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ABSTRACT 

Penicilliwn bilaii (ATCC strah no. 20851) is a rhizospheric fungus sold 

cormrciaily in western Canada to improve phosphate (P) uptake of various crops. 

However. the rnechanism underlying the stimulation of P uptake is not known. The 

objective of our research was to determine if the stimulation of P uptake in pea (Pisum 

sativum L.) treated with P. bilaii is the result of increased root surface area for P 

absorption. In addition, we exarnined the eEect of P. bilaii and P concentration on root 

architecture (branching patterns) of pea. Experirnents were carried out under controllai 

enwonment and field conditions. Under controiled conditions, treatrnent of peas with P. 

bilaii resulted in increased root and shoot P concentration and accumulation when no P 

fermer was added, or when rock phosphate (17.2 mg P kg-' soil) fertilizer was applied. 

This stimulation of P uptake was not a result of increased root growth. In fact, it was 

observed that inoculation with P. bilaii resulted in a reduction in root length and had no 

effect on P concentration, accumulation, or dry matter effect. Penicillim bilaii 

inoculated plants, when no P fertilizer was added, had greater rnean root diameters. 

Under field conditions, when no P fertiiizer was applied, P. bilaii treatrnent resulted in a 

488  increase in upper root length, and roots were significantly f i e r  in the sample core 

(an area 15 cm in depth, and 6.5 cm in diameter around the stem base). This increase in 

root length may have contributed to the 13% increase in shoot P concentration of 

inoculated plants. However, it is proposed that P. bilaii may have increased the 

availability of soi1 P in the sarnpled area, thus resdting in the proliferation of plant roots. 

Under controiied conditions, using growth pouches, it was found that P concentration in 



the nutrient solution had a greater effect on branching patterns of pea than P. bilaii. It 

was found that P. bilaii treatrnent resulted in a reduction in root length, and increased 

average root diameter at the intermediate P leveis. The results of these snidies suggest 

that the stimulation of P uptake is not a result of increased root surface area for phosphate 

absorption. 
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1. Introduction 

Phosphorus (P) is an essentid nutrient for plant life and is usuaily second 

only to nitrogen in terms of limiting plant growth. Phosphorus plays rnany structural, 

rnetaboiic, and regdatory roles within the plant (Marschner, 1995). 

Prairie soils are ofien high in total P (Doyle and CoweU, 1993a). Unfortunately, 

this does not translate into large quantities of plant-available P. In most soils, P in the 

plant-available form rarely exceeds 0.0 1% of the total P in soils (Brady, 1990). The 

availabiIity of P to plants rnay be Limited by solution P precipitating with soi1 cations as 

secondary rninerals and by adsorption ont0 mineral surfaces (Barber, 1 984). 

Plants have various ways in which to adapt to P-lirniting soil conditions. 

Sensitivity analysis of models of phosphate uptake by roots has indicated that plant 

properties that a£fect root surface area (eg. root length and diameter) cm greatly aEect the 

rate of phosphate uptake by the plant (Silverbush and Barber, 1983). Increased phosphate 

uptake may result fkom plants that have a fier and longer root system (Silverbush and 

Barber. 1983). Soil rnicroorganisms rnay stimulate, inhibit, or do not aEect root growth 

depending on the type of microbe, pLwt species, and the environmental conditions 

(Marschner, 1995). Soil rnicroorganisms may promote plant growth by altering root 

growth and morphology, or by idluencing the influx kinetics of part of or the whole root 

surface to iniprove water and minera1 nutrient acquisition by the plant (Barber, 1984; 

Marscher, 1995; Tinker, 1980). 

Penicillium bilaii (ATCC strain no. 2085 1) is a rhizosp heric fungus isolated fkom 

a southem Alberta soil by Kucey (1983). This fungus has k e n  shown to solubilize 



2 

calcium phosphate in an agar medium (Kucey, 1983) and rock phosphate in liquid culture 

(Asea et al., 1988). Penicilliwn bilaii is thought to solubiiize sparingly soluble 

phosphates by secreting organic acids that acide the surrounding soil a d o r  by cation 

chelation, thereby increasing the availability of soluble phosphate to the plant and thus 

promoting plant growth (Kucey, 1987, 1988; Asea et al., 1988). This fungus has k e n  

sho wn to increase dry matter production, grain yield and P uptake of wheat, canola, bean, 

pea and lentil in growth charnber and field experiments (Asea et al., 1988; Chambers, 

1992; Gleddie, 1993; Gleddie et al., 199 1, 1993: Kucey, 1987, 1988; Kucey and Leggett, 

1989). Gleddie et al. ( 199 1) O bserved that increase in yields fkom P. bilaii inoculation 

decreases as the rate of P fertiiizer increases. However, Chambers (1992) in field and 

growth chamber studies observed increased dry rnatter production of wheat with P. bilaii 

inoculation, and the increases were greater at the higher rates of added P fertilizer. Keyes 

(1990) found that dry matter yield of canola was consistently greater with inoculation with 

P. bilaii but P uptake was not promo ted. This suggests that P. bilaii may promo te plant 

growth by mechanisrns other than increased P availability. 

The objective of this study was to determine the effects of inoculating pea seed 

with P. bilaii and Rhizobium feguminosanun bv viciae on assimilate partitionhg (P, dry 

matter), nodukition, and root morphology and architecture. To rneet this objective, the 

foUo wing experiments were CO nducted: 

1. Growth charnber experiments using a low-P (Maho) and a high-P (Hochfeld) 

soi1 to investigate: a) if inoculation with P. bilaii affects shoot or root growth (dry weight, 

root length), b) if P. bilaii afFects P uptake (P concentration and accumulation) of pea, 
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and c) if P. bilaii inoculation has a stimulatory or inhibitory effect on nodulation of pea. 

2. Field experiments were conducted on low P and N soils using soi1 cores to 

investigate: a) if inoculation with P. bilaii affects shoot or root growth (dry weight, root 

length), b) if P. bilaii affects P up take (P concentration and accumulation) of pea, and c) if 

P.  bilaii inoculation has a stimulatory or inhibitory effect on nodulation of pea. 

3. A growth chamber experiment was conducted utiliting growth pouches to 

investigate: a) if P. bilaii affects root architecture (branching patterns) of pea, b) if 

inoculation with P. bilnii affects shoot or root growth (dry weight, root length), and c) if 

P.  bilaii inoculation has a stimulatory or inhibitory effect on nodulation of pea. 
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(Marschner, 1995). The growth and developrnent of a root system are influenced by both 

the soi1 environment and its shoot. 

The abiüty of the soil to supply an adequate amount of P to the plant root is 

essential for proper root developrnent. Phosphoms nutrition of the plant c m  affect the 

length of primary laterals and the production of secondary laterals but has less effect on 

the length of the sernind axis (Christie, 1975; Fitter, 1982; Rice et al.. 1989). Enhanced 

lateral initiation c m  occur at sites of high P supply such as those created by phosphate 

fertilizer bands (Marschner, 1995). It has been suggested that roots growing under high P 

supply should be more branching and have h e r  roots (greater length per unit dry weight). 

This has been suggested because of the observed increase in the length of primary laterals, 

and their fiequency of initiation compareci to root growth under low P supply (Christie. 

1975; Fitter, 1982; Pnce et al., 1989). 

Plant root morphology (root hairs, root diameter and length) can also be 

influenced by soil P supply. Formation of root hairs is strongly influenced by phosphate 

supply and the P content of the plant (Fohse and Jungk, 1983). Under 10 w P supply, root 

hair density and length may increase depending on the plant species (Bhat and Nye, 1974; 

Fohse and Jungk, 1983; Marschner, 1995). The increase of root hair length increases the 

phosphate absorbing surfaces of the root and the effective root radius that cm aid in P 

uptake by the root (Barber, 1984; Fohse et al., 199 1). Root hairs and root size are 

important for the efficiency of P uptake and P nutrition (Itoh and Barber, 1983). 

The amount of root growth is important for supplying nutrients to the shoot and 

c m  be affected by P supply. Under P deficient conditions, some plant species may 
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allocate more of their resources to advance root growth at the expense of shoot growth, 

thus increasing the root to shoot ratios (Atkinson, 1973; Fohse et al.. 1988; Lynch et al.. 

1991). Sorne plant species do not alter their root to shoot ratios as P supply varies in the 

soil (Powell, 1974). The response of plant root systems to the level of P supply in the soi1 

environment seerns species specific. Schenk and Barber (1979b) found that weight and 

length of corn (Zea mays L.) roots were not affected by added P while Khasawneh and 

Copeland (1973) found P increased root length of cotton (Glossypiwn hirsutwn L.). On 

the other hand, Powell (1974) working with Carex coriacea found that root length 

decreased as P supply increased and the roo ts also became thicker. Ho wever, Ascenio 

(1996) found severely P stressed Desmodium plants had signifïcantly shorter roots than 

those of P sufncient plants. Similarly, Paynter (1993) found burr medics (Medicago 

poiymorphu L.) produced shorter, thicker roots under P deficiency. Schenk and Barber 

(1979b) showed that low soi1 P resulted in a smaller root radius for corn compareci with 

plants grown with the same soil under high P supply. For soybean, Hallmark and Barber 

(1 98 1) obsexved a reduction in root radiuses with added P. Severe P stress is likely to 

reduce overd plant growth. Changes in root morphology and the ability to adapt to low 

P conditions to improve plant P nutition seerns species specific- 

2.1.3 Roles in N, Fixation 

Phosphorus plays an essential role in the growth and developrnent of plants and is 

required for the establishment and maintenance of the legurne (macro-syrnbiont) - 

R hizobiwn (micro- syrnbiont) mutualistic symbiosis. The advantage of t his intirnate 

relationship to the host plant is that it receives approxirnately 90% of the nitrogen fixed by 
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the micro-syrnbiont (Hansen, 1994). The benefits to the bacteria are that the bacteria are 

housed in a competition-fiee environment (nodule) and are supplied with a steady flo w of 

photosynthate fkom the macro-syrnbiont. 

Phosphorus is essential to the micro-symbiont for Me processes (as it is in plants) 

and is essential for the functioning of nitrogenase, the enzyme complex responsible for the 

reduction of rnolecular nitrogen (NJ. Dinitrogen fixation carried out by the micro- 

syrnbiont requires a significant arnount of energy. which is supplied by the plant. 

Approximately 16 moles of ATP are required to reduce N2 to 2 moles NH, (Hansen, 

1994). Phosphorus is required for the production of ATP and therefore its importance in 

maùitaining N, fixation is quite apparent. Legumes that rely on N, fixation for their supply 

of N and are not receiving an adequate suppIy of P rnay become N deficient (Marschner. 

1995). Sink strength of nodules for P is high. The high sink strength is most likely the 

result of the high dernand of ATP for Mtrogenase and because the P concentration of 

micro bial tissue is greater than plant cells (Jako bsen. L 985). Thus. P is maintaineci at high 

concentrations within the nodules and is usuaily greater than the content of roots and 

shoots on a per unit dry weight basis (Adu-Gyarrai et al., 1989; Graham and Rosas, 1979: 

Pereira and Bliss, 1987; Robson et al., 198 1). 

Phosphorus nutrition may influence the process of N, fixation at various steps of 

the symbiotic interaction. The P s ta tu  of the rhizosphere rnay affect host plant growth, 

gro wth and survivai of the bacteria. nodule initiation and development, and nodule 

function. Phosphorus is essential for optimum growth and developrnent of the host p h t .  

If the host plant is P deficient, this rnay affect the supply of photosynthate to the nodule, 



which hiels the niaogenase enzyme. Robson et al (1 98 1 ), w o r h g  with subterranean 

clover (Trifolium subterranean L.) concluded that P increases N, fixation by stimulating 

host plant growth rather than by enhancing rhizobial growth and swiva l  or nodule 

development and function. This view that P nutrition of the host plant indirectly affects N, 

fixation by its eEects on host plant growth is shared by Graham and Rosas (1979) and 

Jakobsen (1985). 

Researchers have observed that P also plays a direct role in rhizobial growth and 

survival, nodule initiation, and function. Rhizobial growth can be adversely affected by an 

inadequate supply of P (Beck and Mums, 1984: Gates, 1974). Adequate growth and 

colonization of the rhizosphere by the bacteria are essential for nodule initiation (Beck and 

Munns, 1984; Cassman et al., 198 1; Gates, 1974; Israel, 1987). Nodule developrnent can 

be greatly enhanced by P: nodule number and m a s  have been shown to increase with 

increased supply of P (Cassman et al., 1981; Dhingra et al., 1988; Gates, 1974; Graham 

and Rosas, 1979; Pereira and Biiss, 1987). ültimately, it has been observed that the rate 

of N, fixation can be stimulateci by irnproved P nutrition (Adu-Gyamfi, 1989: Cassrnan et 

al., 1 98 1 ; Dhingra et al., 1 988; Graham and Rosas, 1979; Israel 1 987). Further, Sa and 

1 sael  ( 1 99 1 ) have O bserved decreased specific-nitro genase activit y in nodules of 

phosphorus-deficient soybean plants that was associated with decreased energy status 

(Le., ATP concentration and energy charge) of host-plant c e k  of nodules. Israel(1993) 

observed that decreased nodule function of soybean p h r s  preceded decreased plant 

growth under P-hniting conditions. Iaael(1993) interpreted the effect of altered P 

supply on symbio tic N, fixation to depend on both the indirect effkcts on host-plant 



growth and the direct effects on the rnetabolic hnction of nodules. 

2.2 Phosphorus in Prairie Soils 

Phosphorus is an essential nutrient for plant g o  wth and developrnent. Plant 

growth can be restricted if the soü supply of plant available P is low and no supplemcntal 

fertilizer is added. Although total soil P leveis may appear adequate to meet plant 

requirements, ofren the P present in the soil is in a form unavailable to plants. Further. 

when P fedizer is applied to soils, it can rapidly becorne unavailable to plants because of 

P fixation or retention reactions that occur in soil. 

2.2.1 Inorganic, Organic, and Solution Phosp horus 

Phosphorus may exist in many chernical f o m  w i t h  the soil but cm be divided 

into three general categones: (1) inorganic P compounds, (2) organic P compounds, and 

(3) soi1 solution P. Rairie soils are generally high in total P (Doyle and Cowell, 1993a). 

Unfonunately this does not translate into large quantifies of plant-available P (soil solution 

P). Ln most soils, P in the plant available f o m ,  rarely exceeds 0.01% of the total P in 

soils (Brady, 1990). 

Soil solution P supplies the plant with soluble P as primary or secondary 

orthopho sphate ions (H,PO,, HPO,%) depending on the soi1 solution pH. The H,POi ion 

is the major form present at pH values less than 7.2, and the ion at solution pH 

values above 7.2. Optimum phosphate availability occurs around pH 6.5 (Tisdale er ui., 

1993). However, since plants can absorb both P forms, the concentration of P in the soi1 

solution is more important to P availability to plants, as is the ability of various P 

compounds to resupply soil solution P ( Tisdale et al., 1993). The soi1 solution P 
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concentration is low regardless of whether the soil is acidic, neutral, or alkaline in nature 

(Barber, 1984). Solution P levels are buffered and replenished through the release of 

adsorbed P from mineral and clay surfaces (labile P) quite readily; while P fYom the 

mineraikation of organic P and the dissolution of solid P mÏnerais (non-labile P) wiii 

slowly replenish labile P (Barber, 1984: Tisdale et al., 1993). Phosphoms in the soil 

solution that is not absorbai by plant roots or immobilized by soil microbes can becorne 

adsorbed on mineral surfaces or precipitated with soil cations as secondary minerals; 

further r e s t r i c~g  plant availability (Barber, 1984; Tisdale et al., 1993). The P 

concentration in the soii solution is uitimately controiled by the solubility of inorganic P 

minerals in soils. Al- and Fe-P minerals are the most cornrnon P miner& found in acid 

soils while Ca-P rninerals predominate in neutral, alkaline, and calcareous soils (Barber, 

1984; Tisdale et al., 1993). 

Organic P compounds generally represent 50% of total P in most soils (Ozanne, 

1980). Ln Canadian soils, the range is between 9 and 549 (Tisdale er al., 1993). Plant 

and animal residues are the initial source of soil organic P. These residues must be 

degradeci by soil microbes to produce organic compounds that undergo mineralization to 

release inorganic P. Only 50 to 70% of organic P compounds in soils have been identified 

(Stewart and McKercher, 1982). Most of these compounds are esters of orthophosphoric 

acid. The organic P compounds have been classilied as inositol phosphates, phosp holipid, 

nucleic acids, nucleotides, and sugar-phosphates. The minerabation of organic 

compounds is catdysed by the enzyme phosphatase, which is produceci by soil 

rnicroorganisms or is free within the soil ( T i a l e  et al., 1993). 
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2.2.2 Phosphorus Fertilizers 

Another source of P for plant uptake is phosphate fertilizers. During the first four 

weeks of crop growth, applied P fertilizer is the prirnary source of P whereas native soi1 P 

is an important source of P later in crop development (Barber and Olson. 1968; Spùiks 

and Barber, 1947). Calcium orthophosphate and ammonium phosphates are the two types 

of P fermizers that are currently used in the prairies for crop production (Doyle and 

Cowell, 1993b). In western Canada. use of monoammonium phosphate (NH,H,PO,; 11- 

55-0) predominates while *le superphosphate {Ca(H,PO,), -H,O; 0-45-0 1 is used to a 

lesser extent. The fertiIizer use efficiency (FUE), the proportion of fertilizer applied which 

is retained by the crop in a single growing season, for P femiizer is quite 10 W. The FUE 

for P fertilizers is less than 25% for band applications and less than 10% for broadcast 

applications (Tisdale et al., 1993). Lo w RIE rnay result fiom the rapid reactions that 

occur when water soluble P fertilizers dissolve in moist soil and react with soil 

constituents, which leads to the formation of less soluble compounds, and with tirne to 

highly insoluble forrns. These reactions between P fertilizers and soil constituents are 

referred to as P fixation or retention (Soper and Racz, 1980). Alumina-silicate rninerals, 

soi1 carbonates, organic matter, and Al and Fe hydrous acids play key roles in P retention 

(Soper and Racz, 1980). In acid soils, P may be precipitated as iron- or alurninum- 

phosphates, while in alkaline soils, P may precipitate as calcium- or magnesium 

phosphates. Phosphorus rnay also be chemicalIy bonded to cations at the surfaces of soil 

constituents (Soper and Racz, 1980). Mechanisrns by which soil constituents retain P cm 

be considered special cases of precipitation or adsorption reactions (Sample, Soper and 



Racz, 1980). 

Because of these retention rnechanisms, oniy a small kaction of the fertilizer 

remains in the soil solution and available to plants. However, the applied P is not easily 

lost from the agroecosystem because P has no gaseous phase and is not easily leached 

(Tisdale et al., 1993). Cornbined with 1ow FUE of P fertilizers, and the increased use of P 

fertilizers on the prairies (Doyle and Cowell, 1993b), residual P fertilirrer contributes a 

substantial quantity of P to the total P content of soils. 

2-23 Plant Available Phosphorus and Plant Absorption 

Phosphorus must be in a soluble form (H,PO,' . HPO?-) to be absorbed by plant 

roots. The concentration of plant available P in soils is in the order of 0.05 to 1.0 ppm 

(Ozanne, 1980; Paul and Clark, 1989) and varies widely among soils. However, plants 

require concentrations between 0.003 and 0.3 ppm depending on crop species and level of 

production (Tisdale et al., 1993). Therefore, in sorne situations native soil solution P will 

not meet crop demand. 

The primary mechanisrn of transport of P £iom the b u k  soi1 solution to the root is 

by difhision (Barber, 1984). Mass flow of P in soil solutions contributes less than 20% of 

movement to plant roots (Tisdale et al., 1993). As plants absorb P fYom the surrounding 

soii solution, a region of phosphate depletion develops adjacently to the root surface (Bhat 

and Nye, 1973). As a result, a concentration gradient is established in the surrounding 

soïl-water films and P ions difise toward the root (Doyle and Cowell, 1993a). Nye and 

Tinker (1 977) concluded that phosphate movement across the depletion zone is diffusion 

limiteci and therefore plant uptake is diffusion lirnited. However, if phosphate 
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concentrations are high in the soü solution, the rate Limiting steps is the uptake of P across 

the plant root membrane (Nye, 1977). 

The cytoplasm of root cells of plants generaliy contains much higher ionic 

concentrations than the rhizosphere. To absorb phosphate ions, root cek must surmount 

a concentration gradient in the order of 103 to IO4 (cytoplasm verse rhizosphere) which is 

much greater than for most other ions (Bieleski, 1973). The expenditure of metaboiic 

energy for phosphate uptake is considerable (Ozanne, 1980). The exact rnechanism of 

transport of phosphate across the plasmalemma is not known. However, it is believed that 

phosphate uptake is linked to an ATPase (Barber. 1984). There is evidence supporthg an 

H+- cotransport mechanism (UUnch-Eberius et al., 1984) for phosphate uptake and an 

OH'-antiporter mechanism (Lin. 1979). Experhental evidence of P uptake has been 

shown to be biphasic (Barber, 1972, LWich-Eberius et al., 1984) or multiphasic 

(Mich&, 1982; Nandi et al., 1987; Nissen, 1974; Nissen, 1996) over a wide range of 

extemal solution concentrations (0.00 1-50 mM P). Whatever the number of expermntal 

phases for P uptake, soi1 solution concentrations are generaily between 1 and 20 p M. 

which is in the range of the lowest concentration phase (Barber, 1984). Phosphorus 

uptake by plant root cells fkom the soi. solution wili generally foilow the Michaeiis-Menten 

equation for ion uptake kinetics (Barber, 1984). The kinetics of P uptake is important for 

the flux across the root surface and for the movement of P fkom the bdk soil to the 

rhizosphere (Jungk, 1996). 

Sensitivity anaiysis of models for phosphate uptake into roots has suggested that 

phosphate uptake is affected more by changes in soil parameters { initial P concentration in 
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the soil solution (C, ), buEering power (6). and effective diEusion coefficient (D3 } than 

ion uptake properties of the root (maximal influx (m, concentration in solution where 

net influx equals 0.5 I- (IQ, concentration in solution where no net infiux occurs (C,,,J} 

(Silverbush and Barber, 1983). Ho wever, plant properties that affect roo t surface area 

(eg. mot length, and diameter) show the greatest sensitivity and therefore can greatly 

affect the rate of phosphate uptake by the plant (Silverbush and Barber, 1983). Increased 

phosphate uptake rnay result fiom plants that have a h e r  and longer roo t system 

(Silverbush and Barber, 1983). This root system could exploit a greater volume of soil 

and access more soil solution, which is of great significance in acquiring P because it 

dithises slowly in the soil (Nye and Tinker, 1977). 

Fohse et al. ( 1988) working with seven different plant species found that P 

efficiency was related to the uptake efficiency of the plant, which was deterrnined by both 

root to shoot ratio and the absorption rate per unit of root length (influx). Phosphorus 

efficiency (external P requirernents) may be defïned as a percentage of a plant maximum 

yield produced at a certain Ievel of soil P (Fohse et al.. 1988). Species that had low P 

efficiency had low influx rates and low root to shoot ratios, whereas species of medium to 

high efficiency had either high influx rates or a high roo t to shoot ratios. However, the 

combination of both high influx rate and a high root to shoot ratios was not found in the 

species evaluated in this study. The P M u x  rate differed greatly arnong species under P- 

deficient soii conditions. Fohse et al. (1988) suggested that this indicates that plant 

species ciiffer in their ability to improve phosphate transport nom the soi1 to the roots and 

that these differences rnay be attributed to differences in root morphology (root diameters, 
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root hairs), mycorrhizal associations, and chernicd changes of the root environment. 

2.3 Plant Adaptations to Phosphorus-Limiting Soi1 Conditions 

Plant species diner widely in P efficiency and their abilit y to adapt to P-limithg soil 

conditions (Christie and Moorby, 1975; Fohse et al., 1988; Mciachlan, 1976; Paynter, 

1993). Plants rnay alter morphological and physiologkal properties of the root system to 

hprove their P status. Root induced changes in the rhizosphere rnay also aid in 

irnproving P availability and uptake by the plant root. 

2.3.1 Alteration of Morphological and Physiological Properties of the Root System 

Under field conditions, the total volume of soil exploiteci by the root system may 

be as important as the ability of plant roots to absorb phosphate at low concentrations 

(Asher and Loneragan, 1 967). The relative importance of total roo t length versus uptake 

efficiency depends on the P supply in the SOL Romer et al. (1988) found that the P 

absorbing root surfaces (root length) of wheat is more important in soils of low P 

availability, whereas in soils of high P availability, uptake efficiency is relatively more 

important. Under P - k t h g  conditions, increased P uptake may result from plants that 

have a h e r  and longer root system, with root hairs of the sarne morphology, as this root 

system would exploit a greater volume of soil, and increase the likelihood of P uptake 

(Barber, 1980; Jungk, 1996; Marschner, 1995; SiIverbush and Barber, 1983). High 

uptake efficiency of roo t hairs results kom their perpendicular gro wth into the soil fiom 

the root axis and their srnall radü (Fohse et al., 1991). Root hairs will conmbute to 

increasing the absorbing surfaces of the root and in accessing a iarger volume of soit. 

