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SU.MMARY 

The ability Qf plants to absorb phosphate and grow in 

a soil system depends upon a number of soil and environmental 

factors as well as a number of plant factors determined by the 

particular plant species involved. The purpose of this study 

was to compare the growth and phosphate nutrition of four 

plant species, two grasses and two vegetables, and to identify 

the plant factors which control the responses of these species 

to applied phosphate. 

Glasshouse pot experiments using a krasnozem soil with 

a high capacity to f~~ phosphate showed that the four species 

differed in both their relative growth and phosphate uptake in 

unfertilized so~l and also i~ their responses to applied 

fertilize~ phosphate. Cabbage grew relatively better than the 

other species at all levels of applied phosphate and produced 

near maximum yield at a lower level of applied phosphate. Of 

the four species, lettuce was found to produce the lowest 

relative yields at each phosphate treatment. Despite species 

differences in both the absolute and relative amounts of 

phosphate absorbed, the yield differences between species were 

largely the result of differences in the efficiency with 
I 

which absorbed phosphate was utilized in plant growth. This 

(ii) 

appeared to be partly due to differences in the nitrogen status 

of the four species at harvest. In addition, fractionation of 

the phosphate in shoots of lettuce and cabbage grown under 

phosphate deficient conditions showed a difference in the 

relative amounts of inorganic orthophosphate in the shoot. 

Cabbage was found to have a greater proportion of its phosphate 

in organic form. 



Sand culture experiments using organic phosphates and 

inorganic phosph9te-fertilizer reaction products as sources of 

phosphate showed that interspecific differences in the 

utilization of these compounds were apparently not involved 

liii) 

in any differential spe~ies response to phosphate in the soil. 

However, some reservations were expressed concerning the extra-

polation of these results to the soil situation. Depletion 

zone studies using 32P demonstrated that the diameter of the 

zones of phosphate depletion around roots of these species 

were significantly different between two soil types but no 

differences were observed between different species in either 

soil. 

Plant growth rates and rates of phosphate absorption 

in continuous-flow nutrient cultures of low phosphate concen­

tration were found to differ widely between species especially 

at below optimum concentrations. These results suggested 

that the poor g~owth of lettuce in krasnozem soil was 'partly 

due to its liIT\ited rate of phosphate absorption from solutions 

of low concentration. 

The results of the continuous-flow nutrient culture 

experiments were confirmed in short-term phosphate uptake 

studies using excised roots. Kinetic anqlysis qf the 32P 

absorption data for non-sterile excised roots revealed that 

all species possessed two separate absorption mechanisms. For 

the vegetables the relative contribution of each uptake 

mechanism to the total phosphate absorbed was similar, but 

the rates of phosphate uptake by both the "a" and 11 b 11 mechan­

isms were a~ways greater for cabbage than for lettuce. 



Differences in phosphate uptake between grass and vegetable 

excised rqots wer~ due to differences in both the rates of 

absorption and the relative magnitudes of the two uptake 

mechanisms. 

Phosphate uptake by sterile, excised roots of cabbage 

and lettuce was also characterized by the operation of dual 

absorption mechanisms. In comparison with rates of phosphate 

uptake under non-sterile conditions the absence of micro­

organisms had no significant effect on the rate of phosphate 

absorption by lett~ce. Bowever, phosphate uptake by excised 

roots of cabbage was reduced under sterile conditions indic­

ating a positive interaction between cabbage roots and the 

microflora, with respect to phosphate absorption under non­

sterile conditions. 

(iv) 
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I INTRODUCTION 



Studies conducted under glasshouse or laboratory 

conditions have indicated that a large number of soil and 

plant factors may operate in controlling the rate and pattern 

of phosphate uptake by the roots and the subsequent 

utilization of phosphate within the plant. These include 

plant factors such as the amount and type of root tissue, the 

physiological and nutritional status of the plant, the bio-

chemical make-up of the plant and the presence of rhizosphere 

micro-organisms a~ well as soil factors such as soil pH, the 

2 

soil's chemical characteristics and also its physical structure. 

