thesis:

1. Co-inoculation of PGPR and B. japonicum increased soybean nodulation,

N2 fixation, protein production and seed yield under field conditions.

2. Under field conditions, the PGPR best to colonize soybean roots are most

stimulatory to soybean growth.

3. In an effective RZT range a PGPR will colonize soybean foots effectively

and be less present in the rhizosphere. Out side an effective RZT the reverse is true.

4. At least part of the reason RZT affect the efficiency of PGPR is by affecting

their ability to colonize soybean roots.

5. Within an effective temperature range the PGPR can shorten the ea.rly stages

of nodule development.

6. The PGPR tested exert their beneficial effects on soybean plants via a

diffusible compound or compounds produced in the presence or absence of soybean

roots.

7. At higher RZTs (17.5 and 25°C) the effect of PGPR plus genistein can be

greater than those of either alone.

8. At 15°C RZT PGPR and genistein are antagonistic.
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Section 14

SUGGESTIONS FOR FUTURE RESEARCH

To expand on the work reported here and elucidate the role of PGPRs in increasing the

nadulation of legumes at suboptimal RZTs, the following research remains to be done.

1. Detenninatioo of the mechanism by which PGPR stimulate soybeao plant

oodulation and nitrogen flXatioD.

As we found that PGPR can stimulate soybean plant nodulation and nitrogen fixation. it

is important to determine the mechanism by which PGPR do this. The findings that

PGPR produce diffusible compounds raises the possibility of purifying and identifying

the compound (s).

2. Detennine whether or not Serratia strain has eCfects on other crops growo

under short season conditions.

The studies contained in this thesis have focused on soybean and Serratia strains. The

tested Serraria have shown effects on soybean plants so futher research ta test these

PGPRs on other crops grown under short season conditions, such as corn, is

recommended

3. Testing a wider range of Serratia strains.

The genus Serraria has been little investigated in the capacity of a PGPR. Arange of

Serratia species and strains should be assembled and tested.

4. Testing the additive effects of PGPR and genistein under field conditions.

As PGPR and genistein show additive effects under sorne conditions in green house

environment, testing their ability to increase plant nadulation and nitrogen fixation

under field condition is required.

5. The interactions between genistein and PGPR should he further characterlzed sa that

the mechanisms can be investigated.
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As there is no current information regarding the genistein-PGPR antagonism at lower

RZT, this needs further investigation.

6. The two tested soybean cultivars responded differently to PGPR; a wider range

of cultivars should be tested in arder to detennine the norms and variability.

It would be of value to know if most soybean cultivars will respond strongly or weakly

to PGPR applications.
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