Autoradiographic evidence is supporting the fact that the root hair zone depletes soil P 
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(Bhat and Nye, 1974). Itoh and Barber (1 983), using the Cushman mode1 (Barber and 

Cushman, 198 1) to predict P uptake, observed that the addition of the contribution of root 

hairs to P uptake by plant roots resulted in predicted P uptake values sunilar to the 

O bserved vdues. However, Bole (1 973) found no significant relationship between root 

hairs of wheat and P uptake of wheat lines dsering in root haïr length. Another potentid 

way a plant could improve its P status, besides morphological adaptations, is to maintain a 

low P concentration at the root surface. This rnay aid in P diffusion to the roots because 

lowering the threshold concentration increases the diffusion gradient (Paynter, 1993). 

2.3.2 Root Induced Changes in the Rhizusphere 

Plant roots will generally contact less than 1% of the available P in the so& and 

this amount w3.i only supply a srnail fiaction of the plant P requirernent (Barber, 1980). 

Thus, plant roots must modify their soi1 environment to ïncrease P availability and root 

uptake. Plant roots rnay alter conditions in the rhizosphere chernically to increase P 

availability £kom organic and inorganic P sources. Changes in P avaiiability in the 

rhizosphere rnay result nom the alteration of rhizosphere pH, and through root exudation 

of organic cornpounds (Marschner, 1995; Nye, 1986). Rhizosphere pH may be af5ected 

by the folIowing processes: (1) the Unbalance of cation and anion uptake and the 

coinciding releases of protons (H+ ) or hydroxyl (OH' ) or bicarbonate (HCO,' ); or (2) 

through CO2 release fkom roo t and rnicrobial respiration, which is hydrated to form 

carbonic acid (HJO,); or (3) the excretion of low molecular weight organic acids by the 

root, which can act directly to mobilize phosphate by their dissociation to produce H+ or 

indirectly by providing the energy for rnicrobial activity; and (4) through microbial 
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production of acids (Marschner, 1995; Nye, 1986). 

Cation-anion uptake imbalances are thought to be the most important source of pH 

change in the rhizosphere (Nye, 1986). The alteration of rhizosphere pH that results from 

cation-anion uptake imbalances is most signincantly aected by the form of N supply. 

Ammonium (NH,') uptake is correlated more with a higher rate of H' excretion and the 

reduction of rhizosphere pH, while nitrate (NO, ) uptake is correlated more with a higher 

rate of HCO, ' net release or Rconsumption, and thus an increase of rhizosphere pH 

(Marschner, 1995). Under neutrai soi1 conditions, a reduction in rhizosphere pH rnay 

increase P availability while under acid soii conditions, the opposite is m e .  However, it 

has been observed that P deficient rape seedlings c m  decrease rhizosphere pH and 

increase P uptake by solubilinng P under nitrate nutrition (Grinsted et al., 1982). The 

decrease in rhizosphere pH was attributed to H+ excretion although nitrate was the main 

form of N taken up by the plant (Hedley et al., 1982a). 

Legumes which derive their N by symbiotic N, fixation rather than utilization of 

soil nitrate take up proportionally more cations than anions since the uncharged N, enters 

the root instead of NO; (Nye, 1986). Nitrate nomially constitutes more than 50% of the 

total absorbed anions (Nye, 1986). Therefore, the cation-anion imbalance will likely result 

in the reduction of soil pH. However, the net excretion of H' per unit assimilateci N is less 

than that produced by arnmoniumfed plants (Raven et al., 1990). 

Other soi1 processes such as CO2 release from respiration will have more of an 

acidifjing effect on bulk soil pH than rhizosphere pH, as it will dinuse away fiom the roo t 

through air fUed pores unless the soil is cornpletely saturated with water (Nye, 1986). 
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The significance of organic acid secretion by plant roots or microbes on rhizosphere pH is 

uncertain. No signincant quantities of organic acids have been found in the rhizosphere 

either because the amounts produced by roo ts or microbes are srnall or because they are 

rapidly rnetabolized by soil microorganisrns (Nye, 1986). However, Bar-Yosef (1996) 

believes that HC/OK, HCO,- and citrate exudation at simikir rates that occur under field 

conditions may induce a 2 to a 3-fold increase in P solution concentration in the 

rhizosphere. The means by which organic acids increase P availability are not confinai to 

lowering rhizosphere pH. Citric and malic acid and phenolics cm form relatively stable 

chelates with ~ e *  and Alb and rnay increase the solubility of P (Marschner, 1995). in 

calcareous soils, P availability may be increased by lowering the Ca2+ concentration 

through chelation and formation of sparingly soluble salts such as calcium citrates 

(Marschner, 1995). Organic acids rnay also compete with orthophosp hate on cormon 

absorption sites and rnay also mode  soil surface characteristics, which may hcrease P 

availability (Bar-Yosef, 1996). 

P h t s  rnay also use organic P sources to iriiprove their P situation. Organic P 

compounds generaiiy represent about 50% of total P in soil (Ozanne, 1980). The 

hydrolysis of organic P compounds rnay result fÎom root-borne acid phosphatases to 

release inorganic P. The release of acid phosphatases by roots has k e n  shown to increase 

under P deficient conditions (HedIey et al., 1982b; Tadano et al., 1993). However, 

Hedley et al. (1982b) found no signincant evidence of the hydrolysis of organic P by P- 

deficient Brassica napur var. Emerald seedluigs even though acid phosphatase was 

released by the roo ts. The authors concluded that the increased acid phosphatase activity 
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was a consequence of root growth and low P supply but does little to enhance P uptake 

during short periods of growth. 

2.4 Rofes of  Soil Microorganisms in Plant Nutrition and Growth Promotion 

Plant roots have various ways in which to improve the P status of plants. One way 

plants can ùnprove their P situation is through the developrnent of a symbiotic relationship 

with fun@, known as mycorrhizae. Mycorrhizal associations are important for P uptake in 

many vascular plants. In species which have k e n  investigated, rnycorrhizas occur in 79% 

of rnonocotyledonous and 83% of dicotyledonous p h t s  and all gymnosperms are 

rnycorrhizal (Wilcox, 1 996). S uggested mechanisms by which mycorrhizal hngi increase 

the uptake of P by plants are: the exploration of a larger volume of soil by the fungal 

hyphae, faster movement of P into the fungal hyphae, and through solubilization of soil P 

by the fungi (Bolan, 199 1). Other fiee living soil-borne fungi, and bacteria rnay also 

uicrease the availability of P to plants and rnay influence plant growth more directly. 

Free-living and symbiotic soil bacteria that enhance plant growth are often referred 

to as plant growth promoting rhizobacteria (PGPR) (Kaipulnik, 1996). Rhizobacteria is 

used to refer to bacteria which colonize plant roots. However, the exact mechanism (s) of 

how soi1 rnicroorganisms enhance plant growth and P nutrition is unclear. 

A large proportion of plant net photosynthetic carbon is released into the 

rhizosphere (the soil adjacent to the roots, which is influenced by the presence of the root) 

and rnay support the growth of rhizospheric rnicroorganisms (Marschner, 1995). The 

population density of soil microbes, especially bacteria, in the rhizosphere is considerably 

higher than the bulk soil (Tinker, 1980). Rhizosphere rnicroorganisrns may promote plant 
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growth indirectly by intluencing the rhizosphere environment, or directly by the 

production of plant growth regulators (Wpulnik, 1996). The ways in which rhizosphere 

microorganisrns may promote the uptake of P by plant roots include: alteration of root 

growth and morphology (in particular root length, and root hair length and density), 

altering the in£iux kinetics of part of or the whole root surface. increasing the 

concentration of P in the soi1 solution near the root surface, and by facilitating the 

transport of P to the root surface for absorption (Barber, 1984; Marschner, 1995; Tinker, 

1980). 

2.4.1 Microorganisms that Increase the Availabiüty of Phosphonis 

Most of the early research with soil rnicroorganisms focused on increasing the 

availability of P in soil for plant root uptake. Most of this work was Likely prornpted after 

Gerretsen (1948) showed that the uptake of phosphate by plants growing in steriked sand 

containing insoluble P compounds was increased by the addition of unsterilized soiL An 

explosion of investigations on the distribution of organisms capable of releasing phosphate 

£rom organic and inorganic phosphoms sources, isolated £rom many soil types, 

rhizospheres, and frorn seeds, foilo wed. Numerous phosphate-solubilizing (PS) bacteria 

and fungi were characterized and evaluated in t e m  of their ability to solubilize organic 

and inorganic P (Banik and Dey, 198 1; Chonkar and Subba-Rao, 1967; DUE et al., 1963; 

Greaves and Webely, 1965; Katznelson and Bose, 1959; Katznelson et al., 1962; Kucey, 

1983; Martin, 1973; Molla et al., 1984; Paul and Sundaro Rao, 1971; Raghu and Macrae, 

1966; Ralston and McBnde, 1976; Sperber, 1957, 1958a, 1958b; Taha et al., 1969; 

Thomas et al., 1985; Venkateswariu et al., 1984). A nurnber of the isolates were shown 
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to produce organic acids in pure culture and in sorne cases, a reduction in media pH and 

an increase in titratable acidity was O bserved (Banik and Dey, 198 1, 1982; Cunningham 

and Kuiack, 1992; Duff et al., 1963: Sperber, l958b; Taha et al., 1969; Venkateswarlu et 

al., 1984). Some researchers have proposed that the major rneans by which 

microorganisms solu bilize insoluble P compo unds is through the production of the organic 

acids, which could act directly to dissolve P, or act through chehtion of the cationic 

partners of the phosphate ion (Agnihotri, 1970; Banik and Dey, 198 1; Duff et al., 1963; 

Katznekon and Bose, 1959; Sperber, 1958b). Alteration of P concentration by pH 

change, organic acid production, or through chelation is thought to be unlikely to occur in 

soil because of the soil buffering capacity (for H', phosphate, and cations) and because the 

supply of cations to be chelated is very large (Tinker, 1984). However, other researchers 

suggest that the mode of action of microorganisms are not completely related to 

solubilization of P by organic acid production and that these microorganisms may promote 

plant growth by other mechanisrns (Banik and Dey, 1982; Barea et al., 1975; Brown, 

1974; Kundu and Gaur, 1984; Ralston and McBride, 1976; Thomas et al., 1985; Tinker, 

1980; Yoshikawa et al., 1993). Sorne attention was also focused on microorganisms 

capable of releasing inorganic P fiom organic P sources (Casida, 1959; Greaves and 

Webley, 1965; Martin, 1973; Molla et al., 1984). The hydrolysis of organic P by 

rnicroorganisrns is rnediated by fimgal acid and alkaline pho sp hatases and bacterial akaiine 

pho sphatases (Marscher, 1995). The most no table organism thought to possess the 

abilit y to solu biüze organic P compounds was Bacillus megatherium var. phosp haticm. 

This organism was used in the Soviet Union as a bacterial fertilizer calied Phosphobacterin 



22 

(Brown, 1974). Plant growth responses to B. megatheriwn have k e n  observeci. but it is 

unlikely that the promotion of plant growth was a result of mineralization of organic P 

compounds (Brown, 1974). Martin (1973) utilizing '*P, found that rhizosphere flora, or 

bacteriai isolates shown to possess phytase activity, did not a e c t  the incorporation of "P 

into soi1 grown wheat plants. 

2.4.2 Microorganisms that h m o t e  Root Growth 

Soil rnicroorganisrns may stimulate, inhibit or not affect root growth depending on 

the type of microbe, plant species, and the environmental conditions (Marschner, 1995). 

Most of the current research with soi1 microbes that promote plant growth focuses on 

rhizobacteria, more specficaLly, diazoû-ophic bacteria These N2 fixing PGPRs include 

AzospirilIulll, Azotobacter, and Pseudomonas species. Rhizo bacteria may promo te plant 

growth by a l t e ~ g  root growth and morphology or by influencing the influx kinetics of 

pan of or the whole root surface to improve water and mineral nument acquisition by the 

piant (Barber, 1984; Marschner, 1995; Tinker, 1980). Rhizobacteria are thought to 

promote plant growth either directly or indirectly. These bacteria may affect plant gro wth 

directly through the production of plant growth regulating substances, which may enhance 

roo t growth or indirectly by suppressing roo t pathogens, thereby creating a more 

favourable environment for root gro wth. 

Rhizobacteria have been show to reduce the disease severity caused by soi1 borne 

root pathogens (Reddy et al., 1993; Scher and Baker, 1980; Suslow and Schroth, 1982; 

Weller, 1988). Because of their ability to reduce piant disease, these organisms are often 

referred to as bacteriai biocontrol agents. These PGPRs rnay irnprove plant growth by 
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suppressing both major and minor plant root pathogens (Weller, 1988). Promotion of 

plant growth through suppression of disease by rhizobacteria rnay involve direct or 

indirect effects on the pathogen. Direct mechanisms include substrate cornpetition and 

niche exclusion. siderop hore release, and production of antibiotics, whereas indirect 

effects invoive alteration of plant defence responses (Weller, 1988). However, 

rhizobacteria may use more than one mechanism to suppress a pathogen. 

Aggressive colonization of the root system by PGPRs may result in the 

displacement or exclusion of deletenous microbes (Schroth and Hancock, 1982). 

Competition for nutrients in the rhizosphere (root exudates) Likely occurs between PGPRs 

and deIeterious microbes (WeUer, 1988). Thus, occupation of nutritionally favourable 

sites by PGPRs may aid in biocontrol of plant pathogens. Rhizobacteria rnay also exclude 

plant patho gens by releasing siderop hores. S iderop hores are defined as 10 w mo lecular 

weight, mostly Fe 0-speci f ic  ligands, that act as scavenging agents for Fe (Neilands and 

Leong, 1986). Vimially al l  fun@ and most bacteria have been found to f o m  siderophores 

(Neilands and Leong, 1986). Rhizo bacteria rnay release siderophores to acquire Fe for 

their growth and may exclude deleterious microbes fiom the rhizosphere and rhizoplane 

(root surface) by limiting the supply of Fe, because the pathogens do not produce 

siderophores in sufficient quantities, or their siderophores have less affinity for Fe than 

those produced by PGPRs (Schroth and Hancock, 1982). 

Production of microbial compounds that have antibiotic activity rnay be a major 

component in suppression of plant disease (Bull et al., 199 1; Suslow and Schroth, 1 982; 

Weller, 1988). Bullet al. (1991) found phenazine-1-carboxylic acid to be the major factor 
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in disease suppression of take-ali of wheat (Gaeumannomyces graminis var. nirici). 

Bacterial cyanide production has ako been irrcpiicated in the suppressive effect of PGPRs 

(Voisard et al., 1989; Wei et al., 1991). 

Antagonism of the plant pathogen is not the only way PGPRs may reduce the 

incidence of disease. Bacterial enhancement of plant host resistance to phytopathogens is 

another way in which rhizobacteria may promote piant growth. Protection rnay result 

from induction of systemic resistance through mechanisrns that include accumulation of 

antirnicro bial compounds such as phytoalexin, and/or the formation of lignin, caiiose, and 

hydroxyprohe-nch glycoproteins (Kalpulnik, 1996). Seed and root inoculation with 

PGPRs has k e n  shown to induce systemic resistance, which rnay act to reduce the 

severity of the disease (Aistrom, 199 1; van Peer et al., 199 1; Wei et al., 199 1). 

Antagonisrn of deleterious soil microbes by Fe-chelating siderophores, antibiotics and 

hydrogen cyanide produced by PGPRs and cornpetition for favourable sites have k e n  

shown to reduce piant disease and thus creating a more favourable environment for root 

gro wth. 

The production of plant growth regulating compounds by PGPRs rnay also aid in 

promoting plant growth. Lifshitz et al. (1987) observed inoculation of canola (Brussica 

campestris) seeds with a N, fixing strain of Pseudo1110na.s putida dramatically increased 

the mot Iength of seedlings under gnotobiotic conditions suggesting that PGPRs rnay not 

promote growth strictly by antagonistic interactions. The effect was not caused by 

improved N status of the plant. The bacterial effect on root growth consistently promoted 

an hcrease in the uptake of "P. The authors came to two possible explanations for their 
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results. The stimulation of root elongation couid be a result of a hormone-Iike factor, 

which then resulted in the increased nutrient and water absorptive capacity of the plant, or 

the bacteria increased the P uptake capacity of the plant, which then stimulateci root 

elongation. Lin et al. ( 1983) O bserved increased uptake of NO,- , K+, and H,PO; in 3 to 4 

day and 2 week old corn root segments inoculated with AzospirzYlum brasilense, but no 

changes in root morphology were O bserved. The mechanism of increased ion uptake by A. 

brasilme inoculated plants is unknown but is thought to be a result of phytohormone 

production. Other researchers have O bserved increased root elongation, root hair length 

and number as a result of A. brasilense inoculation, which was not related to improved N 

status (Hadas and Okon, 1987; Kalpuùiik, et al., 1985). It is believed that these changes 

in root morphology are the result of phytohormone production, in particular. auxin 

production (Kapulnik, 1996; Marschner, 1995). Many rhizo bacteria are kno wn to 

produce auxuis, gibberellins, and cytokinins in culture media with or without added 

precursors (Barea et al., 1975; Barea and Brown, 1974; Brown, 1972, 1974; Leinhos and 

Vacek, 1994). The ability of rhizobacteria to produce these active substances may 

contribute to their ability to promote plant growth. Rhizosphere microorganisms may 

possess various mechanisrns to promote plant growth and sorne of them rnay yet to be 

discovered. 

2.5 Penicillium bilaii 

Penicilliwn bilaii (ATCC strain no. 2085 1) (formerly P. bilaji) is a rhizosphenc 

fungus isolated fkom a southern Alberta soi1 by Kucey (1983). This fungus was selected 

for its superior ability to solubilize precipitated calcium phosphate. Penicilliwn bilaii 
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solubilized P from rock phosphorus (rock P) at rates two to four times greater than oiher 

isolates, grew actively on a wide range of nuaient sources, and maintaineci its ability to 

soïubilize phosphate at temperatures as low as 4' C (Gleddie. 1992: Kucey, 1983). Unlike 

other phosphorus-solub~g (PS) microorganisms, P. bilaii retained its PS ability over 

repeated subculturing. This hngus has ken shown to grow and survive under field 

conditions (including the ability to survive the winter) and does not move below 10 cm in 

the soi1 to any great extent (Keyes, 1990). 

The ability of P enicillium bilaii to solubilize phosphate was deternineci by the 

dissolution of precipitated calcium phosphate in an agar medium (Kucey, 1983) and 

through solubhtion of rock phosphate in liquid culture (Asea et al., 1988). 

Microorganism which possess PS ability are identifïed by their ability to dissolve calcium 

phosphate and apatite in pure culture (Sperber, 1958a; Katznelson and Bose, 1959). The 

acidic or chelating metabolites possibly involveci in P. bilaii's ability to solubilize 

phosphate was investigated by Cunningham and Kuiack (1 992). These researchers 

revealed that the major acidic metabolites produced by P. bilaii in a sucrose nhate iiquid 

medium was oxalic and citric acid. Promotion of oxalic acid occurred under carbon- 

lirnited conditions, while citric acid was promoted under nitrogen-limited conditions. 

Other PS microorganisms which produce oxaïic and citric acid in pure culture have been 

reported (Banik and Dey, 1982; Sperber, 1958b). Researchers have attributed the PS 

capability of micoorganisrns to the secretion of organic acids that directly dissolve 

phosphatic materials andor chelate cationic panners of the phosphate ion (Agnihotri, 

1970; Banik and Dey, 1982; Duff et al., 1963; Katznelson and Bose, 1959; Sperber, 
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19SXb). Aseü et ul. ( 1988) concluded that inorganic P solubilization was directly related 

to the drop in pH generated by P. biluii. However, the quantity of P present in the media 

could not be attributed to acidity alone. Prnicillimz biluii was able to reiease more P 

from Idaho rock phosphate thzn releaxd by 0.1 M HCI added to achieve equivalent media 

pH levels. Other researchers have reponed the lack of correlation between PS 

rnicroorganisrns' ability to a c i d e  the surrounding media with the ability to solubilke 

inorganic phosphate (Gaur rr al.. 1973: Surange. 1985). Kucey ( 1988) showed that 

inoculation with P. hilaii had the sarne soIubilizing effect using a solution containin_p 

insoluble copper and zinc compounds as 0.05 M EDTA and at a level greater than 0.1 M 

HCl at pH equal to 4. 

Periicilli~m biluii is tho ught to solubilize precipitated phosphate by secreting 

orsanic acids thereby increasing the availability of soluble phosphate to the plant. Organic 

acids could açt as direct proton donors to aid in the solubilizarion of precipitated 

phosphate and/or act as chelating agents binding cationk partners (eg. Ca ") thereby 

shifting the soi1 equilibrium toward the solubilization of phosphate, if these organic acids 

were produced iic situ (Kucey, 1988: Kucey rr al.. 1989). No reports have identified i l ,  

situ production of organic acids or antibiotics by P. biluii. It is the action of the organic 

acids that are believed to result in increased phosphorus uptake, dry matter production. 

and grain yields of various crop plants. 

Crop responses to P. hilaii inoculation are generally greater on soils with low 

available P and in treatments without added phosphatic fertilizer (Asea ut al., 1988; 

Gleddie et al.. 1991: Kucey, 1987, 1988; Kucey and Leggett, 1989). This would be 
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expected if increased P availability is the prirnary mechanism of response to P. bilaii 

inoculation, since if P is otherwise avaiiable to the plant, the plant would be less dependent 

on solubilized P and the net effect of inocuIation would be less (Gleddie, 1992). 

Ho wever, Chambers ( 1 992) in field and gro wt h charnber studies, O bserved increased dry 

matter production of wheat with P. bilaii inoculation, and the ùicreiises were generally 

greater at the higher rates of added P fertilizer. niis increase in dry rnatter production 

was not associated with increased P content of the plant suggesting that P. biluii may 

promote plant growth by other mechanisrns. If P. bilaii was solubilizing unavailable forms 

of P in the rhizosphere, thereby increasing the P concentration in the soi1 solution, it wo uld 

be expected that the response to inoculation with P. bilaii would be similar to that 

O btained from added P fertilizer. At higher rates of P fertilizer, one would expect that the 

effects of P. bilaii on plant growth would be diminished or qua1 to those produced by P 

fertiiizer alone. Gleddie ( 1992) &O O bserved increased dry matter production and P 

uptake of pea plants under P-responsive field conditions at 2 weeks afier emergence at aIi 

levels of added P fertilizer, and concluded that P. bilaii may affect plant growth by other 

mechaniSm besides solubilizing P. Work by Keyes (1990) also suggests that P. bilaii may 

promote plant growth by rnechanisrns other than increased P availability. Keyes found 

that dry rnatter yield of canola gro wn on an acidic chemozemic soil was consistently 

greater with inoculation of P. bilaii but P uptake was not promoted. inoculation with this 

fungus did result in greater Fe and Mn concentrations in canola. 

2.5.1 Crop Plant Responses to Inoculation with Penicillium bilaü 

2.5-1.1 Wheat 
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Several researchers have investigated the effect of P. bilaii inoculation on plant P 

uptake, dry matter production, and grain yield. In-furrow application of bran inoculated 

with P. bilaii and seed treatment has been shown to increase dry rnatter production and P 

uptake of wheat (Triticum aestivurn L.) in controlied environment and field experiments 

(Chambers, 1992; Gleddie et al., 199 1 ; Kucey, 1987, 1988). Under field conditions, 

treatmnts consisting of rock phosphate (rock P) plus P. bilaii resulted in wheat yields and 

P uptake equivalent to increases due to the addition of monoammonium phosphate added 

at an eqùivaent rate of P (Kucey, 1987, 1988). Kucey (1987) found that P. bilaii alone 

or in combination with straw also afTected grain and straw dry weights. Penicillium bilaii 

alone afTected P content of wheat, ho wever when added in combination with rock P there 

was no effect. Gleddie er al. (1991) found that seed inoculation with P. bilaii increased 

grain yields compareci with uninoculated P fertilizer conaol treatments in over more than 

55 triais established in western Canada in 1988- 1990. As P fertilizer rates approached 30 

kg P,O, ha*', yield increases fYom inoculation with P. bilaii generaliy decreased. Grain 

yields of inoculated plants at 10 and 20 kg P205 ha-' were equivalent to those of the 

uninocuiated control plants at 20 and 30 kg P,O, ha-' respectively. Goos et al. (1994) 

O bserved increased grain yields of 66 kg ha-' averaged over four sites. However, early 

crop growth was not enhanced nor was P uptake increased. 

In a field study conducted by Chambers ( 1992). plant samples were taken 

throughout the growing season to observe how P. bilaii af5ecte.d plant P uptake. At dl 

sites, in one year of the study, P. bilaii inoculation resulted in increased dry matter 

production in early season gro wth ( 1, 2, and 4 weeks after emergence) of wheat. This 
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increase in dry matter production was not associated with increased P content of the p h t ,  

suggesting that the fungus may have additional effects io increasing the availability of P to 

the plant. Finther, the increased dry matter production was greater at the higher rates of P 

fertilizer. However, at 2 sites, inoculation with P. bilaii resulted in increased P content of 

the plant at the eight week (aftcr emergence) sample period and the grah. Increased dry 

matter production at 8 weeks, at aii site years, was observed with P. bilaii inoculation and 

the increases were generally greater at the higher rates of added P fertilizer. These results 

are in contrast to Kucey (1 987) and Gleddie et al. (1 99 1 )  who reported the best response 

to P. bilaii inoculation occurred at the lower rates of P fertihtion. Yield responses 

decreased as the rate of P fertilizer increased. A combined site analysis showed an overall 

increase in grain yields across ali fermVRr rates of 172 kg ha-' or 5.98 greater than non- 

inoculated treatrnents. 