Presumably some of the plant factors controlling the absorption 

and utilization of phosphate, may operate differently in 

different plant species and may therefore account for differ-

ences in phosphate nutrition commonly observed between plant 

species. 

Although previous studies comparing the phosphate 

nutrition of qifferent plant species have often concluded 
i 

that a single factor is responsible for the differential 

effect, few studies have investigated and attempted to relate 

the various factors that may be operating simultaneously. At 

the same time, th~re appears to be, in some case~ a basic lack 

of knowledge concerning the physiological or bio-chemical 

mechanisms inherent in these factors. 

Differences between plant species in phosphate 

absorption and r~lative growth rates are usually most obvious 

when plants are grown in soils containing a low level of 
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available phosphate but which are not deficient in phosphate 

per se. Under these conditions in the red loam (krasnozem) 

soils of south east Queensland, Menary (private cormnunication) 

has observed apparently normal growth of grasses while tomatoes 

and certain other vegetables show severe phosphate deficiency 

symptoms associated with marked depressions in plant growth~ 

Such interspecific differences in response to phosphate in 

these soils could be due to differences between species in 

one or any combination of the following factors: 

1. Plant requirement for, and internal utilization 

of phosphate. 

2. Rate of phosphate absorption per unit of root. 

3. Amount, structure and type of root system. 

4. Root exudates and root microbial populations 

(both of which may influence the utilization 

and absorption of soil inorganic and organic 

phosphates) . 

5. Other factors such as optimum pH for plant 

growth and the toxicity threshold for heavy 

metals (e.g. Al, Fe, Mn). 

The aim of the present study was to examine the 

growth and phosphate nutrition of a number of plant species 

and to determine and compare the relative importance of the 

various factors that may operate in controlling the phosphate 

nutrition of plants. To simplify interspecific comparisons 

of phosphate nutrition, an attempt was made to select species 



with similar ~issue phosphate requirements for maximum 

growth1 but which gave differential yield responses to 

applied phosphate. From reports in the literature and 

from the results of a short, preliminary pot experiment 

in which shoot phosphate concentrations and yield responses 

to phosphate applied to a krasnozem soil were measured, four 

plant species (two vegetables, lettuce and cabbage and two 

grasses, phalaris and perennial ryegrass) were selected for 

study. Of these four species, cabbage and perennial ryegrass 

appeared to be able to utilize soil phosphate more effectively 

than did lettuce and phalaris. Tomato was not included as one 

of the vegetable species because fts simultaneous vegetative 

and reproductive growth may have 9aused problems of inter-

pretion in comparisons made with a vegetative type species. 

The initial approach taken in this project was to 

compare plant growth, absorption and utilization of both soil 

and fertilizer ~hosphate by the four species when growing in 

a krasnozem soil of low available phosphate status. The role 

of a number of factors of possible importance in phosphate 

nutrition of plants was then studied in subsequent experiments. 

These included studies of the phosphate depletion zones around 

plant roots grown in two soil types, investigation of the 

ability of plants to utilize phosphate from organic phosphates 

and inorganic soil-fertilizer reaction products, and determin-

ation of the rat~ of phosphate absorption by plant roots 

grown in solution cultures. The latter study was made using 

e~cised roots and radioactive phosphate in short term uptake 



experiments in addition to longer-term studies with whole 

plants grown in large volume, continuous-flow, nutrient 

solution cultures. In some cases the experiments, mentioned 

above, were conducted under both sterile and non-sterile 

conditions to show how micro-organisms influence the 

phosphate nutrition of plants. 