In a controiied environment study utilizing 3 2 ~ ,  Chambers (1992). found that 

inoculation of wheat with P. bilaii generaly did not affect the concentration of P in the 

plants. At one sampling date (1 week afier emergence) on one soil type, P. bilaii 

increased the P concentration in the plants as a result of an increased proportion of P 

denved kom the soil. Inoculation with P. bilaii resulted in increased dry matter 

production at most of the sampling dates for aiI rates of P fertilirer added on both soil 

types. Inoculation of wheat with P. bilaii did not affect the P concentration in the grain 

and did not affect the contribution of fertilizer or soil P to the total arnount of P in the 

grain. The grain yields averaged for both soils were increased by 9%. in a greenhouse 

experlnent, Asea et al. ( 1 988) reported P. bilaii inoculation resulted in a 14% increase in 
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total plant P uptake (early heading stages). This was attributed to the increase of the 

proportion ( 1 1 8) of P derived h m  native P sources even in the presence of added rock 

P. inoculation also resulted in increased plant dry rnatter yields of 16%. Kucey ( 1987. 

1988) using controlied conditions O bserved increased dry matter production and P uptake 

of inoculated plants both with and without added rock P f e e r .  Inoculation with P. 

bilaii also increased the NaHC0,-extractable P in potted soils and the incidence of P- 

solubiliwig fùngi in the rhizosphere (Kucey, 1988). Penicillium bilaii plus rock P at 45 

pg of P g" of soil resulted in plant dry matter production and P uptake by wheat that was 

not significantly different nom increases resulting fkom the addition of 15 pg of P g" of 

soil as triple superphosphate (TS P) (Kucey, 1987). 

2.5.1.2 Canola 

Kucey and Leggea ( 1989) conducted greenhouse and field experiments using in- 

h o w  application of bran inoculated with P. bilaii. Inoculation with this fungus resulted 

in increased canola (Brassica napus L.) plant yield and P uptake. Addition of P at a rate 

of 20 mg P kgml soil as Florida rock P. plus inoculation with P. bilaii, resulted in P uptake 

by canola neariy quivalent to that resulting from the addition of monoammonium 

phosphate (MAP) done at the sarne rate, under conaolled conditions. Inoculation 

however did not affect straw or pod dry rnatter production. Canola P concentrations were 

increased with addition of P. bilaii in the unfertilized control, and in combination with 

rock P (20 mg P kg-' soil), and MAP (10 mg P kg" soil), but was not a&cted by the 

addition of P fertilizer alone. In the field study, inoculation with P. bilaii at both sites 

increased canola seed yields with and without the addition of P ferrilizer. Seed P content 
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at one site was increased by P .  bilaii inoculation in the unfertilized treatments, while at the 

other site, inoculation increased the oiI content of the canola seeds in treatments receiving 

6.1 kg P ha" as MAP, and in the rock P treatrnent (12.2 kg P ha-'). The greatest effects 

observed in both the greenhouse and at one field site as a result of P. bilaii inoculation, 

were when no P f e m e r  was added. The authors suggested that this would be expected 

since the favoured theory of how P. bilaii increases plant yields is by increasing P 

availability to the plant by accessing sources of P, which wodd generdy be mavailable to 

the plant. in field aials established in western Canada, Gleddie et al. (1993) observed 

increased vegetative growth, P uptake, and grain yields of canola with in-furrow granular 

or seed inoculation with P. bilaii. These increases were apparent with or without 

application of P fertilizer. lncreased P uptake was largely a result of the greater dry 

matter production of inoculated plants. Inoculation with P. bilaii at 10 kg P205 ha-' 

resulted in equivalent P uptake and grain yield compared with an uninoculateci treatment 

at 20 kg P205 ha-'. Keyes (1990) under field conditions observed that dry rnatter and seed 

yields were consistently greater with P. bilaii inoculation but P uptake was not affecte& 

Inoculation however did result in hcreased Fe and Mn concentrations. 

2.5.1.3 Flax 

Chambers (1 992) in a growth chamber study, utilinng 9, found P. bilaii 

inoculation resulted in a greater contribution of soil-P to the total arnount of P in fbx 

(Linwn utitatissimwn L.) the early season growth (1,2, and 4 weeks after ernergence). 

However, no effect on plant dry rnatter production was observed with P. bilaii 

inoculation. Inoculation with P. bilaii 
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increased P concentration in the grain over the non-inoculated flax. The increase in P 

concentration in the grain was attributed to the greater contribution fiom soil P. 

Ho wever. the increased P concentration in the grain as a result of inoculation did not 

translate into increased grain yields. 

2.5.1.4 Legumes 

In a greenhouse experiment, Kucey (1987) observed inoculation with P. bilaii 

dong with rock P at 45 pg P g-' of soil resulted in field bean (P  hasseolur vulgaris L.) 

plant dry matter production and P uptake that was not significantly dinerent fiom the 

addition of 15 pg P g" of soil as triple superphosphate (TSP). Rock phosphate addition 

alone did not affect plant growth. The addition of P. bilaii alone did not a e c t  dry matter 

production or P content of field beans. 

Inoculation with P. bilaii has k e n  sho wn to increase vegetative gro wth, P and N 

uptake of pea (Piswn sativum L.) under controiied environment conditions. and to 

increase vegetative growth, P and N uptake and grain yields of pea and lentil under P 

responsive field conditions (Gleddie, 1993). Increases in P uptake occurred both with and 

without P fertilizer addition. Increased root to shoot ratios of inoculated pea plants was 

observed under controikd conditions. Gleddie (1993) reported P. bilaii with no 

additional P fe-er resulted in equivalent P uptake in pea plants receiving 10 mg P kg-' 

soil in the controlled environment study and 10 kg P205 ha-' in the P responsive field triais. 

Penicilliwn bilaii inoculation resulted in increased nodulation and N uptake of pea in the 

controkd environment study and increased N uptake of pea and lentil in the field study. 

Grain yields of pea or lentil inoculated with Rhizobiwn legrninosanun bv. viciue was 
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increased or not affeçted by the inoculation with P. bilaii. These results are not in 

agreement with those of Downey and van Kessel (1990). These researchers observed in a 

controUed environment study a decrease in pea dry matter production and total N 

accumulation as a result of the inoculation with P. bilizii in combination with R. 

legwninosam bv. viciae (no additional P fertilizer). However. P. bilaii inoculation 

alone increased dry matter production 2 2 1  over the controL The reduction in N, fixation 

as a result of the addition of P. bilaii was proposed to be a result of the production of 

organic acids by the fungus, which would adversely affect nodulation. The P. bilaii plus 

R .  legumimsanun bv. viciae treatment in this study had a lower dry matter production, 

but the %NDFA was not dinerent fiom the Rhizobium only treatment. The addition of P 

fertilizer to this treatment, P. bilaii in combination with R. legumirwsanun bv. viciae. 

produced similar results to the R. leguminosarum bv. viciae plus P fertilizer treatment. 

Therefore it is questionable that P. bilaii adversely affected the Rhizobium-legume 

symbiosis. 

2.6 Summary 

Phosphorus piays many vital roles within the plant and is essential for the 

Rhizobium-legume symbiosis. Although prairie soils are generdy high in total P, the 

arnount of plant available P is often iimited (Brady, 1990; Doyle and Cowell, 1993a). 

Therefore, plants have develo ped vario us mec hanisms to overco me P - l i m i ~ g  soil 

conditions. Mycorrhizae and other soil fungi and bacteria appear to play an important role 

in the P nutrition of plants and may idluence plant growth more directly. PeniciI1ium 

bilaii is a rhizospheric fimgus thought to solubilize precipitated phosphate by çecreting 
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organic acids thereby increasing the availability of soluble phosphate to the plant and thus 

promoting plant growth. Penicillium bilaii's abiüties to promote plant growth, P uptake, 

and dry rnatter production have been demonstrated. However, researchers have observed 

that P. bilaii promotes plant growth without increasing phosphorus uptake and that the 

effect of the fungus was more pronounced at al1 and/or higher rates of P fenilkation 

(Chambers, 1992; Gleddie, 1992; Goos et al., 1994: Keyes, IWO).  This suggests that P. 

bilaii may promote plant growth via other mechanism. 



sativum L.) - Controlled environment study 

3.1 Introduction 

Although prairie soils are often high in total phosphorus (P). only limiteci quantities 

are available to plants (Doyle and CoweU, 1993a). The soil solution supplies P in a 

soluble form (H,PO;, HPO,~) for plant root uptake. However, the availability of soil 

solution P rnay be limited as P may precipitate with soil cations as secondary rninerals or 

be adsorbed ont0 mineral surfaces (Barber, 1984). 

Plants have various ways in which to adapt to P-lirniting soil conditions. 

Sensitivity analysis of models for phosphate uptake into plant roots has indicated that plant 

properties that affect root surface area (eg. root Iength and diameter). cm greatly affect 

the rate of phosphate uptake by the plant (Silverbush and Barber, 1983). Increased 

phosphate uptake rnay result fkom plants that have a h e r  and longer root system Soil 

microorganisrns may promote plant growth by altering root growth and morphology or by 

Muencing the influx kinetics of part of or the whole root surface to improve water and 

minera1 nutrient acquisition by the plant (Barber, 1984; Marscher, 1995; Tinker. 1980). 

Penicillium bilaii (ATCC sirah no. 2085 1) is a rhizospheric fungus reported to 

increase dry rnatter production, grain yield, and P uptake of wheat, canola, bean. pea. and 

lentil in growth chamber and field experiments (Asea et al., 1988; Chambers, 1992; 

Gleddie, 1993; Gleddie et al., 199 1, 1993; Kucey, 1987, 1988; Kucey and Leggett, 1989). 

The rnechanism (s) underlying the stimulation of plant growth and P-uptake is not known. 
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The fungus has k e n  shown to solubilize calcium phosphate in an agar medium (Kucey, 

1983). and rock phosphate in Liquid culture (Asea et al., 1988). Ln po tted soils, P. bilaii 

inoculation increased the NaHC0,-extractable P and the incidence of P-so1ubilU;ing fungi 

in the rhizosphere (Kucey, 1988). The major acide metabolites produced by P. bilaii are 

oxalic and cimc acid (Cunningham and Kuiack, 1992). This indirect evidence suggests 

that P. bilaii rnay increase the availability of phosphate to the plant by releasing organic 

acids, which may act to a c ide  locaüsed areas of the rhizosphere andfor act as a chelator 

of cationic partners of the phosphate anion (Kucey, 1988). However, alternative evidence 

suggests P.  bilaii rnay stimulate plant gro wth by other rnechanisms (Chambers, 19%; 

Downey and van Kessel 1990; Gleddie, 1992; Keyes, 1990). 

The objective of this study was to determine if the stimulation of P uptake in pea 

(Piswn sativum L.) treated with P. bilaii is the result of a generalized stimulation of plant 

root growth. This stimulation of root growth would result in a greater root surface area 

to access soi1 phosphorus. We also determineci the effect of this fungus on assimilate 

partitionïng (P, dry matter) and nodulation of pea. 

3.2 Materials and Methods 

3.2.1 Soi1 and Pot Preparation 

Two growth room experiments were camed out on pea (Piswn sativwn L. cv. 

Express), one using a Hochfeld (high in available P) and another using a Maimo (low in 

available P) soiL These experiments had a completely randomized design with factorial (2 

X 3) treatment structure. The experiments had two factors, P. bilaii and fertilizer type, 

with two levels (inoculated, non-inoculated) and three levels of P (no fertilizer, 17.2 mg P 
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or 40 mg P205 kg-' soil as triple superphosphate, and 17.2 mg P or 40 mg P,O, kg" soi1 

equivalent of Idaho rock phosphate) respectively, resulting in six treatrnents with six 

replications. 

Surface soi1 (0- 15 cm) was coUected near Carmen MB (49' 28' N, 98' W) (N 0.5- 

23-T6-R5-W) for the Hochfeld soil and near EIlerslie AB (53" 22' N, 113" 28' W) (NE-24- 

T5 1-R25-W4) for the M h  soil. The characteristics of the soils are presented in Table 

3.1. AU analyses of the soils were carrieci out by NorWest Labs (Winnipeg, M.). Surface 

soiI(0-15 cm) was used for analysis of the Malmo soil, while soil core samples (0-30 cm 

30-60 cm) were used for the Hochfeld soiL Soil texture was determined by the hand- 

texturing method (by fcel and ro hg). Organk matter (96) was deterrnined by loss on 

ignition. Soil pH was determined using a 1:2 soil water paste and pH rneter (Kalra, 1995). 

Soii elecaical conductivity (E.C.) was determined using a saturated paste and conductivity 

meter. Soil nitrogen (NO,-N) was determineci using a CaCI, extract and analysis for 

nitrate and nitrite by automated colorimetry (Manual Soil Sarnpling, 1978). Soi1 

p hosphoms (P) was determined by ammonium acetate/acetic fluoride extract and analysis 

for phosphate by automated molybdate colorimetry (Ashworth and Mrazek, 1995). Soil 

potassium (K) was determined by ammonium acetate/acetic fluoride extract and analysis 

by flame photometry (Ashworth and Mrazek, 1995). Soi1 sulphate (S0,-S) was 

determined using a CaC1, extract fol10 wed by analysis for sulphate by rnethyl thymol blue 

autornated colorimetry (APHA, 1992). 



Table 3.1. Characteristics of two soils collected from Carman MB (Hochfeld) and Eiierslie AB (Malmo). 

Soi1 Soi1 S urface Field Organic 
name grouP texture* capacity mat ter pH E.C. NO,-N P K S 0 , - S  

Hochfeld Orthic black FSL 20 3.3 5.6 0,6 41 36 250 10 

Malmo Black CL 33 9.6 6.4 0.2 7 5 74 3 
*FSL = fine sandy loam 
*CL = clay loam 
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The soil was coiiected, air dned, and sieved (2 mm) and stored at 4' C until it was 

used. The soii and fertiker were mixed in a custom-made mixer (sirnilar to a cernent 

mixer) to obtain an even distribution of fertilizer. Soi1 that did not receive any fertilizer 

was also mixed. Rock phosphonis (rock-P) and triple superphosphate (TSP) were 

andysed for P (P20, ) content using sulfur wet digestion (Kingston and Jassie, 1988) and 

were determined at 14.37% P (33.42% P,O, ) and 20.87% P (48.53% P20, ) respectively. 

The fertilizers were ground to a consistent powder form using a monar and pestle. 

Fertilizers were added at a rate to obtain 17.2 mg P kg-' soil (40 mg P,O, kg-' soil). This 

was achieved by adding O. 1 197 g rock-P fenilirer kg-' soil and 0.0824 g TSP fertilizer kg-' 

soil and r n h g  for 5 m 

Two (Hochfeld) or 1.95 (Malmo) kg of soi1 was placed into 2 L pots constnicted 

fiom polyvinyl chloride pipe (10 cm diameter, 26 cm length). The Maimo soil was 

deficient in K and S (Table 3.1) so 10 ml of a solution containing 0.28 M of K and 0.14 M 

S was added to each pot. Pots were watered, randornly placed into the growth charnber, 

and the soii was given a week to equilibrate. 

GraWnetric field capacity was determined for both soils. The procedure for the 

determination of gravimetric field capacity of the soils is described bnefly as follows: the 

sieved (2 mm) soil was placed into beakers at the same consistency used for the pots. 

DistilIed water was slowly poured ont0 the surface of the soü, to prevent the water £tom 

ninning down the sides of the beaker, until the upper portion of soil was saturateci with 

water. The wetting fiont was marked and the beaker was sealed with parafilm to prevent 

water loss by evaporation. After 48 hours, the top 2 cm of soil was removed, and a 



sample was then taken between the surface and the wetting kont. The sample was 

weighed and then oven-dned for 48 hours. nie amount of water held by the sample was 

deterrnined by the dserence between the moist and dned sarnple. Field capacity (% ) was 

deterrnined by dividing the weight of water by the oven-dned sarnple weight and 

rnultiplying by 100 to give a percentage. Field capacity was determined to be 20% for the 

Hochfeld soil and 33% for the Malmo soiL 

During the period that the soii was given to equilibrate (a week pnor to seeding), 

the pots were watered by weight every second day to maintain gravimetric field capacity 

(Hochfeld soil) or 70% field capacity (Malrno soil). 

3.2.2 Seed Preparation and Planting 

AU pots were watered pnor to seeding. Pea (Pisum sativwn L. cv. Express) seeds 

were exposed to 0.595 hypochlorite solution for 5 rn and rinsed thoroughly with distilled 

water. In the experiment using the Malmo soil, two weeks prior to seeding the soil was 

inoculated with 2 ml pot" of yeast mannitol broth containing a minimum of 3 x 109 colony 

forming units (CFU) ml" of Rhizobium leguminosanun bv viceae (Hup' strain 128A1. 

Liphatech, Milwaukee) and treatments including Penicillium bilaii (ATCC s ~ a i n  no. 

2085 1) received 2 ml pot '' of a diluted inoculum, supplied by Philom Bios hc., Saskatoon 

SK, containing a minimum of 6.4 x 10' CFü ml-' . Three seeds per pot were piaced into 

holes dug to 1.25 cm fiom the soil surface. AU seeds were inoculated with 1 ml of a yeast 

mannitol broth containing a minimum of 8.4 x 1 O8 CFU ml-' of the sarne Rhizobium strain 

mention& previo usly, as detemiined by dilution plating. Seeds which received the P. 

bilaii treatrnent were inoculated outside the chamber with 1 ml of a diluted inoculum, 
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containing a minimum of 2.9 x 104 CFU rnrl, as detennined by dilution plating. Seeds not 

receiving the P. bilaii treatrnent had 1 ml of distilled water placed on the seed afkr 

Rhizobium inoculation. Nine days after pianting, pots were thinned to 1 plant per pot. 

In the experiment using the Hochfeld s o l  two seeds per pot were placed into 

holes dug to 2.5 cm fiom the soil surface. AU seeds were inoculated with 1 ml of a yeast 

mannitol broth containing a minimum of 3 x 109 CFW mi " of the same Rhizobium strain 

used for the experiment using the Malrno soil, as determineci by dilution plating. Seeds 

which received the P. bilaii treatment were inoculated outside the chamber with 1 ml of a 

diluted inoculum, containing a minimum of 1.6 x 103 CCN ml-', as determineci by dilution 

platùig. Nine days after planting, pots were thinned to 1 plant per pot. 

The plants in both experiments were grown in a controlled environment cabinet 

(mode1 GRV36-Econaire, W i e g ,  MB) under a 16/8 hr, 20/16" C day/night regime and 

exposed to an average photon flux density of 6 10 f 60 p mol m-2 s" for the Hochfeld soil 

experiment, and 620 f 60 pmol s" for the Malrno soil experiment, provided by a 

combination of cool white VHO and Grolux fluorescent Iamps (S ylvania, Inc., 

Drurnmonviile, PQ) at a ratio of 4: 1, respectively. 

The soils were watered to maintain gravimetric field capacity (Hochfeld soii) or 

70% field capacity (Malmo soil) by adding adequate amounts of distillecl water to the 

surface daily (Hochfeld soil), or every second day (Malmo soil), for the duration of the 

experiment (see section 3.2.1 ) . 



3.2.3 Sampüng 

Plants were harvested at 14,2 1, and 28 days after planting. The soil was removed 

by soaking the pots in containers filled with tap water and gently shaking the pot to 

remove the soil and roots. The soil adhering to the roots was removed by placing the 

roots and soil ont0 a sieve (1.2 or 1.4 mm) and gently washing. Fresh root volume was 

determined by water displacement using a graduated cylinder. Shoots were removed at 

the soil surface and were fiozen at -20" C, then keeze dried, weighed, and finally ground 

using a coffee grinder. 

Root lengths were determined using IMAGEX, a digital analysis system 

developed by L. Lamari, Dept. of Plant Science, Winnipeg, MB. This image analysis 

system reduces (skeletonizes) images to one pixel thick images, then "'draws" a line 

through the length of each root piece. The system was calibrated using pieces of paper of 

known dimensions of (Le., 1 pixel = "x" mm). Plant root segments were floated in water 

in a glass tray and care was taken to prevent root pieces fkom overlapping or touching. A 

video camera was used to capture the image of the roots. The picture was digitized, and 

skeletonized, and root lengths were determined. 

AU root material fiom the fira harvest was used in root length determination. 

Roots fiom the second harvest were split down the main axis and approximately half was 

used for P analysis. The other halfof the root system was used for root length 

determination. A ratio for root length to dry weight (DW) was used £rom the analysed 

portion of the roots in order to determine the total root lengths for the plants (Le., root 

1ength:DW of analysed plants x DW of the total root system). Roots kom the third 
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harvest were split down the main axis, and approxirnately haif of the root system was cut 

into 3 cm segments, mixed, and a subsample (approximately half) was used for root length 

determination. The remaining root material was used for P analysis. Total root length 

was determined by the method described nom harvest two. Roots fiom the second and 

third harvest used for root length determination were stained with methylene blue (0.1 % 

w/v distilled water). Roots were placed into the dye solution for 30 s and then rinsed with 

distilled water for 30 seconds. AU mot material was 60zen at -20' C, and then later 

thawed to remove and count the nodules- The roots were then refiozen, fieeze dried, and 

weighed. The unstained roots that were used for P analysis were ground using a coffee 

grinder. 

Specific root length (SRL) was calcuiated as the ratio of total root length to dry 

weight of the root system It was used to describe man root diameters of the plant root 

systems. 

3.2.4 P Analysis 

The concentration of P in shoot and root sarnples fkom the Hochfeld soi1 

experiment were prepared for P analysis by digesting the plant material using a nitric- 

perchlonc acid procedure (Isaac and Kerber, 1971), followed by the acid molybdate 

procedure (Murphy and Riley, 1962) for colour developrnent and colorimetric assay. For 

the Malmo soii experiment, P concentration in the plant tissue was detemùned by 

procedures described by the Department of Fisheries and Oceans special publication no. 

25 (1974), and is briefly described as follows: the P in the sample was oxidized using a 

combustion technique (munled at 500' C), then hydrolysed using hydrochlonc acid, 
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foiiowed by the acid-molytxlate procedure for colour development and colorimeaic assay. 

Total P accumulation was determineci by multiplying the dry weight of the root or shoot 

by the P concentration of the sample of known weight. 

Data was anaiysed using the General Linear Mode1 procedure of the Statishcal 

Analysis S ystem package (SAS Institute inc., 1986) and single degree of fkeedom 

contrasts were made. Treatment means were separateci using the Fïïher protected least 

signincant ciifference test (LSD) at a = 0.05 levei, &er the analysis of variances indicated 

significant differences at the same IeveL 

3.3 Results 

The growth chamber experirnents were conducted to investigate the effect of 

Penicillium bilaii and phosphorus fertilizer on the stimulation of root growth, and the 

resulting P concentration and accumulation of pea over tirne. The samphg dates were 

14, 2 1, and 28 days afier pianting (DAP). Since the effects of P. bilaii and P fermizer 

may be influenced by time, each sampling date of the parameters investigated will be 

discussed separately. 

3.3.1 Root Morphology 

The resuits on root morphology have been summarized on Tables 3.2 and 3.3 

which presents signiticance levels for main effects (P. bilaii inoculation, P fertilizer) and 

interactions (P. Maii x P fertilizer) for ail harvest dates. Details of treatrnent effects for 

each harvest date are presented below. 



Table 3.2. Significance of root responses [root volume, root length, and specific root length (SRL)] of pea in the Hochfeld soi! to 
three P fertilizer treatments (no added P, rock phosphate, triple superphosphate), inoculation with Penicillium bilaii (Pb), to 
interactions between P fertilizer treatments and Pb inoculation, to Pb inoculation within each P fertilizer treatrnent. 

I 14 DAP 21 DAP 28 DAP 
Volume Length SRL Volume Length SUL Volume Length SRL 

Main effects 
P fertilizer rlr * 
P. bilaii - - 

Interaction 1 PxPb 
Contrasts 
Pb @ OP1 
~ b @  RPZ 

1 Pb@ TSP3 - - - - - - - 
* P s 0.05. ** P 5 0.01. *** P s 0,001. - = not significant. 
'OP = no added P fertilizer. 'RP = Idaho rock phosphate at 17.2 mg P kg.' soil. 'TSP = Triple superphosphate at 17.2 mg P kg-' 
soil. 



Table 3.3. Significance of root responses [root volume, root length, and specxc root length (SRL)] of pea in the Malrno soil to 
three P fertiiizer treatments (no added P, rock phosphate, triple superphosphate), inoculation with Penicilliunt bilaii (Pb), to 
interactions between P fertiiizer treatments and Pb inoculation, to Pb inoculation within each P fertiher treatment. 

I 14 DAP 21 DAP 28 DAP I 
Volume Lemgth SRL Volume Length SRL Volume Length SRL 

Main effects 
P fertilizer - - - - *S ** ** * - 
P .  bilaii - >~r 

Interaction ( PxPb - - 
Contrasts 

Pb @ OP' ** 
Pb @ RP2 - 
Pb @ TSp3 - - - - . 

* P s 0.05, ** P s 0.01. *** P s 0.001. - = not significant. 
'OP = no added P fertilizer. 'RP = Idaho rock phosphate at 17.2 mg P kg" soil. 'TSP = triple superphosphate at 17.2 mg kg" soil. 
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3.3.1.1 14 DAP 

Penicillium bilaii inoculation failed to show any signjficant effect (Ps 0.05) on pea 

root length, specific root length (SRL) or root volume in either soil type at 14 DAR 

(Tables 3.2,3.3; Figures 3.1, 3.2). Similarly. no response to P fert ihx was o b m e d  in 

the Malrno soil, but the main effect of P f e e e r  for SRL was signincant (Ps 0.05) for the 

Hochfeld soil (Tables 3.2, 3.3). Plants that did not receive any fertilizer had significantly 

6ier roots (Le., a higher SRL) than plants that received triple superphosphate (TSP) or 

rock phosphate (rock-P) fenilizer in the Hochfeld soil (Table 3.4; Figure 3.1). The main 

effect of P fertilizer was signifcant at P= 0.08 for root length for the Hochfeld soil only, 

and plants in the treatrnent with no added P had the greatest root length (Table 3.2; Figure 

3.1). 



Days after planting 

Figure 3.1. The effect of inoculation with ( P b )  or without (Pb) Penicilliwn bilaiï and 
P sources (O P ferulizer added, P-; 17.2 mg P of Idaho rock P kg*' soQ R; 17.2 mg P of 
triple superphosphate kg-' soil, T) on root volume (A), root length (B), and specific root 
length (c) of pea in the Hochfeld s o l  Bar represents the mean standard emor of 
treatments within dates. 



Oays after planting 

Figure 3.2. The effea of inoculation with (Pb+) or without (Pb-) Peniciflim bilaii and 
P sources (O P fertilizer added, P-; 17.2 mg P of Idaho rock P kg-' so& R; 17.2 mg P of 
triple superphosphate kg-' soii, T) on root volume (A), root length (B), and specific root 
length (c) of pea in the Maimo s o i  Bar represents the mean standard error of treatmena 
within dates. 



Table 3.4. Effect of P fertiiizer on specific root length (Sm) of pca in the Hochfeld 
soil, 14 days after planting. 

~LSD (PS 0.05) 20.02 I 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" SOL 
?SP = triple superphosphate at 17.2 mg P kg-' soiL 



3.3.1.2 21 DAP 

At 21 DAP, no detectable treatment effects on root morphology of pea for the 

Hochfeld soil were observed (Table 3.2; Figure 3.1). For the Malrno soa the effects of P 

fertilizer and P. bilaii inoculation were significant (Ps 0.0 1, Ps 0.05 respectively) for roo t 

length (Table 3.3; Figure 3 -2). The effect of P fertilizer was also signincant (Ps 0.0 1 ) for 

specific roo t leng th (Table 3.3). Triple superphosphate fertiüzer signifcantly increased 

root length 23% and SRL 12%. over the rock-P fermizer level in the Malmo soi1 (Table 

3.5). Over all P fertilizer levels, P. bilaii inoculation reduced root length 12% in the 

Malrno soil (Table 3.6). No detectable treatment effects on root volume were O bserved in 

the Malrno soi1 (Table 3.3; Figure 3.2). 

3.3.1.3 28 DAP 

At 28 DM, no detectable treatment effects on pea root length or SRL for the 

Hochfeld soil were observed (Table 3.2; Figure 3.1). Root volume was signincantly (Ps 

0.05) affecteci by P fertilty in the Hochfeld soil (Table 3.2; Figure 3.1). Overall, the 

addition of P fertilizer (TSP or rock-P) significantly increased root volume compared with 

the no added P fertilizer level (Table 3.7). 

For the Malmo soil, inoculating with P. bilaii did not effect pea root length. 

However, inocdation at the no added P level was significant at P = 0.06 for reducing root 

length (Table 3.3; Figure 3.2). The main effects were not signincant for SRL, but the 

contrast staternents revealed that P. bilaii inoculation at the no added P fertilizer level 

significantly (P 5 0 .O 1) reduced SRL by 22% in the Malmo soii (Table 3.3; Figure 3.2). 



Table 3 -5. Effect of P fermizer on root length and specific root length (SRL) of pea in 
Malrno soii, 2 1 days after phting. 

P fertilizer Length (m) SRL (m g " DW root) 
TSF 27.62 141 .O6 
No added P 24.60 132.76 
~ 0 c k - p ~  22.44 126.70 
~LSD (PS 0.05) 3-26 8.99 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" SOL 
VSP = triple superphosphate at 17.2 mg P kg-' s o i  

Table 3.6. Effect of Penicilliwn biluii (with, +; without, -) inoculation on root Iength 
of pea in Malmo soil, 2 1 days aher planting. 

P.  bilaii 

26.33 
23.45 

LSD (Ps 0.05) 



Table 3.7. Effect of P fertilizer on root volume of pea in Hochfeld soil. 28 days after 
planting. 

P fertilizer Volume (cm3) . 
ROCIC-P' 12.3 1 
T S P ~  1 1.64 
No added P 9.78 
LSD (Ps 0.05) 1.83 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg-' soiL 
bTSP = triple superphosphate at 17.2 mg P kg" soiL 

Table3.8. EffectofPferl~eronrootlengthandvolumeofpeainMalmoso~28 
days after planting. 

P fertiker Length (m) Root volume (cm3) 
TSP 63.73 10.49 
No added P 63.50 9.89 
fiock-P' 49.2 1 7.99 
LSD (Ps 0.05) 12.27 1.51 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg*' soiL 
?SP = triple superphosphate at 17.2 mg P kg-' SOL 
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Phosphorus fermizer had a significant effect on root length (Ps 0.05) and volume (Pi 

0.0 1) (Table 3.3). Triple superphosphate fertilizer increased root length 29% and volume 

3 1 % over the rock-P fertilizer level (Table 3.8). 

3.3.2 Phosphorus Concentration and Accumulation 

The results on shoot and root P concentration and accumulation have been 

surnrtwized on Tables 3.9 and 3.10 which presents significance levels for main effects (P. 

bilaii inoculation, P fertilizer) and interactions (P. bilaii x P fertilizer) for all hawest dates. 

Details of treatment effects for each hantest date are presented below. 

3.3.2.1 14 DAP 

Penicillium bilaii inoculation did not affect shoot P concentration or accumulation 

(total P) of pea in Hochfeld soil at 14 DAP (Table 3.9; Figure 3.3). Phosphonis fenilizer 

was significant for shoot P concentration (Pr, 0.05) and accumulation in the Hochfeld soil 

(P s 0.0 1 ) (Table 3.9). Triple superphosphate fertilizer increased shoot P concentration 

19% over the rock-P fertilizer level, and TSP and the no added P fertilizer level 

accumulated more P than the rock-P fertilizer level (Table 3.1 1). Penicillium bilaii 

inoculation at the TSP fertilizer levei was significant at P = 0.08 for increasing shoot P 

accumulation in the Hochfeld soil (Figure 3.3). 

In the Hochfeld soil, the interaction effect between P treatment and P. bilaii was 

significant (Ps 0.05) for roo t P concentration and accumulation (Table 3.9). Penicillium 

bilaii inoculation at the no additional P level resulted in a signincant (Ps 0.0 1) decrease of 

40% in roo t P concentration and a significant (Ps 0.05) decrease of 45% in root P 

accumulation (Figure 3.3). 





Table 3.10. Significance of shoot and root P concentration (co~ic.) and accumulation (total P) responses of pea in the Malmo soil to 
hree P fertiiizer treatit~ents (no added P, rock phosphate, triple superphosphate), inoculation with Pedcilliunt bilaii (Pb), to 
interactions between P fertilizer treatments and Pb inoculation, to Pb inoculation within each P fertilizer treatment. 

- - -- 1 

14 DAP 21 DAP- 28 DAP 
Shoot P Root P Shoot P Root P Shoot P Root P Shoot P Root P ShootP Root P Shoot P Root P 
Conc. Conc. Total Total Conc. Conc. Total Total Conc. Conc. Total Total 

Main effects 
P fertilizer rk *rir* ** ** 
P ,  bilaii 

Interaction 
P x Pb * li< >li* rk 

Contrasts 
Pb @ OP1 * ** 
~b @ w2 * iIr * ** * * 
Pb @ T S P ~  * 

* P s 0.05. ** P s 0.01, *** P s 0.001, - = riot significant. 
'OP = no added P fertilizer. 'RP = Idaho rock phosplwte a i  17.2 ing P kg" s o t  'TSP = triple superphosphate ai 17.2 mg kg'' soil. 



Table 3.1 1. Effect of P fertilizer on shoot P concentration and accumulation of pea in 
Hochfeld s o c  14 days afier pianting. 

IP fermizer Shoot P Shoot P I 
concentration accumuhtion 

(mg P g " DW) (mg) 
T S P ~  4.634 0.793 
No added P 4.3 10 0.719 
~ o c k - P '  3.880 0.604 

r 

~LSD (Ps 0.05) 0.594 O. 109 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" soiL 
'TSP = triple s ~ ~ e r ~ h o - ~ h a t e  at 17.2 mg P kg-' s o l  



Oays after planting 

B. Total Shoot P 

Oays aftef planling 

Figure 3.3. The effect of inoculation with (Pb) or without (Pb) Peniciilium bilaii and 
P sources (O P fertilizcr added, P-; 17.2 mg P of Idaho rock P kg-' mil, R; 17.2 mg P of 
triple superphosphate kg-' s o l  T) on shoot P concentration (A). shoot P accumulation 
(B), root P concentration (C). and root P ~ccumulation (D), of pea in the Hochfeld soiL 
Bar represents the  m a n  standard error of treatments within dates. 
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For the Malrno soil, the interaction effect between P treatrnent and P. bilaii was 

significant (Ps 0.05) for shoot P concentration, and P. bifaii inoculation was significant 

(Ps 0.01) at the no added P level resulting Ui a 298 increase in shoot P concentration and 

a 45% increase in shoot P accumulation (Table 3.10: Figure 3.4). The only significant (Ps 

0.05) effect of P. bilaii inoculation on root P concentration in the Maimo soil occurred at 

the rock-P fertilizer Ievei, in which inoculation resulted in a reduction of root P 

concentration by 20% (Table 3.10; Figure 3.4). 

3.3.2.2 21 DAP 

For the Hochfeld soil, the interaction effect between P treatment and P. bilaii was 

significant (Ps 0.0 1) for shoot P concentration, and conaast statements indicated a 

sigrdicant effect of P. bilaii inoculation at the rock-P (Ps 0.05) and TSP (Ps 0.01) 

fertilizer levels at 2 1 DAP (Table 3.9). Penicillium biluii inocdation at the rock-P 

fertilizer level increased shoot P concentration by 12% whereas inoculation resulted in a 

12% decrease at the TSP fertilizer level in the Hochfeld soil (Figure 3.3). 

The main effect of P fertilizer was significant for shoot P accumulation (Ps 0.0 1) 

in the Hochfeld soil (Table 3.9). The TSP fertilizer level resulted in plants with 

significantly increased shoot P accumulation over the no added P and rock-P fertilizer 

levels (Table 3.12; Figure 3.3). 

For the Malrno s o c  P. bilaii inoculation did not affect shoot P concentration or 

accumulation (Table 3.10; Figure 3.4). The main effect of P fertilizer was highly 

signincant for shoot P concentration (Ps 0.00 1) (Table 3.10). The TSP fertiher level 

resulted in plants with significantly increased shoot P concentration over the no added P 



Oays after planting Days after planting 

Figure 3.4. The effect of inoculation with (Pb) or without (Pb-) Penicilliwn bilaii and 
P sources (O P fertilizer added, P-; 17.2 mg P of Idaho rock P kg-' soil, R; 17.2 mg P of 
triple superphosphate kg-' so& T) on shoot P concentration (A), shoot P accumulation 
(BI. root P concentration (Cl, and root P accumulation (D), of pea in the Malm0 soiL Bar . S .  

represents the rnean standard error of aeatments within dates. 



Table 3.12. Effect of P fertilizer on shoot P accumulation of pea in the Hochfeld so2, 
2 1 days after planting. 

- 

P fertilizer Shoot P 
accumulation 

(mg) 
TSF 2-226 
No added P 1 -754 
Rock-PJ 1-624 

~LSD (PS 0.05) 0-323 1 
'Rock-P = Idaho rock phosphate at 17.2 mg  kg-' soil. 
T S P  = triple superphosphate at 17.2 mg P kg' soiL 

Table 3.1 3. Effect of P fertilizer on shoot P concentration of pea in the Malrno soil, 2 1 
days afier planting. 

1 P fertilizer Shoot P concentration 1 
(mg P g - '  DW) , 

TSP2 1.639 

No added P 1-322 

LSD (Ps 0.05) 0.131 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg-' SOL 
T S P  = triple superphosphate at 17.2 mg P kg*' SOL 

Table 3.14. Effect of Penicilliwn bilaii (with, +; without, -) inoculation on root P 
accumulation of pea in the Malmo soil, 2 1 days after planting. 

P.  bilaii Roo t P accumulation 

0.345 
0.293 

1 LSD (Ps 0.05) 0.038 1 



and rock-P fertilizer levels in the Malmo soi1 (Table 3.13; 3.3). 

There were no detectable treatrnent effects on root P concentration in the Malrno 

soil at 21 DA. (Table 3.10: Figure 3.4). A contrast statement for P. bilaii inoculation at 

the rock-P fertiüzer level was significant at P = 0.06 for reducing root P concentration 

(Table 3.10). Penicillium bilaii inoculation in the Malmo soil had a significant effect (P s 

0.0 1) on roo t P accumulation, which resulted in a 1 8 8  decrease in P accumulation over ail 

P fertilizer leveis (Table 3.14). Contrast staternents indicated a significant effect (Ps 0.05) 

of P. bilaii inoculation at the rock-P and TSP fertilizer leveis in the Malrno soil (Table 

3.10). Penicillim bilaii inoculation resulted in a 2 6 8  and 22% decrease in root P 

accumulation at the rock-P and TS P fertilizer levels respectively (Figure 3.4). 

3.3.2.3 28 DAP 

No detectable treatrnent effects on shoot P concentration of pea at 28 DAP in the 

Hochfeld soil were O bserved (Table 3.9; Figure 3.3). The main effkct of P fertilizer in the 

Hochfeld soil was significant (Ps 0.01) for shoot P accumulation (Table 3.9). Adding P 

fertilizer (TSP or rock-P) significantly increased shoot P accumulation over the no added 

P fertilizer level (Table 3.15). This is likely a result of the significant (Ps 0.01) increase in 

shoot dry matter production for the TSP and rock-P fertiliter level (Figure 3.5). 

Penicillium bilaii inoculation did not affect root P concentration or accumulation 

in the Hochfeld soil (Table 3.9; Figure 3.3). The main effect of P fertiiizer had a 

significant effect (Ps 0.05) on root P concentration but not P accumulation (Table 

3.9).The TSP fertilizer level increased root P concentration 11% over the rock-P fertilizer 

level (Table 3.16). 



Table 3.15. Effect of P fertilizer on shoot P accumulation of pea in Hochfeld soil, 28 
days after p h ~ g .  

IP fertilizer ShootPaccumulation 1 

INO added P 3.935 1 
~LSD (PS 0.05) 0.769 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" SOL 
~ S P  = triple superphosphate at 17.2 mg P kg*' s o i  

Table3.16. EffectofPfenilizeronrootPconcen~ationofpeainHochfeldso~28 
days after planting. 

P fertilizer Root P accumulation 

(mg> 
T S P ~  4.46 
No added P 4.30 
 ROC^-PI 4.00 
LSD (Ps 0.05) 0.36 L 

'Rock-P = Idaho rock phosphate at 17.2 mg P kg-' soil. 
%P = mple superphosphate at 17.2 mg P kg-' SOL 
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For the Malmo soil, the only significant response on shoot P concentration and 

accumulation resulted fkom P. bilaii inoculation at the rock? ferzilizer level (Table 3.10; 

Figure 3.4). Penicillium bilaii inoculation resulted in a 42% increase in shoot P 

concentration and a 63% increase in P accumulation (Figure 3.4). 

The only signifïcant effect of P. bilaii inoculation on root P concentration and 

accumulation in the Malrno soi1 occmed at the rock-P fertilizer level (Table 3.10; Figure 

3.4). PenicilLim bilaii inoculation significantly (Ps 0.0 1) increased root P concentration 

228, and significantly (P i  0.05) increased P accumulation 39% at the rock-P fertiiizer 

level (Figure 3 -4). 

3.3.3 Dry Weight Responses 

The results on dry weight responses and root:shoot ratios have k e n  summarjzed 

on Tables 3.17 and 3.18 which presents signincance levels for main effects (P. bilaii 

inoculation, P fertilizer) and interactions (P. biiaii x P fertilizer) for all harvest dates. 

Details of treatrnent effects for each harvest date are presented below. 

3.3.3.1 14 DAP 

At 14 DAP, no detectable treatment eEects on dry weights (root, shoot, plant) or 

root:shoot ratios for both the Hochfeld and Malmo soils were O bserved (Tables 3.17, 

3.18; Figures 3.5, 3.6,3.7,3.8). 



Table 3.17. Significance of dry weight and root:shoot ratio responses of pea in the Hochfeld soii to three P fertilizer treatments (no 
added P, rock phosphate, triple superphosphate), inoculation with Petiicillium bilaii (Pb), to interactions between P fertilizer treatments 
and Pb inoculation, to Pb inoculation within each P fertilizer treatment. 

14 DAP 21 DAP 28 DAP 
Root Shoot Nodule Plant RSR Root Shoot Nodule Plant RSR Root Shoot Nodule Plant RSR 

Main effects 
P fer tilizer - - - - *rlr rk ** * ik* * 
P. bilaii - - - 

Interaction 
PxPb - 

Contrasts 
Pb @ OP' - - - - 
P ~ @ R P '  - - ri<* 

Pb@TSpl - - 
*Ps0.05.  **PsO.Ol. ***PsO.OOL - = not significant. 
'OP = no added P fertilizer. 'RP = Idaho rock phosphate at 17.2 nig P kg'' soil. 'TSP = triple superphosphate at 17.2 mg kg" soil. 



Table 3.18. Significance of dry weight and root:shoot ratio responses of pea in the M a h o  soil to three P fertilizer treatments (no 
added P, rock phosphate, triple superphospliate), inoculation with Petlicilliitnr hiluii (Pb), to interactions between P fertiiizer treatments 
and Pb inoculation, to Pb inoculation within each P fertilizer treatment. 

14 DAP 21 DAP 28 DAP 
Root Shoot Nodule Plant RSR Root Shoot Nodule Plant RSR Root Shoot Nodule Plant RSR 

Main effects 
P fertilizer - - >I< - - - *ri< - ** *ik rli* ** 
P. bilaii - - - ** ** * - - 

Interaction 
P x Pb ik g 

Contrasts 
Pb @ OP' - - - * - - - 
P ~ @ R P ~  - - 
Pb@ TSP) - - - ** * rk* 

* P s 0.05. ** P s 0.01, *** P 5 0,001. - = not significant. 
'OP = no added P fertilizer. 'RP = Idaho rock phosphate at 17.2 mg P kg" soil. 'TSP = triple superphosphate at 17.2 mg kg" soil. 



Oays alter planting Days after planting 

figure 3.5. The effect of inoculation with (Pb+) or without (Pb-) Penicillium b i b i  and 
P sources (O P fertilizer added, P-; 17.2 mg P of Idaho rock P kg" so& R; 17.2 mg P of 
triple superphosphate kg-' so& T) on whole plant (A), root (B), shoot (C), and nodule (D) 
dry weight of pea in the Hochfeld soiL Bar represents the rnean standard error of 
treatrnents within dates. 



0, Nodule 

Figure 3.6. The effect of inoculation with (Pb+) or without (Pb-) Penicillium bilaii and 
P sources (O P fertilizer added, P-; 17.2 mg P of Idaho rock P kg" soii, R; 17.2 mg P of 
triple superphosphate kg-' sod, T) on whole plant (A), root (B), shoot (C), and nodule (D) 
dry weight of pea in the Malmo SOL Bar represents the rnean standard error of treatments 
within dates. 



T. Pb- 
T. f=b+ 

Days after planting 

Figure 3.7. The effect of inoculation with (Pb) or without (Pb-) Penicilliwn biluii and 
P sources (O P fertilizer addad, P-; 17.2 mg P of Idaho rock P kg-' so& R; 17.2 mg P of 
triple superphosphate kg-' soii, T) on root:shoot ratio of pea in the Hochfeld soiL Bar 
represuits the rnean standard error of treatrnents within dates. 



-i-' o n  
O P  

C D -  

Days after planting 

Figure 3.8. The effect of inoculation with (PM) or without (Pb) Penicilliwn bilaii and 
P sources (O P fertilizer added, P-; 17.2 mg P of Idaho rock P kg-' s o c  R; 17.2 mg P of 
-le superphosphate kg-' soQ T) on root:shoot ratio of pea in the Malrno soi1 Bar 
represents the mean standard error of treatments withùi dates. 
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3.3.3.2 21 DAP 

For the Hochfeld so& no detectable treatrnent effects on dry weights (root shoot, 

plant) of pea were observed at 2 1 DAP (Table 3.17; Figure 3.5). However, P fenilizer 

had a significant effect (Ps 0.01) on root:shoot ratios, but P. biluii inoculation had no 

effect on this parameter (Table 3.17; Figure 3.7). The rock-P and no added P fertilizer 

level produced significantly greater root:shoot ratios than the TSP fertilizer level (Table 

3.19). 

For the Malrno so4 there were no dry rnatter responses to P fertilizer, but P. bilaii 

inoculation had a signi£icant effect on root dry weight (Ps 0.01) and plant dry weight (Ps 

0.05) (Table 3.18). Over ail levels of P fertilizer, P. bilaii inoculation reduced root dry 

weight 138 and plant dry weight 11% over non-inoculated plants (Table 3.20; Figure 

3.6). At the TSP fertilizer level P. bilaii inoculation significantly (Ps 0.0 1) reduced root 

dry weight by 18% (Figure 3.6). Root:shoot ratio was signincantly (Ps 0.01) affected by 

P fertilizer in the Malmo soi1 (Table 3.18). The rock-P f e d z e r  level signincantly 

increased root:shoot ratio 16% over the TSP fertilizer level (Table 3.21). 

3.3.3.2 28 DAP 

For the Hochfeld soil at 28 DAP, P. bikzii inoculation did not affect dry matter 

production or root:shoot ratios of pea (Table 3.17; Figures 3.5, 3.7). However, P 

fertiiizer had a significant effect on root (Ps 0.05), shoot (Ps 0.01), and plant (Ps 0.01) 

dry weights and root:shoot ratios (Pa 0.05) (Table 3.17; Figures 3.5. 3.7). 



Table 3.19. Effect of P fertilizer on root:shoot ratio of pea in the Hochfeld s o l  21 days 
der  pianting. 

P fertilizer Root:shoot 
ratio (&) 

~ock-P '  0.365 
No added P 0.347 
TSF 0.3 10 

[LSD (Ps 0.05) 0.033 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" s o l  
TSP = triple superphosphate at 17.2 mg P kg-' s o i  

Table 3.20. Effect of Peniciiiium biiaii (with, +; without, -) inoculation on root and 
plant dry weight of pea in the Malmo so& 21 days after phting. 

- - - - - - -- - 

P. bilaii Root dry Plant dry 
weight (g) weight (g) 

- O. 1969 0.530 1 
+ O. 1745 0.4793 

Table 3.21. Effect of P fertilizer on root:shoot ratio of pea in the Malmo soiL 21 days 
af ter plan ting . 

IP fertilizer Root:shoot ratio 1 
( d g >  

~ock-P '  0.5965 
No added P 0.5553 
T S P ~  0.5 139 I 

LSD (Ps 0.05) 0.0559 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" s o l  
TSP = triple superphosphate at 17.2 mg P kg*' soiL 
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Rock-P fertilizer significantly increased root dry weight 19% over the no added P fertilizer 

level (Table 3.22). The addition of P fertilizer (TSP or rock), significantly increased shoot 

and plant dry matter production in the Hochfeld soil (Table 3.22). The TSP ferdker level 

produced an average increase of 29 and 282  over the no added P Ievel for shoot and plant 

dry weight, respectively, whde the rock-P fertilizer level produced an average increase of 

20 and 2346, respectively (Table 3.22). Root:shoot ratios were signifïcantly greater for 

the no added P and rock-P fertilizer levels than for the TSP fertilizer level in the Hochfeld 

soil (Table 3.23). 

Similarly, P. bilaii inoculation did not affect dry rnatter production or root:shoot 

ratios of pea on the Malrno soi1 (Table 3.18; Figures 3.6, 3.8). However, P fertilizer had a 

signincant effect on root (Pr 0.01), shoot (Ps 0.01), and plant (Ps 0.01) dry weight in the 

Malmo soi1 (Table 3.18). The TSP and no added P fertilizer levels produced significantly 

greater root dry rnatter (40 and 291, respectively) than the rock-P fertilizer level (Table 

3.24). For shoot and plant dry rnatter, TSP fertilizer sigdïcantly increased production 

(27 and 28%. respectively) over rock-P fertilizer (Table 3 .X). Phosp homs fertilizer did 

not aBxt root:shoot ratios in the Malmo soil (Table 3.18; Figure 3.8). 