It was hoped that these experiments would enable 

the factors of prime importance in determining interspecific 

differences in plant phosphate nutrition to be identified so 

that further investigation could elucidate the basic 

physiological and bio-chemical mechanisms involved. Compar­

ative studies of this type are of potential practical 

importance since identification and subsequent explanation 

s 

of the mechanisms controlling efficient plant absorption and 

utilization of phosphate would facilitate selection for these 

characters in plant breeding programmes. Species with such 

characteristics would be particularly important in soils having 

a high capacity to fix phosphate. 
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II A FORMS OF PHOSPHATE IN ACID SOILS 

II A l INTRODUCTION 

Apart from the presence of condensed phosphates, 

which are readily hydrolysed to orthophosphate by micro-

organisms (Sutton and Larsen, 1964), phosphorus in soil 

occurs exclusively in the orthophosphate form. 

In this review the emphasis will be placed on the 

forms of orthophosphate in acid soils and a distinction will 

be made between forms present in recently fertilized soils 

(phosphate reaction products), a non-equilibrium condition, 

and those found in virgin soils or soil unfertilized for 

some years where a position nearer to phosphate equilibrium 

has been attained. 

II A 2 FORMS IN VIRGIN AND UNFERTILIZED SOILS 

For convenience of discussion phosphorus in soils 

will be considered as either solution phase or solid phase 

phosphates both of which will be further subdivided into 

inorganic and organic forms. 

II A 2.1 Phosphate in the soil solution 

II A 2.l(a) Inorganic forms 

Orthosphate may exist in solution as H3P04, H2P04-, 

2- 3-
HP04 and P04 , the proportions present in any solution 

depending primarily upon the pH. Olsen (1953) has 

calculated that in normal soils only H2P04 
2-

and HP04 are 

important, the proportions at the following pH's being:-

10 



pH 

% as H2Po4 

t­
% as HP04 

5 

99.3 

0.6 

7.2 9.0 

50.0 1.5 

50.0 98.4 

Larsen (1967) has pointed out that at least some 

of the phosphate ions in the soil solution may be 

complexed with metallic ions. From stability constants 

of various ion-pairs he predicted that soluble phosphate 

complexes of iron and aluminium would be those most 

likely to occur in soil solutions, with calcium phosphate 

complexes of lesser importance, except in calcareous 

soils. Larsen (1967) could find no information in the 

literature concerning phosphate complexes in the soil 

solution, thus substantiating the claim of Adams (1971) 

that the ionic ~omposition of the true soil solution 

remained a neglected area in soil chemistry. 

II A 2.l(b) Organic forms 

The importance of organic phosphates in soil 

solutions was first shown by the work of Pierre and Parker 

(1927) who found that the average concentration of organic 

phosphates in displaced soil solutions from twenty soils 

was 0.47 ug/ml, representing 84% of the total phosphorus. 

However, the forms of organic phosphates in soil solutions 

have only recently been investigated. 

Hannapel et al. (1964) showed that movement of 

phosphate in a calcareous soil occurred almost completely 

11 

in the organic form and in a further paper, Hannapel, Fuller 



and Fox (1964), they suggested that a large fraction of 

the organic phosphorus in the soil solution was particul­

ate in nature being associated with microbial cells and 

cellular debris in the colloidal size fraction. Martin 

(1970) -investigated the compounds in water extracts of 

ten soils after incubation of soil with 32P labelled 

orthophosphate under aerobic conditions. More than thirty 

32P labelled compounds were identified in these extracts, 

from 2 to 40% of the extracted activity being in the 

organic form. However, only one organic component could 

be detected by two-dimensional thin-layer chromatography 

using conventional staining with molybdate re9gent and. 

this was not identified fully although it was found to 

12 

have properties distinct from the simple phosphate esters 

expected in soils. Further experiments under partially or 

completely sterile conditions showed that the 3 2p compounds 

extracted were derived largely from growing microbial cells 

and a significant proportion of the intra-cellular organic 

phosphate pool was liberated into solution from damaged 

cells with the phosphate ester bond intact. 

II A 2.2 Phosphate in the solid phase 

II A 2.2(a) Inorganic forms 

Inorganic solid phase phosphate is present in a 

number of forms, as crystalline phosphate compounds, as 

phosphate adsorbed to soil constituents and as phosphate 

present in the lattice of silicate minerals. The latter 

form is of very minor importance and will not be 

discussed here. 



II A 2. 2 (a) (i) Cry'stalline compounds 

Crystalline phosphates have been identified in 

soils usually as the result of petrographic examination 

of sand and silt fractions or where concentrations 

permitted, by x-ray diffraction and differential thermal 

analysis of clay sized fractions. Evidence of the 

presence of various crystalline phosphates has also been 

obtained by the application of solubility criteria to 

the soil as a whole. 

Because high phosphate mineral concentrations are 

necessary for direct examination by the petrographic 

microscope only apatite (unit cell formula MlO (P04)5 x 2 ) , 

vivianite (Fe(P04)&8H26), and wavellite (Als(OH)3(P04)2 

•5H20) have been identified by this method (Black, 1968) . 

Of these only apatite is of general importance, since 

it is the most common primary phosphate mineral~ However, 

it does not usually occur in acid soils (Russell, 1961). 

Norrish (1968) identified a number of secondary 

phosphate minerals in Australian soils using x-ray 

diffraction analysis of various particle-size fractions. 

These minerals, members of the plumbogummite group, were 

concentrated in the O. 5-5 .0 Jl m size fraction and in some 

cases accounted for up to 60% of the total soil phos­

phorus. All these minerals contain phosphorus and 

aluminium in two structural positions with a third 

position containing one of a number of cations, e.g. 

plumbogummite,PbA1 3 (P04)20H5H 2o and crandallite where Ca 

13 
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occupies the position of Pb. These minerals are 

believed to be formed during weathering and soil formation 

and their occurrence in highly leached soils is indicative 

of their insolubility. Norrish (1968) has identified these 

minerals in 40 soils, including lo krasnozems, most of 

which had higher than average phosphate contents and he 

considered that because of detection difficulties in soils 

of low phosphorus content these minerals may be more common 

in soils generally, than is at present indicated in the 

literature. 

Methods based on the solubility product principle 

have also been used to predict the crystalline forms of 

phosphate likely to be found in soils. This involves a 

comparison of the ion activities in "equilibrium" soil 

solutions with the corresponding ion activities of known 

phosphate minerals, the basic concept being that at 

"equilibrium" the soil solution ion activities are controlled 

by the solubility of the least stable soil phosphate 

mineral. Using this method many calcium, aluminium and 

iron phosphates have been claimed to occur in soils. The 

method, however, is open to a number of objections. First 

the solubility product of calcium phosphate minerals has 

been shown to vary due to impurities in the equilibrium 

system (Ericsson, 1949) and depending upon whether the 

equilibrium position was reached via precipitation or 

dissolution of the compound (Bjerrum, 1949). In the soil 

situation both of these factors will operate together and 



further complicate the system. Secondly, Murrman and Peech 

(1969) have shown that insoluble minerals such as varascite 

(AlP04.2H20) and fluorapatite (Ca10 (P04)6F2) dissolve very 

slowly in soil and require considerable periods of time to 

reach equilibrium. Despite these difficulties the presence 

in soils of fluorapatite (Murrman and Peech, 1968), varascite 

(Wright and Peech, 1960) and strengite (Chakravarti and 

15 

Taliliudeen, 1962) have been inferred on- the basis of solubility 

criteria. However, studies by Raupach (1963) and Bache (1963) 

concluded that the correspondence between ion activity products 

in soils and those of pure varascit~ and strengite could also 

be explained as surface reactions of phosphate with aluminium 

oxy-hydroxides and iron hydroxides. 