3.3.4 Nodulation Responses 

The results on nodule number, and specific nodulation have ken surmnarized on 

Tables 3.25 and 3.26 and nodule dry weights on Tables 3.17 and 3.18 which presents 

signifïcance levels for main effects (P. bilaii inoculation, P fertilizer) and interactions (P. 

bilaii x P fertilizer) for all harvest dates. Details of treatment effects for each harvest date 

are presented bel0 W. 



Table 3.22. Effect of P fertilizer on root, shoot, and plant dry weight of pea in the 
Hochfeld soïl, 28 days after planting. 

- 

P fertilizer Root Shoot Plant 

-- - - -- 

TS p2 0.5308 1.597 2.127 
~ock-P '  0.5455 1.485 2.03 1 
No added P 0-4564 1.234 1.655 
LSD (Ps 0.05) 0.0783 0.236 0.299 
Rock-P = Idaho rock phosphate at 17.2 mg P kg-' soiL 

V S P  = triple superphosphate at 17.2 mg P kg" s o l  

Table 3.23. Effect of P fertiiizer on root:shoot ratio of pea in the Hochfeld sod 28 days 
after planting. 

IP fertiIizer Roo~shoot ratio 1 
( d g )  

No added P 0.380 
~ock-P'  0.370 
TSF 0.335 

[LSD (Ps 0.05) 0.032 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kgm1 soiL 
V S P  = triple superpho$hate at 17.2 mg P kg*' SOL 

Table 3.24. Effect of P fertilizer on root, shoot, and p h t  dry weight of pea in the 
Malmo soil, 28 days after planting. 

JP fe-r Root Shoot Plant 

JNO added P 0.3626 0.6228 0.9855 
Rock-Pl 0.28 16 0.5537 0.8577 
LSD (Ps 0.05) 0.07 13 0.098 0.1433 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg-' s o l  
?SP = triple superphosphate at 17.2 mg P kg-' soiL 







3-3.4.1 14 DAP 

For the Hocfifeld soi1 at 14 DAP, no detectabie treatment effects on nodule 

number, dry weight, or specifïc nodulation of pea was observed (Tables 3.17, 3.25; 

Figures 3.5. 3.9). 

For the Malmo soil, there were no detectable treatment effects on nodule number 

(Table 3.26; Figure 3.10). However. the main effect of P fertiker was significant in the 

Malmo soil for nodule dry weight (Ps 0.05) and specific nodulation (Pa 0.0 1) (Tables 

3.18. 3.26). Rock-P fertilizer significantly increased nodule dry weight 50% over the no 

added P fertilizer level and 28% over the TSP fertilizer level (Table 3.27). Ln addition, 

rock-P fertiluer signincantly increased specfic nodulation 40% over the no added P level 

(Table 3.27). 

3.3.4.2 21 QAP 

For the Hochfeld soi1 at 21 DAP, the only significant nodulation response occurred 

for P. bilaii inoculation at the rock-P fertilizer level (Tables 3.17.3 .X). Inoculation 

resulted in a signifïcant reduction in nodule dry weight (P5 0.01) and specific noddation 

(P s 0.05) by 7- and 3-fold respectively (Figures 3.5,3.9) at the rock-P fertilizer level 

For the Malrno soil, both P. bilaii inoculation and P fertilizer affecteci nodule 

number, weight, and specific nodulation of pea (Tables 3.18.3.26, 3.28, 3.29; Figures 

3.6, 3.10). Over di P fertilizer Ievels, P. bilaii inoculation on average, reduced nodule 

number by 3896, nodule dry weight by 5 6 1  and specific nodulation 22% compared with 

non-inoculated plants in the Maùno soil (Table 3.28). Further to this, contrast statements 



Figure 3.9. The effkct of inoculation with (Pb) or without (Pb-) Penicilliwn bilaii and 
P sources (O P fenilizer added, P-; 17.2 mg P of Idaho rock P kg-' soil, R; 17.2 mg P of 
triple superphosphate kg" soc T) on whok plant nodulation (A), and specinc nodulation 
(B) of pea in the Hochfeld s o l  Bar represents the mean standard error of trcatrnents 
within dates. 



Days after planting 

Figure 3.1 0. The effect of inoculation with (Pb) or witho ut (Pb-) P enicilliwn bilaii and 
P sources (O P fenilizer added, P-; 17.2 mg P of Idaho rock P kg-' soil, R; 17.2 mg P of 
triple superphosphate kg-' so& T) on whole plant nodulation (A). and specific nodulation 
(B) of pea in the Malmo soil. Bar represents the mean standard error of ueamnts within 
dates. 



Table 3.27. Effect of P fertilizer on nodule dry weight and specific noduiation of pea in 
the Malmo soil, 14 days after planting. 

~LSD (PS 0.05) 0.0002 0.94 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg-' soil. 
'TSP = triple superphosphate at 17.2 mg P kg-' soiL 

P fertilizer NoduIe S pecific 
dry weight nodulation 

( g  ) (no. m -' roo t) 
~ 0 c k - p '  0.0009 4-95 
TS Pz 0.0007 4.38 
No added P 0.0006 3-54 

Y 
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indicated P. bilaii inoculation at the rock-P fertilizer level signincantly (Ps 0.01) reduced 

nodule number 66% and specific nodulation (Ps 0.05) 3 4 4  compared with the non- 

inoculated plants (Table 3.26; Figure 3.10). P. bilaii inoculation at the TSP fenilizer level 

significantly (Ps 0.05) reduced nodule dry weight 5046 cornpared with the non-inoculated 

plants (Table 3.1 8; Figure 3.10). P. bilaii inoculation at the rock-P fermizer level was 

significant at P = 0.07 for reducing nodule dry weight (Table 3.18). 

The main effect of P fertilizer had a significant effect on nodule number (Pr 0.05). 

dry weight (Pr 0.01), and specific nodulation (Pr 0.05) of pea in the Malmo soil (Tables 

3.1 8. 3.26; Figures 3.6, 3.10). Triple superphosphate fertilizer significantly increased 

nodule number 41 8, and dry weight 67% over the no added P fertilizer level (Table 3.29). 

Rock-P fertilizer significantly (Ps 0.05) increased specifc nodulation 324  over the no 

added P fertilizer level in the Malrno soi1 (Table 3.29). 

3.3.4.3 28 DAP 

At 28 DAP, nodule nurnber, dry weight, and specific noduiation of pea was no t 

af5ected by P. bilaii inoculation on the Hochfeld soi1 (Tables 3.17, 3.25; Figures 3.5, 3.9). 

Phosphorus fertilizer in the Hochfeld soil had a significant (Ps 0.05) effect on nodule 

number and dry weight (Tables 3.17.3.25). The rock-P fermizer level produced 

significantly more (72%) nodules than the no added P fertilizer level (Table 3 .XI). Rock-P 

fertiiizer increased nodule dry weight 108% and TSP feridker 1034 over the no added P 

fertilizer level in the Hochfeld soil (Table 3.30). 

For the Malmo s o l  the only signficant response occurred for P. bilaii inoculation 

at the TSP fertjiizer level (Tables 3.18,3.26; Figures 3.6, 3.10). Overali, P. bilaii 



Table 3.28. Effect of Penicilfium bilaii (with, +; without, -) inoculation on nodule 
number, nodule dry weight. and specific nodulation o f  pea in the Malmo soil, 21 days after 
planting. 

P.  bilaii Nodule Nodule dry Specifïc 
number weight nodulation 

(g> (no. m -' root) 
- 49.6 1 0.00 14 1.89 
+ 36-00 0.0009 1.54 

1 LSD (Ps 0.05) 8.63 0.0003 0.32 

Table 3.29. Effect of P fertilizer on nodule number, nodule dry weight, and specific 
nodulation of pea in the Malrno soil, 21 days after planting. 

P fertilizer No dule Nodule Specfic 
number dry weight nodulation 

( g )  (no. m -' root) 
'TSF 50.00 0.00 15 1.43 
No added P 43.08 0.00 1 1 1.8 1 
~ock -P '  35.33 0.0009 1 .90 

~LSD (Pr 0.05) 10.57 0.0004 0.39 1 
'~ock-P = Idaho rock phosphate at 17.2 mg P kg" SOL 
?SP = triple superphosphate at 17.2 mg P kg'' soiL 



Table 3.30. Effect of P fermizer on nodule number, and nodule dry weight of pea in the 
Hochfeld so& 28 days after planting. 

P fertilizer Nodule Nodule 
number dry weight (g) 

~ock-P' 404.55 0.0337 
TSP' 35 1.30 0.0330 
No added P 235.20 0.0 162 

h 

~LSD (PS 0.05) 126.36 0.0 154 1 
'Rock-P = Idaho rock phosphate at 17.2 mg P kg" soiL 
~ S P  = triple superpho&hate at 17.2 mg P kg-' SOT 



inoculation significantly (Pi  0.01) reduced nodule dry weight 105% compared with the 

non-inoculateci plants (Figure 3.10). 

3.4. Discussion 

These experiments were conducted to assess the stimulatory effect of the 

rhizospheric fungus Penicilliwn bilaii on pea root morphology and phosphate absorption. 

The favoured hypothesis of ho w P. bi[aii promotes plant growth is that the fungus is 

thought to solubilke sparingly soluble phosphates by secreting organic acids, which acidQ 

the surroundhg soil and/or by cation chelation, thereby increasing the availability of 

soluble phosphate to the plant (Asea et al., 1988; Kucey, 1987, 1988). The three 

occurrences where inoculation wit h P. bilaii increased P concentration or accumulation in 

pea tissue, there was no O bserved stimulation of plant root length (see belo w). The 

observed hcreases in P concentration and accumulation associateci with P. bilaii 

inoculation occurred when there was no addition of P fertilizer, or when rock phosphate 

fertilizer was added. Other researchers have observed increased P uptake as a result of P. 

bilaii inoculation, which occurred both with and without added P fertilizers (Axa et al., 

1988; GIeddie, 1992; Kucey, 1988; Kucey and Leggett, 1989). At 14 days after planting 

(DAP) on the Malrno soil (low P), P. bifuii inoculation when no P fertilizer was added, 

increased shoot P concenmation 29% and shoot P accumulation 45%, but there was no 

resdtant increase in dry matter yields (Tables 3.3, 3.10, 3.18; Figures 3.2, 3.4, 3.6). At 28 

DAP on the Malrno so& P. bilaii inoculation and rock phosphate fertilizer incread both 

root and shoot P concentration (22, and 42% respectively) and accumulation (39, and 

63% respectively) but no increase in dry matter yields was observed (Tables 3.3, 3.10, 
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3.1 8; Figures 3.2,3.4,3 -6). At 2 1 DAP on the Hochfeld (high P) soîl, P. bilaii 

inoculation and rock phosphate fertdher increased shoot P concentration 122, but no 

effect on dry matter nor increase in P accumulation was O bserved (Tables 3.2, 3.9, 3.17; 

Figures 3.1. 3.3. 3.5). Other researchers have demonstrated that inoculation with P. bilaii 

resulted increased dry matter production (Downey and van Kessel, 1990) and increased P 

uptake and dry matter yield of pea shoots and roots (Gleddie, 1992). 

As the Malrno soil was P deficient (Table 3.1)- it was expected that any increase in 

P availability fiom the application of P fertiiizer would have resulted in increased dry 

rnatter production. provided that other factors were not limiting growth. Triple 

superphosphate (TSP) fertdker at 21 DAP increased shoot P concentration over rock 

phosphate and no added P treatments, but since there was no dry matter response, 

accumulation was not increased (Tables 3.10, 3.13-3.18; Figures 3.4, 3.6). The Hochfeld 

soil had sufncient soil P levels (Table 3.1) and responses to P fertilizer were unexpected. 

Shoot P accumulation and shoot and plant dry matter yields responded to the addition of P 

fertfier (Tables 3.9, 3.15,3.17. 3.22; Figures 3.3, 3.5). Ailaway (1971) has concluded 

that the effect of adding a nuaient as fertilizer rnay range £iom no increase in the 

concentration of the element in the plant although rnarked yield increases rnay be O btained, 

to significant increases in the level of the element in plant tissue without change in yields. 

Paynter (1993) has described the two components of a plant response to applied P to be: 

first, the ability of the plant to take up P, and second, its ability to utilise this absorbed P 

withui the roots and shoots. At 21 DAP, the plants on the Malrno soil were able to take 

up P as there was an increase in the shoot P concentration when TSP fertilizer was added. 
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However, the plants were unable to utilise this P for dry rnatter production. By the third 

harvest, plants at the TSP fertiüzer level were not significantly different fkom those that 

received no P fertilizer in terrns of P concentration and accumulation and dry mater 

production. 

The reasons for the lack of dry weight response may be threefold. F ~ s t ,  if we look 

at the P concentration values in the plant tissues for the M a h o  soil compared with the 

Hochfeld soil (Figures 3.3,3.4), there is a drarnatic difference between the soils. The P 

concentration in the plant can reflect the adequacy of P for plant growth (Hanway and 

Olson, 1980). Generaliy for leaf samples of grain crops (wheat, oat, corn, soybean) at 

anthesis or fidl bloom, if the percentage of P (expressed on an oven-dry basis) exceeds 

0.25% (2.5 mg g-l), the P concentration of the plant is considered sufocient. If the P 

concentration is less than 0.2% (2 mg g-'), the plant is considered low in P, and if less than 

0.15% (1.5 mg g-'), the plant is considered to be very P deficient (Hanway and Olson, 

1980). Although these ranges are for more mature leaf tissue, the P concentration of 

young tissue is usudy greater than mature tissue, and therefore these ranges are 

applicable for this discussion (see below). For the Malmo soil, the P concentrations of the 

shoots at 14 DAP are in the sufncient range (Figure 3.4). This is Likely a result of the 

supply of P from cotyledon P reserves. At 21 and 28 DAP, the P concentration of the 

shoot tissue is in the low to deficient range (Figure 3.4). The effects of P deficiency are 

reflected in the reduction in dry weights of the roots, shoots, and nodules of plants and the 

increased root:shoot ratios on the Malmo soil cornpareci with the Hochfeld soil (Figures 

3.5,3.6, 3.7, 3.8). The Hochfeld soil was sufficient in P (Table 3.1) and the shoot P 
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concentrations were in the sufncient range at ail dates (Figure 3.3). Researchers have 

found that biomass gain per unit leaf area is low in P-stressed plants because each unit of 

leaf area has a greater respiratory burden of heterotrophic tissue to sustain. As a result. a 

greater proportion of fixed carbon is lost to respiration in P deficient plants (Lynch et al.. 

1991). Lynch et al. (1991) deterrnined that the proportionaüy greater biomass partitioned 

to heterotrophic tissue (Le., roots) could entirely account for the reduced growth of P- 

deficient plants. If a greater rate of P was appiied, or if the P fertilizer was added to the 

pots to be positionaily available (Le., minnc a side band application), a greater response to 

P in the Malrno soil may have k e n  observed. Since an increase in the P concentration of 

shoots at 21 DAP was observed with the addition of triple superphosphate fenilizer in the 

Malmo soi1 (Table 3-13), other factors may have been lirniting growth. 

The second factor that may have conaibuteci to the lack of dry weight response 

may be related to N deficiency. The Malrno soil was rated as P and N deficient (Table 

3.1) and nodulation response was poor (Figures 3.6 and 3.10) compareci with the 

Hochfeld s o l  which had optimum P levels and noduiation response was good (Figures 3.5 

and 3.9). Researchers have O bserved that P plays direct roles in rhizobial gro wth and 

survival, nodule initiation, and function (Beck and Mums, 1984; Cassman et al., 198 1; 

Gates, 1974; Israel, 1987). Legumes that rely on N, fixation for their supply of N, and are 

not receiving an adequate supply of P, rnay becorne N deficient (Marschner, 1995). 

The third factor that may have contributed to the lack of dry weight response on 

the Maho soi1 is the hadiance in the growth chamber (approximately 6 15 p mol m-Z d). 

Given that the irradiance in the field can be up to three times the HTadiance of out growth 
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chambers, photosynthesis may have ken  a limiting factor, and masking a P fertüizer 

response on the low-P Maho  soc  

One obsemed effect of P. bilaii on root morphology was that inoculation resulted 

in a reduction of root length. At 21 DAP on the Malmo so& inoculation resulted in a 12% 

reduction of root length over all P fertilizer levels (Table 3.6). This reduction in root 

length did not result in a change in the P concentration of roots or shoots, or shoot P 

accumulation, but resulted in less P accumulation by the roots as significantly less root dry 

matter was produced compared with non-inoculateci plants (Figures 3.2, 3.4.3.6). There 

was also a reduction of plant (whole) dry matter yield of 118 as a result of P. bilaii 

inoculation (Table 3.20). Howeve:, by 28 DAP, this reduction in root length did not 

affect P concentration or accumulation. nor dry matter production (Figures 3.4, 3.6). This 

suggests that P. bilaii inoculated plants require less root surface area to produce shoot dry 

rnatter and possibly for P absorption as less root length of inoculated plants did not 

negatively affect P concentration or accumulation, nor dry rnatter production. 

Another observed effect of P. bilaii inoculation on root morphology, in particular 

mean root diameter, occurred on the Malmo soil at 28 DAP at the no additional P 

fertilizer leveL Inoculation resulted in a 22% reduction in SRL (Le., a decrease in root 

length per unit root dry weight), which translates into plant roots that are thicker (Figure 

3.2). Root length was reduced by 20% at P4.06. This alteration of root morphology did 

not affect pea tissue P concentration or accumulation. Interestingly, at 14 DAP. shoot P 

concentration and accumulation were significantly greater for the P. bilaii inoculated 

plants at the no additional P fertiiizer level (Table 3.10, Figure 3.4). At 2 1 DAP, there 
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was a reduction in root length pius root and plant dry weight, but no subquent effect on 

shoot P concentration, accumulation, or dry weight occurred (Tables 3.3, 3.10.3.18; 

Figures 3.2, 3.4.3.6). This may also suggest that P. bilaii inoculateci plants may not 

require as large of a root surface area for P absorption as non-inoculateci plants. The 

observed increase in shoot P concentration and accumulation at 14 DAP may have lead to 

the subsequent reduction in root length (7.1 DAP) and increase in SRL at 28 DAP, as 

plants with sutFicient levels of P may actuaUy have shorter roots with greater diameter 

compared with P-deficient plants (Asher and Loneragan, 1967; Christie and Moorby, 

1975; Ozanne et al., 1969; Powell, 1974). 

Generally, plants wiu increase the root surface area to improve the P supply to the 

shoot (Atkinson, 1973; Fitter and Hay, 1987; Powell, 1974; Romer et al., 1988; Schenk 

and Barber, 1979 a, b). Plant roots are known to proliferate in P-nch regions of soil 

(Drew et al., 1973). Although root proMeration is stimulateci in a P-rich zone, the 

addition of P may lead to a reduction in the actual amount of roots per unit weight of top 

(Christie and Moorby, 1975; Ozanne et al., 1969). Total root length and dry weight may 

be reduced when the ievels of P in the soil are increased (Asher and Loneragan, 1967; 

Powell, 1974). Mean root radius (and thus the diameter) is generdy srnaller under low P 

conditions suggesting that roots of P deficient plants are finer (Fitter, 1985; Fitter and 

Hay, 1987; Powell, 1974; Schenk and Barber, 1979b). Sorne plants will reduce root 

radius instead of root length under shortage of assimilates during P deficiency as a 

mechanism for increasing the root surface per unit of root weight to improve the P supply 

to the shoot (Schenk and Barber, 1979b). The non-inoculateci plants at the no additional 
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P leveis were significantly finer than P. bilaii inoculated plants on the Malmo soil (Table 

3.3; Figure 3.2). In addition, pea plants in this study appeared to increase the root:shoot 

ratio under P deficiency (Malmo vs. Hochfeld soil) (Figures 3.7, 3.8). At low P supply, 

the proportion of root rnass produced increased. This mechanisrn is an adaptation of 

plants to improve P uptake when P is limiting. This phenomenon has k e n  O bserved by 

rnany researchers for rnany species (Atkinson, 1973; Fohse et al., 1988; Lynch et aL, 

1991). 

The rate lirniting steps in the uptake of phosphate by plants from soi1 are: a) the 

difision of phosphate ions in the soil solution to the plant roots; b) concentration of 

phosphate at the root surface; and c) the release of phosphate ions fiom soi1 particles 

(Bolan, 1991). Since the observed increases in P concentration and accumulation by 

P. bilaii inocuiated plants were not preceded or accornpanied by a greater root surface 

area for P absorption, t his fungus may be involved in increasing the availabiiïty of P to the 

plant. One possible explanation of the observed alteration of root morphology of P. biloii 

inoculated plants is that the fungus is increasing the availability of P to the plant roots. 

Thus, no increased investment in root production was required, but was necessary for 

non-inoculated plants. Penicillium bilaii has shown P-solubiliting ability (Asea et al., 

1988; Kucey, 1983, 1988) an produces oxalic and citrie acid in pure culture (Cunningham 

and Kuiack, 1992). Production of organic compounds such as citrate can release 

phosphate fiom soit particles (Bolan, 199 1; Bar-Yosef, 1996). Revious snidies ushg 3 2 ~  

indicated that plants inoculated with P. bilaii are able to utilize soil P sources that are 

unavaiiable to control plants (Chambers, 1992) as weil as rock phosphate (Asea et al., 



1988). This is consistent with the resdts of this study, which demonstrate increased P 

concentration and accumulation by P. bilaii inoculated plants without the addition of P 

fertilizer as well as with rock phosphate. The Iack of response to P. bilaii by inoculated 

plants on the Hochfeld soi1 (high P availability) supports the favoured mechanism of 

g o  wth promotion by P. bilaii. Ho wever, O ther researchers have o bserved increased dry 

matter production with inoculation with P. bilaii that was not associateci with increased P 

content of the plants (Chambers, 1992: Downey and van Kessel 1990; Gleddie, 1992; 

Keyes, IWO). This evidence suggests that P. bilaii rnay stimulate plant growth by other 

rnechanisms, possibly in addition to increasing the availability of P to plants. Keyes ( 1990) 

has suggested that P. bilaii rnay promote plant growth through passive biocontrol or 

growth-promoting effects. Because this system is so complex, involving a plant, a fungus, 

and the soi1 environment, one should not limit the effect of a living cornponent (Le., P. 

bilaii) to a single mechanism as c m  be done with the application of P fertdizer. 

Ano ther objective of this study was to determine if P. bilaii inoculation affected 

nodulation of peas. Negative effects of P. bilaii inoculation on nodulation (nodule no., 

specific nodulation, dry weight) were observed on both soil types. Nevertheless, by 28 

DAP, the only negative effect O bserved was for nodule dry weight on the Maimo soil at 

the TSP fextiber level (Tables 3.17, 3.18, 3.25, 3.26; Figures 3.5,3.6, 3.9, 3.10). At 2 1 

DAP on the Malmo soil, the reduction in nodulation response was likely a result of the 

reduction of root dry matter and thus, fewer sites for Rhizobium infection (Table 3.18, 

Figure 3.6). 

The coefficient of variation (CV) for nodulation parameters was quite high. For 



the Hochfeld s o l  the CVs ranged fiom 37- 1248 and the CVs for the Malrno soil were 

appreciably lower ranging fiom 2546%. Generdy, the lowest CV values were obtained 

at 28 DAP. These high values for the CV rnight have k e n  a result of the inherent 

varhbility of nodulation in soils. Nevertheless, it rnay have prevented detecting m e  

significant dinerences with the number of replicates used in this study. 

In  s i n  acetylene reduction assay was attempted to rneasure nitrogenase activity, 

but could not be used as there were problems with administering the acetylene to the 

roots. The N concentration and accumulation of the pea tissue were not measured in this 

study and could have given a better indication of the N status of the plant. 

Gleddie (1992) reponed inoculation with P. bilaii resulted in increased nodulation 

of pea roots by Rhizobium legumimsanun in a growth room study, and promoted 

increased N uptake by pea in growth chamber and P responsive field trials. However, 

Downey and van Kessel (1990) found that inoculating with P. bilaii decreased total N 

accumulation by pea plants in a growth chamber experiment. They proposed that the 

production of P-solubiüzing organic acids by the fungus m y  have reduced the rhizosphere 

pH to a degree that would inhibit Rhizobiwn function. 

In conclusion, it appears that P. bilaii does not stimulate root growth (Le., root 

length) to increase root surface area for phosphate absorption or to promo te plant growth. 

Inoculation with this fungus may affect the morphological properties of the root system 

(root length and diameter) by iniproving the availability of P to the plant, and thus, the 

resulting P status of the plant. Changes in P availability, and the resulting plant uptake 

rnay result in the alteration of the morphological properties of the root system, as P status 
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is known to affect root morphoiogy. No effects on dry rnatter were observed, but this 

may have k e n  a result of other factors iimiting growth besides P. ln this snidy, the effects 

of P. bilaii on nodulation response of pea are inconclusive. However. if root length was 

reduced by P. bilaii, through irnproved P status of the plant, a s d e r  number of infection 

sites would have been expected. 
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4.0 Effect of Penicillium bihii on root morphology of pea (Pisurn 

sativum L.) - Field study 

4.1 In traduction 

In western Canada, field crops generally take up about 10 kg ha-' yil of 

phosphoms (P) in the form H,PO,' or HP0,& fkom the soi1 solution (Keyes, 1990). 

Although the soüs on which these crops are grown are often high in total P, only a very 

srnall portion (0.0 1%) is available to the plants (Brady, 1990; Doyle and Cowell, 1993a). 

To increase the availability of P to plants, phosphate fertihzers can be added to the SOL 

However, when water soluble P fertilizers dissolve in moist soil they cm react with soil 

constituents which leads to the formation of less soluble compounds, and with tirne, to 

highly insoluble forms. The reactions between P fertilizers and soil constituents are 

referred to as P kation and retention (Soper and Racz, 1980). Usually the surface 15-20 

cm of soil is higher in P than the subsoil because P is transported to the surface by plant 

growth over years of soil developrnent and from P fertilwr applications (Barber, 1980; 

Ozanne, 1980). SubsoiI P leveis are lower because P does not leach and it is dficult to 

incorporate P fertiüzers mechanically. 

Plants have various ways in which to adapt to P-fimithg soil conditions. 

Sensitivity analysis of models for phosphate uptake by plant roots has indicated that plant 

properties that affect root surface area (eg. root length and diameter), cm greatly affect 

the rate of phosphate uptake by the plant (Silverbush and Barbcr, 1983). Increased 

phosphate uptake rnay result nom plants that have a h e r  and longer roo t system Soil 
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microorganisrns may promote plant growth by altering root growth and morphology or by 

infiuencing the infiux khetics of part of or the whole root surface to Uiiprove water and 

mineral nutrient acquisition by the plant (Barber, 1984; Marschner, 1995; Tinker, 1980). 

Penicillium bilaii (ATCC strain no. 2085 1) is a rhizosphenc fungus reported to 

increase dry rnatter production, grain yield. and P uptake of wheat, canola, bean, pea, and 

kntil in growth charnber and field experiments aione, or in combination with rock 

phosphate or monoarnrnonium phosphate ( M M )  (Asea et al., 1988; Chambers, 1992; 

Gleddie, 1993; GIeddie et al., 199 1, 1993; Kucey, 1987, 1988; Kucey and Leggett, 1989). 

The mechanism (s) underlying the stimulation of plant growth and P-uptake is not known. 

The fungus has been shown to solubilize calcium phosphate in an agar medium (Kucey, 

1983). rock phosphate in liquid culture (Asea et al., 1988), and in potted soils, P. biiaii 

inoculation increased the NaHC0,-ex~actable P and the incidence of P-solubilizing fungi 

in the rhizosphere (Kucey, 1988). The major acidic metabolites produced by P. bilaii are 

oxalic and citric acid (Cunningham and Kuiack, 1992). This indirect evidence that 

suggests P. bilaii may increase the availability of phosphate to the plant by releasing 

organic acids, which may act to acidify localiseci areas of the rhizosphere and/or act as a 

chelator of cationic partners of the phosphate anion (Kucey, 1988). Ho wever, alternative 

evidence suggests that P. bilaii stimulates plant growth by other mechaniSm (Chambers, 

1992; Downey and van Kessei, 1990; Gleddie, 1992; Keyes, 1990). 

One possible mechanism of ho w P. bilaii rnay promote plant gro wth is by altering 

roo t gro wth and morphology thereby increasing the roo t surface area for nutrient 

absorption. In research related to the present study (Chapter 3), P. bilaii under controlled 



conditions was associated with higher shoot and roo t tissue P concentration and 

accumulation, but this increase was not a result of an increase in root surface area for P 

absorption. ln fac t, inoculation with this fungus was associated with a reduction of total 

root length and specinc root length (Le., increased average root diameters) while 

rnaintaining the P concentration of the tissue to that of the control plants. This reduction 

in root length in early growth did not affect the subsequent P status or dry weight of the 

inoculated pea plants. 

The objective of this study was to detemnne, under field conditions, if the 

stimulation of P-uptake in peas (Piswn sotivum L.) treated with P. bilaii is the result of a 

generalized stimulation of plant root growth. This stimulation of root growth would result 

in a greater root surFdce area to access soil phosphorus. We also determhed the effect of 

this fungus on above ground biomass and nodulation of crown roots of pea. 

4.2 Materials and Methods 

4.2.1 Site Preparation and Seeding 

Field trials were established at two locations in 1996; Ellerslie AB (49' 28' N, 98' 

(NE-24-T5 l-R25-W4) and Outlook SK (5 1" 30' N, 107', 03' W) (NW-24-T27-R7- 

W3). These locations were selected because of their low levels of soil P and N (Table 

4.1). Wheat was planted at both sites in each of the two previous years. Trials were 

manged in a randornïzed complete block design with factorial (2 x 3) treatment structure. 

The two factors were P. bilair' with two levels (inoculated, non-inoculated) and level of P 

fertiüzation with three levels (0,6.4, 19.3 kg P ha-') (0, 15,45 kg PD, ha-') resulting in 

six treatrnents with five replications. 
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Soil analysis for the Elierslie and Outlook sites are sumrnarized in Tabk 4.1. Al1 

analysis of the soil was c b e d  out by Plains Innovative Laboratory SeMces, Saskatoon 

SK, using soil cores (30 cm). Soil texture was determined by the hand-textu~g method 

(by feel and rolhg). Soil pH was determined by using a 1:2 soil water paste and pH 

rneter (Kaira, 1995). Soil elecmcal conductivity (EC) was detennined using a 1 :2 soil 

water paste and conductivity meter. Soil nitrogen (NO,-N) was determine. using a CaCI, 

extract and analysed for nitrate and nitrite by automated colorimetry (Manual Soil 

Sampling, 1978). Soi1 phosphorus (P) and potassium (K) was determineci using a 

modined Kelowna extraction (Qian et al., 1994). Soil suiphur (SOCS) was determined 

using a CaCl, exaact and analysed for sulphate by methyl thymol biue automated 

colorimetry (APHA, 1992). 

Rior to seeding, ethalfiuralin (Edge DC, 1.15 kg ai. ha-') was applied at each field 

site for weed control and was incorporated in the sarne direction as plots with a 1.5 m 

wide rototilier, twice. Triais were hand weeded as necessary to remove weeds not 

elimuiated by the ethalfluralin, and at the Euerslie site, irriazethapyr (Pursuit, 51 g a.i ha") 

dong with a surfactant (Agsurf, 250 ml hamL), were applied 32 days after planting for post- 

ernergent weed controL 



Table 4.1. Characteristics of the soils at the Eiierslie AB, and Outlook SK field sites. 

Site S oil 
ciimatic zone 

Surface 
texture* PH 

Ellerslie AB Moist black central CL 7.4 O. 1 4.2 3.3 118 6.7 

Outlook SK Dark brown CL 8.5 O, 1 2.5 1.7 163 4.7 
*CL = clay loam 
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Trials were seeded by Philom Bios hc. (Saskatoon, SK) using a s d - p l o t  double 

Pea (Piswn sativum L. cv. Majoret) seeds were planted at a depth of 3.1 cm at a rate of 

23 1 kg ha-'. The sites were seeded May 3, 1996 (Outlook) and May 10, 1996 (Ellerslie). 

AU seeds were inoculated with Rhizobiwn leguminosanun bv viceae (strain NRG 457) at 

a rate of 2.0 x 10' colony forming units (CFU) seed-'. Those seeds receiving P. bilaii seed 

treatment were inoculated at a rate of 1.1 x 10' C N  g" çeed. 

Individual plots were 10 m in length by 1.5 m in width. Each plot consisted of six 

treatment rows 15 cm apart, bordered by two guard rows of triazine tolerant canola to 

eliminate edge effects. Each aial was bordered by untreated plots of pea, aiso to eliminate 

edge effects. 

Monoammonium phosphate (1 2-5 1-0) was banded 5 cm belo w and 2.5 cm beside 

the seed at a rate of 0,6.4, 19.3 kg P ha-' (0, 15,45 kg P,O, ha-'). Potassium sulphate (O- 

0-22-22) and zinc sulphate (liquid- 7% Zn, 4% S) were applied according to soi1 test 

recommendations. 

4.2.2 Sampling 

The Outlook and EUerslie sites were sampled at 41 and 36 days after phting with 

the plants having an average of 9 and 7-8 nodes, respectively. Two cores per plot were 

taken, and an average of the two was used for analysis. The sample core was 15 cm in 

length and 6.5 cm in diameter. The corer was placed directly over the plant with the shoot 

king in the centre. No weeds or plants were within 7.5 cm (in ai i  directions) of the 

sarnple plant. The shoots were rernoved and later kozen at -20" C, freeze dried, weighed, 
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taken, and an average of the two was used for analysis. The sample core was 15 cm in 

length and 6.5 cm in diameter. The corer was placed directly over the plant with the shoot 

king in the centre. No weeds or plants were within 7.5 cm (in all directions) of the 

sample plant. The shoots were removed and iater fkozen at -20" C, fieeze dried, weighed, 

and ground using a coffee grinder. The soiI cores were fiozen at -20" C and later 

processed. The soil was removed f?om the roots by soaking the core in tap water and 

gently shaking the root core. The soi1 adhering to the roots was removed by placing the 

roots and soil ont0 a sieve (1.2 or 1.4 mm) and gently wasbing. The roots were then 

stained with methylene blue (0.1% w/v distilled water) by placing the roots into the dye 

solution for 30 s, foilowed by rinsing with distilled water for 30 S. Root lengths were 

deterrnined using IMAGEX, a digital analysis system, developed by L. Lamari, Dept. of 

Plant Science, Winnipeg, MI3 as described previously in Chapter 3. Afier analysis the 

roots were fiozen at -20" C and later thawed to remove and count the nodules. The 

samples were then refkozen, fieeze dried, and weighed. Phosphorus concentration of the 

shoot tissue was determined by the same method used in the growth chamber experirnents 

for the Ellerslie soil. 

One rneter row sarnples of above ground biornass were removed fiom each plot, 

and the number of plants, and dry weights were determined. 

Data was analysed using the General Linear Mode1 procedure of the Statistical 

Analysis System package (SAS Institute Inc., 1986) and single degree of fieedom 

connasts were made. Treatmnt means were separateci using the Fiher protected least 

significant difîerence test (LSD) at a = 0.05 level after the analysis of variances indicated 



significant ciifferences at the same level. 

4.3 Results 

The field experirnents were conducted to investigate the effect of Penicillim bilaii 

and phosphorus (P) fertilizer on the stimulation of crown root growth and the resulting 

concentration and accumulation of P in the shoot tissue. There was only one sampling 

period at each site, and the results fiom these sites will be discussed together. 

4.3.1 Root Morp hology 

The results on root morphology have been surnrnarized on TabIe 4.2 which 

presents significance Levels for main effects (P. bilaii inoculation, P fertilizer) and 

interactions (P. bilaii x P fertilizer) for both the Ellerslie and Outlook sites. Details of 

treatment effects are presented below. 

There were no detectable treatment effects on root crown morphology of pea at 

the Outlook site (Table 4.2; Figure 4.1). However, at the Ellerslie site P. bilaii 

inoculation at the no additional P fermizer level had a significant effect (Ps 0.05) on root 

morphology of pea (Table 4.2; Figure 4.2). Inoculation with this fungus resulted in a 488 

increase in root crown length and a 2 1 % increase in specinc root crown length when no P 

fermiw was added. In addition, this aeatrnent produced the greatest root crown length 

and specinc root crown length over all other treatments (Figure 4.2). 



Table 4.2. Sigficance of root crown responses [root length and specific root length 
(SRL)] of pea grown with and without Penicillium bilaii (Pb) and at one of three levels of 
P fertility (no added P, 6.4 and 19.3 kg P hamL) at the Ellerslie and Outlook sites. 

Eliers lie 

Root crownt Root crownt 
length SRL 

Main effects 
Block - - 
P level I - 
P. bilaii ** - 

hteraction 
P  level x Pb f - 

Contrasts 
P b @ O P  *** * 
Pb @ 6.4 P  - - 

Outlook 

Rootcrownt Rootcrowni 
length SRL 

- = not sig&ant. 
' roo t recovered fÎom a core 15 cm in depth. and 6.5 cm in diameter taken at the base of 
the plants. 



Figure 4.1. The effect of inoculation wit h (Pb) or without ( P b )  Penicilliwn bilaii and 
P f e n k  Ievel(0 P feflliter added, 6.4 kg P ha-', and 19.3 kg P ha-') on root length (A), 
and specific root length (B) of pea taken fkom a core 15 cm in depth, and 6.5 cm in 
diameter, from the basc of the plants at the Outlook site. Bar represcnts the mean 
standard emor of treatments. 



Figure 4.2. The effxt of inoculation with (Pb) or without (Pb-) Penicilliwn bilaii and 
P fertilizer leve1 (O P fertilizer added, 6.4 kg P ha-', and 19.3 kg P ha-') on root length (A), 
and specific root length (B) of pca taken kom a core 15 cm in depth, and 6.5 cm in 
diameter, fkom the base of the plants at the Ellerslie site. Bar represuits the mean 
standard error of treatments. 
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4.3.2 Shoot P Concentration and Accumulation 

The results of shoot P concentration and accumulation have b e n  summarized on 

Table 4.3 which presents significance levels for main effects (P. bilaii inoculation, P 

fertilizer) and interactions (P. bilaii x P fertilizer) for both the Euerslie and Outlook sites. 

Details of treatrnent effects are presented below. 

At both sites, the main effect of P fenilizer level was highly significant (Pr 0.0 1) 

for shoot P concentration and accumulation (Table 4.3; Figures 4.3,4.4). At the Ellerslie 

site, each fertilizer level produced significantly (Ps 0.05) different results for shoot P 

concentration (Tables 4.3.4.4; Figure 4.3). As the P fertilizer level increased, shoot P 

concentration increased. Further, the addition of P fertilizer (as 6.4 or 19.3 kg P ha-') 

resulted in signincantiy (Ps 0.05) greater shoot P accumulation (27% and 42% 

respectively) cornpared with the no added P fertilizer level (Tables 4.3,4.4; Figure 4.3). 

At the Outlook site, addition of P fertilizer (as 6.4 or 19.3 kg P ha-') significantly (Pr 

0.05) increased shoot P concen~ation (256 and 3296, respectively) over the no added P 

fermizer level (Tables 4.3.4.5: Figure 4.4). Each fertilizer level produced significantly 

(Ps 0.05) different results for shoot P accumulation. The addition of P fertilizer (as 6.4 or 

19.3 kg P hgL) resulted in significantly (Ps 0.05) greater shoot P accumulation (3 1 % and 

584, respectively) compared with the no added P fertilizer level (Tables 4.3,4.5; Figure 

4.4). 

At the Ellerslie site, the main effect of P. bilaii inoculation was significant at P = 

0.0505 for increasing shoot P concentration. At the no added P fertilizer level inoculation 

significantly (Ps 0.0 1) increased shoor P concentration by 13% (Table 4.3; Figure 4.3). 



Table 4.3. Significance of shoot P concentration (conc.) and accumulation (total) 
responses of pea grown with and without Penicilliunz bilaii (Pb) and at one of three levels 
of P fertility (no added P, 6.4 and 19.3 kg P ha-') at the ElIerslie and Outlook sites. 

1 Eilerslie 

Shoot P Shoot P 
Conc. To ta1 

Main effects 
BIock - - 
P level *a* ** 
P .  bilaii - - 

I Interaction 
P leveI x Pb - - 

Shoot P Shoot P 
Conc. To ta1 

- - - .- 

- = not significant. 



Figure 4.3. The effect of inoculation with (Pb+) or without (Pb) Peniciliium bilaii and 
P fertitizcr level (O P fertihr added, 6.4 kg P ha-', and 19.3 kg P hg') on shoot P 
concentration (A), and shoot P accumulation (B) of pea at the EUerslie site. Bar 
represents the rnean standard error of treatments. 



Figure 4.4 The effect of inoculation with (Pb+) or without ( P b )  Penicillium bilaii and 
P fertilizer level (O P fertilizer added, 6.4 kg P ha-', and 19.3 kg P ha-') on shoot P 
concentration (A), and shoot P accumulation (B) of pea at the Outlook site. Bar 
represents the mean standard enor of treatments. 



Table 4.4. Effect of P fertilizer on shoot P concentration and accumulation of pea at 
the EUerslie site 36 days aftcr planting. 

Efcrtilizer- - 

- 

Shoot P Shoot P 
(kg P ha-') concentration accumulation 

(mg P g" Dw) (mg planttL) 

19.3 4.170 2.042 

6.4 3.85 1 1.831 
No added P 3.336 1 -437 

Table 4.5. Effect of P fertilizer on shoot P concentration and accumulation of pea at 
the Outlook site 41 days after pknting. 

P fertilizer Shoot P Shoot P 
(kg P ha-') concentration accumulation 

(mg P g" DW) (mg plant-') 
19.3 3.347 3.207 
6.4 3.183 2.657 
No added P 2.536 2.026 

LSD (Ps 0.05) 0.235 0.363 
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However, shoot P accumulation was not affccted by P. bilaii inoculation (Table 4.3; 

Figure 4.3). At the Outlook site, P. bilaii inoculation did not affect shoot P concentration 

or accumulation (Table 4.3; Figure 4.4). 

4.3.3 Dry Weight Responses 

The results of dry weight responses have been surntnarked on Table 4.6 which 

presents significance levels for main effects (P. bilaii inoculation, P fertilizer) and 

interactions (P. biiaii x P fenilizer) for both the Ellerslie and Outlook sites. Details of 

treatrnent effects are presented below. 

At the Ellerslie site, there were no detectable treatment effects on shoot or shoot 

plus nodulated root aown dry weights of pea (Table 4.6; Figure 4.5). However, the main 

effect of P fertilizer level was significant (Ps 0.05) for root crown dry weight (Table 4.6). 

Addition of P fertilizer (as 6.4 or 19.3 kg P ha-') significantly (Pr 0.05) decreased (19 and 

2056, respectively) root cro wn dry weight compared with the no added P fertilizer level 

(Table 4.7). Penicillium bilair' inoculation at the no additional P level significantly (P3 

0.05) increased root dry weight by 2 1% (Table 4.6; Figure 4.5). 

At the Outlook site, the rnain effect of P fertilizer did not affect dry weight 

responses of pea (Table 4.6; Figure 4.6). However, P. bilaii inoculation at the no added P 

fertiiker level was sigdïcant (Ps 0.01) for shoot and shoot plus root aown dry weight 

(Table 4.6). Inoculation significantly (Ps 0.05) increased shoot dry weight by 18% and 

shoot plus roo t crown by 17% at the no added P fertilizer level at the Outlook site (Table 

4.6; Figure 4.6). 



Table 4.6. Significance of dry weight responses of pea grown with üiid witliout Peiiicilliiini bilaii (Pb) and iit one of three 
lcvels of P fertility (no added P, 6.4 and 19.3 kg P ha'') at the Ellerslie and Outlook sites. 

Elierslie 

Root Shoot Nodule Shoot + 
crown' nodulated 

root crownt 
ppppp - 

Main effects 
Block * 
P level >~i - 
P. bilaii 

Interaction 
P level x Pb 

Contrasts 
* 

Outlook 

Root Shoot Nodule Shoot + 
crownt nodulated 

root crownt 

i 

*P-?; 0.05. ** P s 0.01. *** P s 0.001. - = not significant. 
root recovered from a core 15 cm in depth, and 6.5 cm in diameter taken at the base of the plants. 



Figure 4.5. The effect of inoculation with (Pb) or without ( P b )  PeniciIIium bilazi and 
P f e r t k r  Ievel (O P fertilizer added, 6.4 kg P ha-', and 19.3 kg P ha-') on shoot and root 
crown (nodulated) (A), root crown (B), shoot (C), and nodule (D) dry weight of pea at 
the Eilerstie site. Bar represents the rnean standard error of treatments- 



Table 4.7. Effect of P fertiiizer on upper root crown dry weight of pea at the Ellerslie 
site, 36 days after planting. 

P fertilizer Root 
(kg P ha-') Dw (19 I 

No added P 0.0393 
6.4 0.0329 
19.3 0.0327 
LSD (Ps 0.05) 0.0054 



Figure 4.6. The eKect of inoculation with (Pb) or without (Pb-) Penicilliwn bilaii and 
P fertilizer level (O P fertilizer added, 6.4 kg P ha-', and 19.3 kg P ha-') on  shoot and root 
crown (nodulated) (A), root crown (B), shoot (C), and nodule (D) dry weight of pea at 
the Outlook site. Bar represents the mean standard error of treatrnents. 



4.3.4 Nodulation Responses 

The results of nodulation responses have been surnmarized on Table 4.8 which 

presents significance levels for main effects (P. bilaii inoculation, P fertilizer) and 

interactions (P. bilaii x P fertiluer) for both the Eilerslie and Outlook sites. Details of 

tnatment effects are presented below. 

At both sites, there were no detectable treatment effects on nodulation reqonses 

of crown roots of pea (Table 4.8; Figures 4.7,4.8). 

4.3.5 Row Samples 

In addition to sampling individual plants (above data), one rneter row lengths were 

sampled f?om each plot to enable extrapolation to field levels. The results of the meter 

row samples of above ground biomass taken at each site are presented on Table 4.9, which 

presents the treatment means, mean standard error of treatrnents, and the LSD values for 

main effects. 

At the Ellerslie site, there were no detectable treatment effects on the number of 

plants (based on the number of shoots), the shoot dry weight of the meter samples, or the 

shoot dry weight per plant (Table 4.9). Shoot dry weight per p h t  was significant at P = 

0.057 when P. bilaii was applied alone, and had the second highest average dry weight of 

ail the treatments (Table 4.9). At the Outlook site, application of P fertilizer had a 



Table 4.8. Significance of nodulation response (nodule number and specific nodulation) of pea 
grown with and without Penicillium bilaii (Pb) and at one of three levels of P fertility 
(no added P, 6.4 and 19.3 kg P ha") at the EUerslie and Outlook sites. 

Nodule 
No. 

Specific 
Nodulation 

Main effects 
BIock 
P level 
P. bilaii 

Interaction 
P level x Pb 

Contrasts 
Pb @ OP 
Pb @ 6.4 P 

. . . . . . . . . . - - . .- .. - - 

Outlook 

Nodule S pecüic 
No. Nodulation 

not significan t. 



Figure 4.7. The effect of inoculation with ( P b )  or without ( P b )  Penicillim biluii and 
P fmilizer Ievel (O P fertilizer added, 6.4 kg P ha-', and 19.3 kg P ha'') on nodule number 
(A), and specific nodulation (B) of pea roo ts taken from a core 15 cm in depth, and 6.5 
cm in diameter, from the base o f  the plants at the EUersiie site. Bar represents the rnean 
standard error of treatments. 



Figure 4.8. The effect of inoculation with (Pb) or without (Pb-) Penicilfim bilaii and 
P fmwr level (O P fenilizer added, 6.4 kg P ha-', and 19.3 kg P ha") on nodule number 
(A), and specific nodulation (B) of pea roots taken fiom a core 15 cm in depth. and 6.5 
cm in diamter, fiom the base of the plants at the Outlook site. Bar represents the mean 
standard error of treatments. 



Table 4.9. Number and dry weight means with mean standard errors and least significant difference (LSD) values of pea grown 
with (+) and without (-) Penicillium bilaii (Pb) and at one of three levels of P fertiüty (no added P. 6.4 and 19.3 kg P ha") in the row 
sarnples at the Elerslie and Outlook sites. 

Eller slie 1 Outlook 1 
No. DW NU. DW 

DW I Treatment Plants Plants Per Plant Treatment Plants Plants Per Plant 

STD ERR 1.2 0.455 0.0191 
P LEVEL LSD' 2.4 0.949 0.0398 
P. bifaii LSD1 1.9 0.774 0,0325 

STD ERR 0.84 1 0.6939 0.0454 
P LEVEL LSD' 1.75 1,448 0.0948 
P. bilaii LSDi 1.43 1.182 0.0774 

'LSD (Ps0.05) 
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significant effect (Ps 0.0 1) on the shoot dry weight of meter samples and shoot dry weight 

per plant (Table 4.9). Shoot dry weight of the meter samples was significantly (Ps 0.05) 

greater for plants at the 19.3 kg P ha-' fertilizer level than the other fertilizer levels (Table 

4.9). The addition of P fertiIizer (as 6.4 or 19.3 kg P ha-') produced significantly greater 

shoot dry weight per plant than when no P fertdker was added (Table 4.9). 

ûverall, the row s q l e  shoot dry weight responses reflect those of individual 

plant samples at the Ellerslie site (ie., no response observed). However, responses to P 

fertilizer at the Outlook site were not observed with individual sarnples but were O bserved 

with the row samples. This is likely due to the larger sample size (more plants) of the row 

samples which wouid increase the accuracy of estimates of treatment effects. 

4.4 Discussion 

This experirnent was conducted to investigate whether the rhizospheric hingus 

Penicillium bilaii increases roo t surface area for phosphate absorption. In research 

related to the present study (Chapter 3). P. bilaii under controkd conditions, was 

associated with increased P concentration and accumulation of pea shoot and root tissue, 

but this increase was no t a direct result of an increased roo t surface area for phosphate 

absorption. In fact, the observed effect of this fungus on root morphology was that 

inoculation resulted in a reduction of total root length and specific root length (Le., shorter 

roots with greater diameters) while rnaintaining the P concentration of the pea tissue to 

that of conaol plants. 

In tht: present study, we used a subsanrpie of the root system (root crown) for 

analysis. The sample core removed the roots directly under the shoot to a depth of 15 cm 
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and a diameter of 6.5 cm At the EUersüe site, the obsaved effect of the fungus on root 

morphology was that when no P fe-er was applied. P. bilaii inoculation resulted in a 

4896 increase in root crown length and a 2 1 % increase in specinc root length (Le., longer, 

finer roots in the core sample) (Table 4.2; Figure 4.2). This alteration of root morphology 

may have been associateci with the 13% increase in shoot P concentration O bserved for 

those inoculated plants (Figure 4.3). Sensitivity analysis of models for phosphate uptake 

into plant roots has indicated that increased phosphate uptake may result fiom plants that 

have a mer and longer root system (Silverbush and Barber, 1983) (Figure 4.2). However, 

we only analysed part of the root systern (crown area). Plant roots are known to 

proliferate in P-rich regions of soil (Drew et al., 1973). Drew et al. (1973) have attributed 

increases in roo t gro wth in response to local concentrations of N and P to the fact that 

lateral root growth oniy occurs at the point on the root if adequate external nutrient 

concentrations exist there. Although roo t proliferation is stimulated in a P-rich zone, the 

addition of P rnay lead to a reduction in the arnount of roots per unit weight of top 

(Christie and Moorby, 1975; Ozanne et al., 1969). Total root length and dry weight may 

be reduced when the levels of P in the soil are increased (Asher and Loneragan, 1967; 

Powell, 1974). A possible Uiterpretation of the observed root morphology of inoculated 

plants when no P fertilizer was applied, is that P. bilaii rnay be increasing the availabilitjr 

of P to the plants in the sarnpled area thus resulting in a proliferation of roots in the 

sampled area. The favoured hypothesis of how P. bilaii promotes plant growth is by 

increasing the availability of soluble phosphate to the plant (Asea et al., 1988; Kucey, 

1987, 1988). Penicillium bilaii has sho wn P-solubilizing ability (Asea et al., 1988; 
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Kucey, 1983, 1988) and produces oxalic and ciaic acid in pure culture (Cunningham and 

Kuiack, 1992). Production of organic compounds such as citrate c m  release phosphate 

from soil panicles (Bolan, 1 99 1 ; Bar-Y osef, 1 996). Previous studies utilizing "P 

indicated that plants inoculated with P. bilaii are able to utilise soil P sources that are 

unavailable to control plants (Chambers, 1992) as weii as rock phosphate (Asea et al., 

1988). The increase in shoot P concentration of the inoculated plants at the no added P 

fertilizcr level also suggests a more direct effkct of the fungus on increasing the uptake of 

phosphate (Figure 4.3). in addition, if the fungus was increasing the avaihbility of 

phosphorus to the inoculated plants, the effect would be more pronounced when no P 

fertilizer was added; which was the case at the Ellerslie site (Figure 3). 

At the Outlook site' P. bilaii inoculation when no P fertilizer was applied, did not 

result in increased pea tissue P concentration, nor were there any observed effects on root 

morphology (Tables 4.2,4.3; Figures 4.1, 4.4). Ho wever, there was an 1 8% increase in 

shoot dry weight when no P fertilizer was added (Table 4.6; Figure 4.6). Other 

researchers have O bserved Încreased dry rnatter production with inoculation with P. bilaii 

that was not associated with increased P content of the plants (Chambers, 1992; Downey 

and van Kessel, 1990; Gleddie, 1992; Keyes, 1990). This evidence suggests that P. bilaii 

rnay stimulate plant gro wth by other mechanisrns, possibly in addition to increasing the 

availabity of P to plants. Keyes (1990) has suggested that P. bilaii rnay promote plant 

g o  wth through passive biocontrol or gro wth-promoting effects. Ho wever, Allaway 

(197 1) has concluded that the effect of adding a nutrient as a fertiIizer may range fkom no 

increase in the concentration of the element in the plant although a rnarked yield increase 
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rnay be O btained, to significant increases in the level of the element in plant tissue without 

change in yields. 

Another objective of this snidy was to determine if P. bilaii inoculation affected 

nodulation of peas under fieId conditions. There were no O bserved treatrnent effects on 

nodule number, specific nodulation or nodule dry weight (Tables 4.6,4.8; Figures 4.5.4.6, 

4.7,4.8). Gleddie (1992) reponed inoculation with P. bilaii resulted in increased 

nodulation of pea roots by Rhizobium legwnimsanun in a growth room study, and 

promo ted increased N up take by pea in gro wth chamber and P respo nsive field trials. 

However, Downey and van Kessel (1990) observed that inoculating with P. bilaii 

decreased total N accumulation of pea plants in a growth chamber experirnent. They 

propose. that the production of P-solubilizing organic acids by the fungus rnay have 

reduced the rhizosphere pH to a degree that would inhibit Rhizobium function. 

Results of the row samples indicated there were no detectable treatrnent effects on 

the number of plants that emerged on either site. At the EUerslie site, there were no 

detectable treatment effects on the row santple shoot dry weights. Although there was an 

increase in P concentration of the shoot tissue with each increase in P level of individual 

plant samples, this did not translate into a dry weight response at this site. Application of 

P. bilaii alone was significant at P = 0.057 for increasing the shoot dry weight per plant of 

the rneter samples. However, this lack of dry weight response of pea plants is consistent 

with observations that the effect of P. bilaii is only beneficial in P-responsive soils 

(Chambers, 1992; Gleddie et al., 1991). At the Outlook site, there was a shoot dry weight 

response of the row samples to the addition of P fertilizer and the P concentration of the 
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individual shoot samples was also increased with the addition of P fertilizer. Penicillium 

bilaii inoculation at the no added P fertilizer level for individual samples resulted in 

increased shoot dry weight but did not affect the P concentration of the shoot tissue. 

In conclusion, dong with the results of a previous related study (Chapter 3), which 

suggested that P. bilaii inoculated pea plants require less root surface area to produce 

shoot dry rnatter and for P absorption, it is likely that the observed effects of P. bilaii on 

roo t morphology at the Ellerslie site are a result of roo ts proliferating in the sampled area 

as a result of increased P availability. The increase in shoot P concentration of the 

inoculated plants supports this hypothesis. However, total root length was not measured 

in this study. If we assume that the results fiom the ElIerslie site are consistent with those 

of the growth cabinet work in Chapter 3, then total root length of inoculated plants when 

no P fertilizer was added rnay in fact have less total root length than non-inoculated plants. 

The observed increase in dry weight of inoculated plants that was not associated with 

increased P-uptake at the Outlook site when no P fertilizer was applied, suggests that P. 

bilaii may promo te plant gro wth by O ther rnechanism (s) in addition to increasing the 

availability of P. However, this manifestation of non-P related enhancernent of growth 

ody occurred when the P supply was low, and therefore may also be related to 10 w P- 

availability. There were no detectable treatment effects on nodulation responses of pea in 

this study, suggesting that P. bilaii inoculation does not affect the nodulation of pea 

crown roots under field conditions. 



5.0 Effect of Penicillium bihii on Root Morphology and 

Architecture of Pea (Pisum sativum L.) - Growth Pouch study 

5.1 Introduction 

The relationship between root growth and absorption of phosphate (P) is 

infiuenced by soil and plant factors. Sensitivity analysis of models for P uptake into plant 

roots has indicated that plant factors that are most sensitive for P uptake are those that 

aEect root surface area (Le., root length and diarneter) (Silverbush and Barber, 1983). 

The most sensitive soil parameter is the initial soi1 solution concentration (Cd, whereas 

diffusion coefficient (D3 and b a e r  power (b) have greater effccts if their values are 

diminished than if they are increased (Silverbush and Barber. 1983). Therefore, the most 

effective way to increase the rate of P uptake by plant roots is to increasc the rate of root 

growth or to increase the concentration of P in the soil solution. 

Although root biomass is the most commonly reported parameter of root growth, 

this measurement does not consider how assimilates are docated (Hetrick, 199 1). It is 

the alteration in root morphology and architecture which dictates the nutrient absorbing 

power of the root system, which c m o t  be assessed by root weight measurements 

(Hetrick. 1991). Root morphology wül change in response to the soil environment to 

reduce the rnetabolic cost of rnaintaining the root system while rnaximizing nutrient 

acquisition (Heaick, 199 1). Under nutrient-limiting conditions, plants may increase root 

fineness or specinc root length (root length per gram of root dry weight), root:shoot ratio, 

or root hair length and number; each resulting in a different rnetabolic cost to the plant 
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(Hetrick, 1991). The extent to which a root system branches w2.i affect the volume of soil 

explored for a nutrient (Fitter, 1987). Plants that produce the greatest interface with the 

soil have the greatest nutrient uptake potential, but this is balanceci against the cost of the 

plant growing and rnaintaining roots (Fitter, 1987). Generally, increased branching is a 

response to increased supply of mineral nutrients (Fitter, 1982). Fitter ( 1982) concluded 

the main effect of fertility is on the branching pattern of roots rather than rates of 

elongation of laterals or the production of new branches. Dinerences in root topology or 

architecture wiU idluence both the exploration and transport characteristics of the root 

system (Fitter, 1982). Topological analysis first described by Fitter (1985). can be used to 

quant@ the branching pattems of root systerns. This type of root analysis considers root 

systerns as mathematical mes. P,, total exterior pathlength of the tree (root system), is 

assessed by sumrning the number of links kom the root crown to each lateral root tip 

(terminai end point). A Link represents the line comecting two branch points. Total 

exterior pathlength is a masure of branching pattems when root systems with the same 

number of terminal end points are compared. Root systerns with high pathlength (Pb 

values have elongate, sparingly branched root systems, which allows maximum 

exploration of soil volume for nutrients, but this morphology is less efficient for nutrient 

transport to the shoot and represents the greatest energy expense to the plant (Fitter, 

1987). These root systems are referre. to having an exploratory, herringbone root 

architecture. Root systems with low P, values have a highly imanciid, aborbhg root 

rnorphology, which limits the volume of soil explored, but maximizes nutrient transport to 

the shoot and cost efficienc y (Fitter, 1987). This type of roo t system rnay develop in soils 
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where resources are abundant and are often referred to as dichotomous, absorptive root 

systerns. These concepts are thoroughly reviewed by Ftter ( 1985, 1987)- 

Soil fertility and rhizosphere microorganisms have been shown to significantly 

affect root growth and architecture (Hetrick, 199 1; Hemck et al., 1988; Schenk and 

Barber, 1979b). Mycorrhizal fungi and soil microbes significantly alter root architecture 

by reducing root branching (Hetrick et al., 1988). Mycorrhual plant roots appear to 

adopt an exploratory root system architecture (high PJ in soils low in available P, which 

aiiows the mycorrW root system to exploit a greater volume of soil for nutrients 

(Hetrick, 199 1). AIiowing the fungal hyphae to perform nument absorption is more cost 

effective than expending energy to generate roots that may be unable to acquire adequate 

P (Heaick, 199 1). When evaluating the effect of rhizosphere microorganisrns on plant 

root architecture, it is important to dis~guish between direct effects of the organism on 

plant rooting strategy, and those changes which may occur indirectly as a result of 

improved nutrient status of the plant (Hetrick, 199 1). Hetxick (199 1) has observed 

dinerences in pathlength as a result of mycorrhizal infection (VAM), and to some degree 

other soil rnicroorganisms, that were not simulateci by P fertilizers, irriplying that the 

effects of these organisms are not smctly nutritional but could perhaps be homnal .  

Penicilliwn bilaii (ATCC saah no. 20851) is a rhizospheric fungus 

reported to increase dry matter production, grain yield, and P uptake of wheat, canola, 

bean, pea, and lentil in growth chamber and field experirnents alone, or in combination 

with rock phosphate or monoammonium phosphate (MM) (Asea et al., 1988; Chambers, 

1992; Gleddie, 1993; Gleddie et al., 199 1, 1993; Kucey, 1987, 1988; Kucey and Leggett, 
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1989). The mechanism (s) underlying the stimulation of plant growth and P-uptake is not 

h o  wn. indirect evidence suggests that P. bilaii rnay increase the availabilay of phosphate 

to the plant by releasing organic acids, which rnay act to acid8y localised areas of the 

rhizosphere and/or act as a chelator of cationic partners of the phosphate anion (Asea et 

al., 1988; Cunningham and Kuiack, 1992; Kucey, 1983, 1988). However. there is 

alternative evidence that suggests P. bilaii rnay stimulate plant growth by other 

mechanism. Researchers have observed increased dry matter production with inoculation 

with P. bilaii that was not associated with increased P content of the plants (Chambers, 

1992; Downey and van Kessel, 1990; Gleddie, 1992; Keyes, 1990). Keyes (1990) has 

suggested that P. bilaii may promote plant growth through passive biocontrol or growth- 

promoting effects. 

In other research related to the present study (Chapter 4, under field conditions 

using soi1 core samples), P. bilaii inoculation when no P fertilizer was appüed, resulted in 

a 48% increase in root crown length and a 2 1% increase in specific root length. This 

absorptive roo t morphology may have been related to the 13% increase in shoot P 

concentration of inoculateci plants. However, it is proposed that the observed changes in 

root morphology are an indirect rcsult of the fungus increasing the avahbility of soluble P 

to the plant, causing the roo ts to proliferate in the area of increased P availability, rather 

than a direct effect of the fungus on plant rooting strategy. 

The objective of this study was to determine, under controlIed conditions using 

growth pouches, the effect of P. bilaii and solution P concentration on root morphology 

and architecture of pea (Pisum sativum L.). We also deterniined the e f f ~ t  of this fungus 
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and solution P concentration on assunilate partitioning (dry matter) and nodulation 

response of pea. 

5.2 Materials and Methods 

5.2.1 Growth Pouch Preparation 

Pea (Pisum sativwn L. cv. Express) was grown in a growth chamber experiment 

using disposable gro wth pouches (Scientific Products, catalog no. B 1220, Evanston, 

Illinois). The layout of the experiment was a cornpletely randomized design, with a 

factorial (2 x 4) treatrnent structure. The two factors were P. bilaii with two levels 

(inoculated, non-inoculated) and P concentration with four levels (O, 0.1, 1.0, and 10 mg P 

1") resulting in eight treatmemts with six replicates. 

Growth pouches (16.5 cm x 16.5 cm), consû-ucted £iom heat sealing plastic, were 

sterilized at 121" C for 20 minutes. Sterile nutrient solution (30 ml) was added to the 

growth pouch under sterile conditions. The concentrations of the nutrients in the solution 

were as follows: 1.376 mM SO4>, 0.5 m M  Mg2+, 0.375 m .  Ca2+, 3.7 pM ~ e %  as 300 Fe- 

sequestrene (Ciba-Geigy Corp.), 18 p M B(OH),-, 4 pM Mn2+, 8 pM Cl-, 0.4 pM Cu2+, 

0.35 pM Zn2+. 0.3 pM MoO,", and 0.1 pM Co2+. The P concentrations of the nutrient 

solutions for the different treatments were O, 0.1, 1.0, and 10 mg P 1". Phosphorus was 

added as a buffered solution of H P Q ~  and H,PO; at a ratio of 125, respectively, and the 

K+ concentration varied fiom 1 rnM (no added P) to 1.54 rnM (10 mg P i l ) .  A 5 M KOH 

solution was used to adjust the nunient solution pH (6.5-6.8). The composition of the 

nutrient solution used in this experiment was based on a standard solution with varying 

quantities of phosphate (P) and K+. In other work on root growth and developrnent, K is 



131 

considered less important than P or NO, (Barber. 1979; Drew, 1975; Pnce et al., 1989). 

The infiuence of these dinerences in K+ concentration in this study are considered niinimal 

Pea seeds were treated for 5 m in 1% hyporchlorite solution and Nised thoroughly 

with distilied water. Under steriie conditions, three 1 -cm perforations were cut into the 

trough of the growth pouch and the seeds were placed on top of the perforations. AU 

seeds were inoculated with 1 ml of yeast mannitol broth containhg a minimum of 1.3 x 

10' colony forming units (CFU) ml-'Rhizobium legrninosanun bv. viceae (Hup- strain 

128A 1, Liphatech, Milwaukee) as determined by dilution plating. Pouches no t receiving 

P. bihii treatment had 1 ml sterilized water placed on the seed after inoculation with 

Rhizobium. Seeds that received the P. bilaii treatment (ATCC strah no. 2085 1) were 

hoculated with 1 ml of a diluted inoculum supplied by Philom Bios Inc.. Saskatoon, SK, 

containhg a minimum of 1.16 x 104 CFU ml" as determined by dilution plating. Growth 

pouches were encased in black plastic pouches (18.5 cm x 23 cm) to exclude light and the 

tops were fastened with sterilized paper clips (clips were removed 2 days after phting).  

The pouches were placed into holders, which held the pouches vertical, and were 

randomly placed into the growth chamber. 

5.2.2 Growth Pouch Maintenance 

Growth pouches were placed into a controlied environment cabinet (mode1 

GRV36-Econaire, Winnipeg, MB) with a day/night temperature reghe  of 20/16" C with 

the lights tumed off to allow germination. On the 4th day after planting, the lights were 

turned on and the plants were under a 16/8hr, 2 0 / 1 6 O  C day/night regime and exposeci to 

an average photon flux density of 600 f 40 p mol rrï2s-' provided by a combination of cool 
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white VHO and Grolux fluorescent lamps (S ylvania, hc., Drurrimonville, PQ) at a ratio of 

4: 1. respectively. On the 5th day after planting, an additional 10 ml of the appropriate 

sterilized nutrient solution was added to the growth pouches in the growth chamber. 

Seven days after planting, under sterile conditions, growth pouches were thinned to 1 

plant per pouch; the nutrient solution was rernoved and replaced using a sterile pipette. 

The nutrient solution was similarly replaced every day for the duration of the experirnent. 

5.2.3 Sampling 

Plants were harvested 12, 19, and 26 days after planting. Shoots were rernoved, 

and fkozen at -20°C, then later fkeeze dried and weighed. The pathiengths (PJ and the 

terminal end points (TEP) of the root systems were determined using topological analysis 

6rst described by Fitter (1985), to quant@ the branching patterns of the root systems. 

This type of root analysis considers root systems as mathematical trees. P,, total extenor 

pathlength of the tree (root system), is assessed by s u r d g  the number of W fYom the 

root crown to each lateral root tip (terminal end point). A Iink represents the line 

comecting two branch points. It is important to note that a link is counted every time it is 

included in a path to a dinerent root tip. Temiinal end points are considered extemal links 

(those termïnating in a meristem) which have a magnitude of 1 according to Fitter (1985). 

For ease of analysis, P, was determined by starting at the main axis apex and counting the 

number of iaterak (links) back to the root crown. By doing this, the number of prirnary 

laterals (links) above the next lateral root king assessed was known. 

Total extenor pathlength is a m u r e  of branching patterns when root systerns 

with the same number of texminal end points are compareci. To compare root systems 
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with different numbers of temiinal end points. a ratio of P,:temiinal end points was used 

for analysis. 

Root systems with high P,are elongate. sparingly branched, and explore a large 

volume of soiL On the other hand, root systems with low P, are highly branching, and are 

considered absorptive in nature rather than exploratory (see Figure 5.1). 

M e r  determination of pathiength, the roots were then stained with rnethylene blue 

(O. 1% w/v distilled water) by placïng the roots into the dye solution for 30 s, and then 

Nising with distjlled water for 30 S. Root lengths were detenriined using IMAGEX, a 

digital anaiysis system, developed by L. Lam& Dept. of Plant Science, Winnipeg. MB, as 

described previously in Chapter 3. The roots were fiozen after analysis at -20" C and then 

later thawed to remove and count the nodules. The sarnples were then refkozen. freeze 

M. and weighed. 

Data was anaiysed using the General Linear Mode1 procedure of the S tahstical 

Analysis System package (SAS Institute Inc., 1986) and single degree of fkedom 

contrasts were made. Treatrnent rneans were separated using the Fisher protected l e s t  

significant dserence test (LSD) at a = 0.05 levei, after the analysis of variances indicated 

significant differences at the same leveL 



Figure 5.1. Topological analysis of branching patterns. Two roo t systems with 8 
temiinal end points are depicted. The number below each root tip is the nurnber of links 
between root crown and tip. The sum of these numbers, the total pathlength (Pb, is lower 
for the highly branched root system A, than for the sparingly branched root system B. 
Figure adapted from Hetrick (199 1) .  
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5.3 Results 

This growth chamber experiment utilizuig growth pouches was conducted to 

investigate the effect of Penicillim bilaii and solution P fertilizcr level on root 

rnorphology and architecture (P, ratio) of pea. The sampling dates were 12, 19, and 26 

days after planting (DAP). Since the effects of P. bilaii and P availability may be 

inûuenced by t h ,  treatment effects will be compareci within sampling dates. 

53.1 Root Morphology and Architecture 

The results on root morphology and P, ratio of pea have been summarized on 

Table 5.1 which presents significance levels for main effects ( P .  bilaii inoculation, P 

fertilizer) and interactions (P. bilaii x P fertilizer) for ail harvest dates. Individual 

treatment effects within sampling dates are examined below. 

5.3.1.1 12 DAP 

There were no detectable treatment effects on root length of pea at 12 DAP (Table 

5.1; Figure 5.2). However, the main effect of P. bilaii was significant (Ps 0.05) for 

specinc root length (SRL) (length of root per gram dry weight root) over all P fertilizer 

levels (Table 5.1, 5.2). Penicillium bilaii inoculation resuhed in a 12% increase in SRL 

(Table 5.2; Figure 5.2). The main effect of P. bilaii inoculation was also significant (Ps 

0.05) for P, ratio (Table 5.1, 5.2). Contrast staternents indicated a significant (P 5 0.05) 

effect of P. bilaii inoculation at the 10 mg P i1 fertiher leveL Inoculation resulted in a 

2 8 2  increase in P, ratio (Table 5.1 ; Figure 5.2). 



Table 5.1. Significance of root responses [pathlength ratio (P, ), root lengtli and specific root length (SRL)] of pea grown with and 
without Peiiicilliuni bilaii (Pb) and at one of four levels (O, 0.1, 1 and 10 mg P 1.') of P fertility in the-growth pouches. 

I 12 DAP 19 DAP 26 DAP 
PeRatio Length SRL P, Ratio Length SRL P, Ratio Length SRL 

Main effects 
P fertilizer rit *** *** - 
P .  bilaii - - ** ** 

Interaction 
P x Pb - - - 

Contrasts 
P b @ O P  - - - - - " 

P b @  0.1 P - - * * 
P b @ 1 P  - - *rk 

1 Pb@ 10P * - - - - - - 
* P s 0.05, ** P s 0 .  *** P s 0.001. - = not significant. 



Figure 5.2. The effect of inoculation with (Pb) or without (Pb-) Penicillium bilaii and 
P fenilizer level (0. 0.1, 1. 10 mg P TL) on P, ratio [pathlength (Terminal End Points)" ] 
(A), root length (B), and spacinc mot length (C) of pea in the growth pouches. BK 
represents the mean standard error of treatrnents within dates. 



Table 5.2. Effect of Penicillium bilaii inoculation on P, ratio [pathiength (terminal 
end points)-'] and specific roo t length (SRL) of pea in the gro wth pouches, 12 days after 
plan ting . 

P. bilaii P, ratio SRL 
(m g -' DW root) 

- 21.7 33.433 
+ 23-9 37.462 

LSD (Ps 0.05) 2-1 3.910 



5.3.1.2 19 DAP 

There were no detectable treatment effects on SRL of pea at 19 DAP (Table 5.1: 

Figure 5.2). However, the main effect of P fertilizer was signincant (P s 0.05) for P, ratio 

and highly significant (Ps 0.001) for root length (Table 5.1). The main effect of P. bilaii 

inoculation was significant at P = 0.06 for reducing root length. Pathlength ratios 

generally decreased as the level of P fertdizer increased (Table 5.3; Figure 5.2). 

Pathlength ratios at the no added P and 0.1 mg P r' fertiluer levels were significantly (Ps 

0.05) higher than the 10 mg P rL level while the 1 mg P if was not signincantly different 

from either group (Table 5.3; Figure 5.2). Root length values followed a similar trend; as 

the level of P fertilizer increased. root length decreased (Table 5.4; Figure 5.2). Root 

lengths at the no added P fertilizer level produced signincantly (Ps 0.05) greater root 

lengh than those produced at 10 mg P l-' level (Table 5.4; Figure 5.2). Root lengths at the 

0.1 mg P 1-' level were not significantly different fiom those at the no added P or 1 mg P i' 

fertilizer levels, while root lengths at the 1 mg P i' f e d k e r  level were not significantly 

different fkom those at the 10 mg P 1-' level (Table 5.4: Figure 5.2). 

5.3.1.3 26 DAP 

At 26 DAP. there was still a signincant (Ps 0.00 1) effect of P fertilizer on P, ratio 

of pea (Table 5.1; Figure 5.2). However. at this sampling date, there was only a 

significant (Ps 0.05) difference between P, ratio at 10 mg P r', and the rest of the P 

fertilizer levels (Table 5.5; Figure 5.2). The main effect of P fertiker was significant for 

reducing root length at P = 0.0584, while the main effect of P. bilaii was signüicant (Ps 

0.0 1) for reducing root length by 14% and SRL by 13% (Tables 5.1, 5.6). 



Table 5.3. Effect of P Ievel on P, ratio [pathlength ( t e d a l  end points)-'] of pea in 
the growth pouches, 19 days after planting. 

P level P, ratio 
(mg P 1" ) 

0.1 32.6 
O 30.9 
1 29.8 
10 27.0 

LSD (Ps 0.05) 3.6 

Table 5.4. Effect of P level on root length of pea in the growth pouches, 19 days afier 
planting. 

P level Root 
(mg P Y' ) length (m) 

O 7.155 
O. 1 6.891 

1 6.181 
10 5-457 I 

LSD (ps 0.05) 0-82 1 



Table 5.5. Effect of P level on P, ratio [pathlength (terminal end points)-'] of pea in 
the growth pouches, 26 days aher pianting. 

~ P level P, ratio 
(mg P iml ) 

o. 1 37.5 
O 37.3 
1 35.6 

I O  32.1 

1 LSD (ps 0.05) 2.7 

Table 5.6. Effect of Penicilliwn bilaii on root length and specific root length (SRL) 
of pea in the growth pouches, 26  days afier planting. 

P. biluii Root SRL 
length (m) (rn g" DW roo t) 

- 11.610 1 12.530 
+ 10.182 99.3 13 
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Contrast statements indicated that P. bilaii inoculation at the 0.1 mg P 1-' f-er level 

significantly (Ps 0.05) reduced root length 2 1% and at the 1 mg P L.' significantly (Ps 

0.01) reduced root length 23% (Table 5.1; Figue 5.2). Further, P. bilaii inoculation at 

the 0.1 mg P 1-' fextiiizer level signincantly (Pr 0.05) reduced SRL 23% while SRL at the 

1 mg P 1-' was significant at P = 0.06 for reducing SRL (Tables 5.1; Figure 5.2). 

5.3.2 Dry Weight and Root:Shoot Ratio Responses 

The results on dry weight responses and root:shoot ratios of pea have k e n  

summarïzed on Table 5.7 which presents signficance levels for main effects (P. bilaii 

inoculation, P fertilizer) and interactions (P. bilaii x P fertilizer) for ali harvest dates. 

Individual treatment effects within sarripling dates are exarnined below. 

5.3.2.1 12 DAP 

The only observed dry weight response of pea at 12 DAP occurred for root dry 

weight (Table 5.7; Figure 5.3). The main effect of P. bilaii inoculation was significant 

(Ps 0.05) for reducing roo t dry weight ( 9 8 )  over all P femlizer levels (Table 5.8; Figure 

5.3). There were no detectable treatrnent effects on root:shoot ratio (Table 5.7; Figure 

5.4). 

5.3.2.2 19 DAP 

At 19 DAP, there were no detectabie treatment effects on shoot or plant dry 

weights of pea (Table 5.7; Figure 5.3). However, the main effect of P fertilizer was 

significant (Pa 0.05) for root dry weight (Table 5.7). Root dry weights were significantly 

(Ps 0.05) greater at the no added P and 0.1 mg P 1'' fertiüzer levels than the dry weights 

produced at the 1 and 10 mg P le' levels (Table 5.9; Figure 5.3). The only significant 



Table 5.7. Signifcance of dry weight and root:shoot ratio (RSR) responses of pea grown with and without Peniciliium bilaii (Pb) 
and at one of four levels (0,0.1, 1 and 10 mg P I") of P fertility in the growth pouches. 

12 DAP 19 DAP 26 DAP 
Root Shoot Nodule Plant RSR Root Shoot Nodule Plant RSR Root Shoot Nodule Plant RSR 

Main effects 
P fertiiizer - NA - - * - ;rk*rk 

Interaction 1 PxPb NA 
Contrasts ( P b @ O P  - NA - - - - 

*PsO.O5. **PsO.Ol. ***PsO,OOl. - = not significant. NA = not applicable. 



Figure 5.3. The effect of inoculation with (Pb) or without ( P b )  Penicilliwn bilaii and 
P fenilizer level(O.O. 1 ,  1. 10 mg P tl) on plant (A), root (B), shoot (C), and nodule (D) 

weight of p in the growdi pouches. Bar represents the mean standard error of 
treatrnents within dates. 



Table 5.8. Effect of Penicilliwn bilaii inoculation on root dry weight of pea in the 
growth pouches, 12 days after planting. 

P. bilaii Root 
dry weight (g) I 

- 0.0456 

+ 0.04 17 

1 LSD (Ps 0.05) 
- 

0.0033 1 





Table 5.9. Effect of P level on root dry weight of pea in the growth pouches, 19 days 
after planting . 

P level Root dry 
(mg P 1" ) weight (g)  

O 0.0930 
O. 1 0.0923 

i 0.0807 
10 0.0787 

1 LSD (ps 0.05) 
- 

0.0 1 09 1 
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treatrnent effect on root:shoo t ratio occurred for P. bilaii inoculation at the 10 mg P 1-' 

fertilizer level (Table 5.7; Figure 5.4). Inoculation resulted in a signincant (Ps 0.05) 

reduction in root:shoot ratio of 17% for inoculated plants at the 10 mg P 1-' level (Table 

5.7: Figure 5.4). 

5.3.2.3 26 DAP 

At 26 DAP, there were no detectable treatment effects on dry weight responses or 

root:shoot ratios of pea (Table 5.7; Figures 5.3,5.4). 

5.3.3 Nodulalion Responses 

The results on nodulation responses of pea have been summarized on Table 5.10 

which presents significance levels for main effects (P. bilaii inoculation, P fertilizer) and 

interactions (P. bilaii x P fertilizer) for ai l  harvest dates. Individual treatment effects 

within sampling dates are examined below. 

5.3.3.1 12 DAP 

There were no distinguishable nodules formed on the roots of pca plants at this 

sampling date. 

5.3.3.2 19 DAP 

There were no detectable treatment effects on nodule number or dry weight at 19 

DAP (Tables 5.7, 5.10; Figures 5.3, 5.5). However, the main effect of P fertilizer was 

signincant (Pr 0.05) for specinc nodulation (nodule no. m-' root) (Table 5.10). Specific 

nodulation was signincantly (Pr 0.05) greater at the 1 and 10 mg P 1-' fertilizer Ievels than 

for the no added P and 0.1 mg P r' levels (Tables 5.10, 5.1 1 ; Figure 5.5). This increase in 

specific nodulation is likcly a result of the fact that there was less root length 



Table 5.10. Significance of nodulation response of pea grown with and without Pe~iicilliuni bilaii (Pb) and ai  one of four levels 
(0,O. 1 ,  1 and 10 mg P I") of P fertility in the growth pouches. 

1 12 DAP 19 DAP 26 DAP 
Nodule Specifc Nodule Specific Nodule Specific 

No. Nodulation No. Nodulation No. Nodulation 
Main effects 
P fertilizer NA NA - * - 
P. bilaii NA NA - - - 

Interaction 
PxPb NA NA - - 

Contrasts 
P b @ O P  NA NA 
Pb@ 0.1 P NA NA 
P b @ l P  NA NA 

1 Pb@ 10P NA NA - 
* P s 0.05. ** P (; 0.01. *** P 2 0,001. - = not significant. NA = not applicable. 



Days after planting 

Figure 5.5. The effect of inoculation with ( P b )  or without ( P b - )  Penicilliwn bilaii and 
P fertilizer level(0,O. 1, 1. 10 mg P Pl )  on whole plant nodulation (A), and specinc 
nodulation (B), of pea in the growth pouches. Bar represents the mean standard error of  
treatments within dates. 



Table 5.11. Effect of P level on specific nodulation of pea in the growth pouches, 19 
days after planting. 

1 P level Specific i 1 (mgpl-') nodulation 1 
I (no. root) I 

- 

I 6.382 
10 6.37 1 
@ 3.923 

o. 1 3 .go3 
I 

LSD (ps 0.05) 2.024 



produced at the 1 and 10 mg P P' fertilizer levels compared with the no added P and 0. I 

mg P il levels as nodule number was not afTected (Table 5.4; Figures 5.2.5.5). 

5.3.3.3 26 DAP 

No detectable treatment effects on nodule number or specinc noduiation of pea at 

26 DAP were observed (Tables 5.7,s. 10; Figures 5.3. 5.5). However, the main effect of 

P fertilizer was highly signincant (Ps 0.00 1) for nodule dry weight (Table 5.7. Figure 5.3). 

Nodule dry weight was significantly (Ps 0.05) greater for plants at the 10 mg P 1-' 

fermizer level, while plants at the no added P level produced the 10 west nodule dry 

weights (Table 5.12; Figure 5.3). Plants at the 1 mg P f' fertüizer level were significantly 

different fkom the 10 mg P 1-' and the no added P level but were not significantly fkom 

plants at the 0.1 mg P P' level (Table 5.12; Figure 5.3). Plants at the 0.1 mg P 1'' level 

were not significantly different fiom plants at the no added P fertilizer level (Table 5.12; 

Figure 5.3). 



Table 5.12. Effect of P level on nodule dry weight of pea in the growth pouches, 26 
days &er planting. 

P level Nodule 
(mg P 1-' ) dry weight (g) 

10 0.0 154 
1 0.01 18 
o. 1 0.0 1 O5 
O 0.0090 

LSD (ps  0.05) 0.002 1 



5.4 Discussion 

The configuration of pea roo t systems in this study was greatly infiuenced by the 

level of P in the nutrient solution rather than the presence of Penicilliwn bilaii (Table 5.1: 

Figure 5.2). At 19 DAP, plants at the lower two fertility levels had larger P, ratios. 

indicative of a more exploratory type root system (Tables 5.1.5.4; Figure 5.2). The 

higher two fertility levels produced root systerns with lower P, ratios indicative of a more 

branched, absorptive type root system (Tables 5.1,5.4; Figure 5.2). This trend continued 

to 26 DAP, except that at the last harvest date only the P, ratios for plants at the highest 

level of P fertility were signincantly lower than those produced at the other P regirnes 

(Table 5.1; Figure 5.2). Fitter (1982) reported that root systems growhg in conditions of 

higher fertility were more branching (absorptive in nature) than those growing at lower 

fertilities. Price et al. (1989) have attributed increased branchùig under higher P fertility 

to the increased extension and higher fiequency of initiation of lateral roots. Plants with 

higher values of P, are thought to be exploratory in nature. allowing roots to access a 

greater volume of soi1 to search for mineral nutrients (Fitter, 1985). 

The only observed effect of P. bilaii on P, ratios occwed at 12 DAP at the 

highest level of P fertilization (Table 5.1 ; Figure 5.2). inoculation significantly increased 

P, ratio by 28%, which translates into inoculated plants having a more exploratory root 

system in early plant growth (Tables 5.1, 5.2; Figure 5.2). At this harvest date, the overali 

effect of P. bilaii inoculation resulted in higher SRL values (Le., f i e r  roots), most likely a 

resdt of reduced root dry weights (Tables 5.1,5.2,5.7; Figures 5.2, 5.3). At 26 DAP, the 

overall effect of P. bilaii inoculation resulted in a reduction in roo t length, and for the 0.1 
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and 1 mg P 1-' feailizer levels significantly reduced root length 21 and 2 3 4 ,  respectively 

(Tables 5.1, 5.6; Figure 5.2). Furthermore, the overall effect of P. bilaii inoculation was 

significant for reducing SRL, and at the 0.1 mg P I" fertilizer level significantly reduced 

SRL 2 3 4  (Tables 5.1. 5.6; Figure 5.2). This translates into shorter roots with greater 

diameters. Specific root length is known to be greater in young plants, which have a high 

number of fine roots, plants in culture medium of low P-availability, or those generally 

expenencing low soil fertility (Anghinoni and Barber, 1980; Christie, 1975; Fitter, 1985; 

Heaick, 199 1). It has been observed that P fertilization of P-deficient soils results in 

plants with thicker roots with lower SRL (Powell, 1974). In the present study, higher 

SRI, values were O bserved when no P was added to the nutrient solution, and SRL vaiues 

decreased as the P CO ncentratio n increased. Inoculation wit h P. bilaii further reduced 

SRL at 26 DAP (Table 5.1: Figure 5.2). This may have ken  a result of the iniproved P 

status of inoculated plants; unfortunately this was not confïrmed in this snidy. In research 

related to the present study (Chapter 3), P. bilaii inoculation under controlled conditions 

resulted in a reduction in the total root length and SRL while maintahhg the P 

concentration of the tissue to that of control plants. This alteration in root morphology in 

early plant growth did not affect the subsequent P status or dry weight of inoculated 

plants. P. bilaii inoculation was also associated with higher shoot and root tissue P 

concentration and accumulation in that study. 

Sensitivity analysis of models for phosphate uptake has indicated that the most 

important plant factors for P uptake into roots are root length and diameter as these 

factors wiU greatly infiuence the root surface area for P absorption (Silverbush and Barber, 



1983). if P. bilaii is promoting the uptake of P by plant roots (either directly or 

indirectly), it seem conceivable that there would be an effect on root mrphology. Root 

architecture (P, ratio) was aected by P concentration in this study, but root morphoiogy 

(Le., root length and diameter) is considered more Kiiponant for the uptake of immobile 

nutrients such as P, whiie root architecture is more important for mobile tesources (eg. 

water. nitrate) (Fitter, 1987). In other research related to this present study (Chapter 4), 

under field conditions using soi1 core samples, P. bilaii inoculation when no P fertilizer 

was added, resulted in a 48% increase in root crown length and a 21% increase in SRL 

(Le.. longer, h e r  roots in sampled area). This roo t morphology rnay have been related to 

the 13% increase in shoot P concentration for inoculated plants. Under P-limiting 

conditions, increased phosphate uptake rnay result f?om plants that have a h e r  and longer 

root system as this rnorphology would maxllrwe root surface area for P absorption 

(Süverbush and Barber, 1983). Plants that produce the greatest interface with the soi1 

generally will have the greatest nuüient uptake potentu but this must be balanced against 

the cost of the plant growing and maintainhg these roots (Fitter, 1987). It was proposed 

in the field study that P. bilaii may have k e n  increasing the availability of soil P to the 

inoculated plants (no additional P level), thus resulting in a proliferation of roots in the 

sampled area. Plant roo ts are known to proliferate in P-rich regions of soil (Drew et al., 

1973). Although root proliferation is stirnulated in a P-rich zone, the addition of P rnay 

lead to a reduction in the actuai amounts of roots per unit weight of shoot (Christie and 

Moorby, 1975; Ozanne et al., 1969). Total root length and dry weight may be reduced 

when the levels of P in the soil are increased (Asher and Loneragan, 1967; Powell, 1974). 
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Ifp. bilaii was a f f e c ~ g  the availability of P, or influencing the uptake of P by plant roots, 

this would likely result in plants that have shorter, thicker roots as further investment into 

roo t production for soil exploration would be superfluous. 

The favoured hypothesis of how P. bilaii stimulates plant growth is that the 

fungus secretes organic acids, which cause the solubilization of precipitated phosphate, 

thereby increasing the availability of soluble phosphate to the plant (Kucey, 1988). 

However, in this study the P was in a plant available form (dissolved in the solution). 

Therefore, if P. bilaii was only able to promo te or alter plant growth by increasing the 

availability of P to the plant, there should have been no observeci effects of the fungus on 

root morphology. It is also important to point out that there generaiiy was no effect of the 

fungus on root morphology when there was no P available, or when it was in abundance 

(10 mg P lm') in the nuûïent solution. The greatest effects were observed at the 

intermediate P fertility regimes. This suggests that the effect of P. bilaii on plant growth 

is P-related because to see any effect, P must be limiting. 

Penicillium bilaii has k e n  associated with inçreased P concentration and 

accumuiation of pea tissue in previous research (Chapters 3,4) when no added P was 

added to supplement soi1 P reserves or when rock phosphate fertilker was added. In 

addition. the observed reduction in SRL of inoculated plants suggests irnproved P status 

of the plants (Figure 5.2) (Powell, 1974). It is unfortunate that P anaiysis was not 

performed, as it would have provided a better interpretation of the results. However, 

despite this limitation, it appears that the mechanism of growth promotion by P. bilaii is 

P-related, but not exclusively. In the previously described field sîudy (Chapter 4), at a 
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different field site, P. bilaii applied alone iricreased shoot dry weight of inoculated plants 

without an observed increase in P concentration; suggesting that P. bilaii may promote 

plant gro wth by O ther rnechanisms. Other researchers have O bserved gro wth promotion 

(dry matter yields) that was not directly related to P (Chambers. 1992; Downey and van 

Kessel 1990; Gleddie, 1992; Keyes, 1990). Keyes (1990) has suggested that P. bilaii 

rnay promote plant growth through passive biocontrol or growth-promoting effects. 

Another objective of this study was to determine if P. bilaii afîected nodulation 

responses (nodule number, dry weight, specific nodulation) of pea Penicilliwn bilaii 

under the conditions of this study did not affect nodulation of pea (Tables 5.7. 5.10; 

Figures 5.3,5.5). Other researchers have observed effects of this fungus on pea root 

nodulation responses. Gleddie ( 19%) reported inoculation with P. bilaii resulted in 

increased nodulation of pea roots by R hizobiwn legwninosanun in a gro wth room study, 

and promoted increased N uptake by pea in growth chamber and P responsive field triais. 

Do wney and van Kessel (1990) concluded that inoculating with P. bilaii decreased total N 

accumulation by pea plants in a growth charnber experiment. They proposed that the 

production of P-solubilizing organic acids by the fungus may have reduced the rhizosphere 

pH to a degree that would inhibit Rhizobium function. 

Although nodulation responses were no t affected by the presence of P. bilaii, there 

were obsemed effects of P fertilizer on specific nodulation and nodule dry weights (Tables 

5.7,5.10,5.11, 5.12; Figures 5.3,S.S). Specinc nodulation at 19 DAP at the two higher 

fertility regimes was almost twice that of the plants at the two lower P fertility regimes 

(Tables 5.10,s. 1 1 ; Figure 5.5). This may have been a resdt of the O bsetved reduction in 
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root length as the P concentration in the nutrient solution increased (Table 5.4). Nodule 

dry weight at 26 DAP was also significantly affected by the level of P fertility (Tables 5.7. 

5.12; Figure 5.3). As the level of P increased, nodule dry weights increased (Tables 5.7, 

5.1 2; Figure 5.3). Nodule number and rnass have been sho wn to încrease with increased 

suppiy of P (Cassrnan et al., 198 1 ; Dhingra et al., 1988; Gates, 1974; Graham and Rosas, 

1979; Pereira and B k ,  1987). 

In conclusion, it appears that P. bilaii has a greater effect on root morphology 

(root length and diameter) than root architecture (P, ratio). This study also suggests that 

P. bilaii may affect plant growth by other rnechanism (s) besides increasing the availability 

of P to plants, as all of the P used in this study was plant available. However, it appears 

that the limitation of P to p h t s  plays a key role in determining the ability of this fungus to 

affect root morphology and plant growth. Results fkom present and past work show the 

rnost signjfîcant effects are seen when P is present, but lirriiting. Root morphology of P. 

bilaii inoculated plants in this study suggest an improved P status of the plant. 

unfortunately this was not confimied. We also determined, under the conditions of this 

experirnent, that P. bilaii had no significant positive or negative effect on nodulation 

responses of pea. 



6.  General Conclusions 

This section wiU outline the rationale for this work, highlight the signifïcant 

finciings from the three manusaipts, suggest possible explanations of these hdings, and 

conclude with suggestions for future research. 

Inoculation of various crop plants with Penicillium bilaii has resulted in increased 

phosphorus (P)-uptake, dry rnatter production, and grain yields (Asea et al., 1988; 

Chambers, 1992: Gleddie, 1993; Gleddie et al., 199 1 ,  1993; Kucey, 1987, 1988; Kucey 

and kggett, 1989). However, the rnechanism (s) underlying the stimulation of plant 

growth and P-uptake is no t known. The favoured hypothesis of how P. biiaii promo tes 

plant growth is through solubilkation of sparingly soluble phosphates. It is suggested that 

P. biluii secretes organic acids, which acidify the surrounding soil and/or by cation 

chelation, thereby increasing the availability of soluble phosphate to the plant, thus 

promoting plant growth (Asea et al., 1988; Kucey, 1987, 1988). This fungus has been 

shown to produce oxalic and cimc acids in pure culture (Cunningham and Kuiack, 1992), 

and can solubilize calcium phosphate in agar medium (Kucey, 1983) and rock phosphate 

in liquid culture (Asea et al., 1988). However, it has been observed that P. bilaii 

promotes plant growth without promoting the uptake of P (Le., is not P-related) 

(Chambers, 1992; Downey and van Kessel, 1990; Gleddie, 1992; Keyes, 1990). This 

suggests that P. bilaii rnay promote plant growth via other rnechanisrns, possibly beyond 

increasing plant available P. It has k e n  suggested that P. bilaii may promote plant 

growth through passive biocontrol or gro wth-promoting effects (Keyes, 190). 

An alternative rnechanism by which P. bilaii may promo te plant gro wth and P- 
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uptake is through stimulation of root growth (Le., increase root length), thereby increasing 

the root surface area for phosphate absorption. Sensitivity analysis of modeis for 

phosphate uptake into plant roots has indicated the most important plant properties for P- 

uptake are root length and diameter (Silverbush and Barber, 1983). This is the possible 

mechanism by which P .  biiaii stimulates plant growth and P-uptake investigated in this 

thesis. 

In the controlied environment studies, we observed that application of P. bilaii 

alone resulted in increased shoot P concentration and accumulation. When rock 

phosphate fertilizer was added, P. bilaii inoculation increased both root and shoot P 

concentration and accumulation. However, these increases in tissue P concentration and 

accumulation were not accompanied, or preceded by increased root length, and therefore 

was not a result of increased roo t surface area for P absorption. In fact, it was O bserved 

that P. bilaii inoculation resulted in decreases in root length. This reduction in root length 

did not affect the P concentration of roots or shoots, or shoot P accumulation. This 

alteration of root morphology in early growth did not af5ect subsequent P concentration 

and accumulation, or dry matter. This suggests that P. bilaii inoculated plants in early 

growth rnay require less root surface area to produce shoot dry natter and possibly for 

phosphate absorption. Plant roots of P. bilaii inoculated plants when no P fe&er was 

added, at the final harvest, were thicker (greater mean diameters) than no n-inoculated 

plants. Usually, increased average root diameters (thickness) suggests improved P status 

of the plant. However, P. biluii did not af5ect P concentration or accumufation. Results 

b r n  this study indicate that P. bilaii does not stimulate root growth and thus, root 



surface area for phosphate absorption. Inoculation with this fungus may effect the 

morphoIogicaI properties of the roo t system (root length and diameter) by affecting 

(iqroving) the availability of P to the plant, and thus, the resulhg P status of the plant. 

Changes in P availability, and the resuiting plant uptake may result in the alteration of the 

morphological propenies of the root system, as P status is known to affect root 

morpho Io gy. 

In the field snidy, P. bilaii inoculation at one field site, when no P fermizer was 

applied, resulted in longer and ber roots in the sample core. This increase in root length 

may have contributed to the 13% increase in shoot P concentration of inoculated plants, as 

increased roo t surface area cm lead to increased P absorption. A possible interpretation 

of the observed root morphology, is that P. bilaii m y  have increased the availability of P 

to inocuiated plants, resulting in a proliferation of roots in the sampled area; rather than a 

direct effect of the fungus stirnulating root growth. Furthemore, shoot P concentration 

was increased, but had no effect on dry rnatter was observed, further supporthg this 

hypothesis. At another field site, P. bilaii inoculation promotcd shoot dry matter 

production when no P fertiLizer was applied. However, the increase in dry matter 

production was not a result of irnproved P status of the plant. This suggests that P. bilaii 

rnay stimulate plant growth by other mechanisrns, possibly beyond increasing the 

availabilit y of P. 

It was thought that if P. bilaii could alter the morphological properties of the roo t, 

it may also influence roo t architecture (Le., branching patterns). Alteration of branchg 

patterns could result as a direct effect of the fungus through growth promoting effects, or 
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through its possible ability to hprove P availability, as the nutritional status of the plant 

c m  greatly influence branching patterns. Our results fiom Chapter 5 indicated that P. 

bilaii has a greater effect on roo t morphology, than branching patterns of peas. However, 

branching patterns of pea roots were greatly influenced by the level of P in the nutrient 

solution. Plants at the higher fertility r e m s  were more branching compareci with plants 

at lower fertility regimes. It was observed that P. bilaii inoculation, siniilar to results fÏom 

the controiled environment study, reduced pea root length, and increased mean root 

diameters. This suggests improved P status of inoculateci plants, however, this was not 

confirmed in this study. The fact that al l  the P in the nutrient solution was available to the 

plants, and that effects of P. bilaii inoculation were observed, suggests that P. bilaii rnay 

&ect plant growth by other mechanisrns, and is not strictly associateci with inaeased P 

availability. However, it appears that the Limitation of P plays a key role in determinhg 

the ability of this fungus to alter root morphology and plant growth. The results show that 

the rnost significant and positive effects are seen when P is present, but limiting. 

In the field and growth pouch studies, P. bilaii inoculation did not a.Eect 

nodulation response of peas. Results on nodulation responses f5om the controlled 

environment study were inconclusive as the CV values were quite high. 

This work will LikeIy prompt more questions and investigations into possible 

mechanisrns of how P. bilaii promotes plant growth and P-uptake. Suggested areas for 

funire research include studying the effect of P. bilaii inoculation on: ( 1) root morphology 

under field CO nditions, using larger sampling equipment or through roo t excavation to 

obtain a larger portion of the roo t system; (2) determine and quanufy organic acid 



prodaction or other metabolites produced in situ. and examine their effect on plant 

nutrient availability and possible growth promoting effects; (3) examine the possible 

stimulation of mot hair production (numbers) and morphology (length. and diameter). 
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