Recently Murrman and Peech (1969) concluded that 

crystalline phosphates and labile phosphate (i.e. isotopically 

exchangeable soil phosphate - usually considered to be phosphate 

sorbed onto soil constituents) both determine the concentration 

of phosphate in the soil solution according to the equation:-

labile P ... -- solution P ==== crys'talline P 

Since equilibrium between solution and crystalline phosphate 

is attained so slowly they considered that in the short term 

the labile phosphate determines the concentration of phosphate 

in the soil solution. Thu~ only when labile and crystalline 

phosphate are in equilibrium will the concentration of 

phosphate in the soil solution be controlled by the solubility 

product of a crystalline phosphate compound. 
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II A 2.2(a) (ii) Phosphate adsorbed to soil constituents 

In acid soils the main constituents responsible for the 

sorption of phosphorus are compounds of aluminium and iron 

(Hemwall, 1957; Smith, 1965). The importance of soil 

aluminium and iron in phosphorus adsorption has been shown 

by a large number of workers. Leaver and Russell (1957) found 

that both phosphate fixing soils and hydrated aluminium and 

iron oxides had a decreased capacity for phosphate sorption 

after treatment with blocking agents which react with alumin-

ium and iron. Bromfield (1965) was able to correlate 

phosphate adsorption by 47 acid surface soils from eastern 

Australia with the amounts of iron and aluminium extracted 
, 

from them by Tamms acid oxalate reagent. The correlation 

coefficients, when all soils were considered, were highest 

for sorption and extractable aluminium but with certain soils 

the extractable iron values or iron plus aluminium gave 

higher coefficients than did aluminium alone. Chemical removal 

of various amounts of iron and aluminium from eleven of these 

soils generally resulted in a decrease in phosphate adsorption. 

Other workers, Williams, Scott and McDonald, (1958), Coleman, 

Thorup and Jackson (1960) and Franklin and Reisenauer (1960), 

have also found a high correlation between phosphate sorption 

and soil aluminium but in each case the capacity of soil iron 

to sorb phosphate was found to be of minor importance in 

comparison with aluminium. 

Clay minerals and oxides or hydrous oxides of iron and 

aluminium are the principle compounds in soil responsible for 

the adsorption of phosphate (Hemwall, 1957; Hsu, 1965). 
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Hsu (1965) believes that the mechanism of adsorption involves 

breakage of part of the Si-0-Al or Al-OH linkages leaving 

aluminium (or iron) still in the crystal lattice, and that the 

same process occurs in both clays and sesquioxides. It is now 

generally believed that anion adsorption can occur in one of 

two ways. One mechanism involves the retention of anions as 

counter ions in the diffuse layer opposite a net positively 

charged surface and this has been called non specific anion 

adsorption by Hingston et al. (1967, 1968). Hsu (1965), 

however, believes that physical adsorption should not be 

considered as a fixation process of any significance. The 

second mechanism involves co-ordination of the anion with an 

oxide metal ion,causing simultaneous displacement of another 

anion or ligand. This type of adsorption by ligand exchange 

has been termed specific anion adsorption, (Hingston et al., 

1967, 1968), and always results in the charge on the surface 

becoming more negative. This theory, although originally 

developed from a study of anion adsorption by geothite, 

appears to have wider implications ahd recently has been 

shown to be equally valid for adsorption of phosphate and 

silicate by four strongly, phosphate adsorbing soils, 

(Obihara and Russell, 1972). 
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II A 2.2(b) Organic forms 

The organic phosphate content of soils expressed as a 

percentage of the total soil phosphate ranges from very small 

values up to figures as high as 70-80% (Williams and Steirtbergs, 

1958). The characterization of the organic phosphates in soils 

was for many years hampered by the lack of suitable techniques 

to separate and identify the heterogeneous and complex products 

isolated from soils. Only in the last decade or so with the 

advent of adv~nced chromatographic techniques has any real 

progress been made. Even now the chemical nature of a large 

proportion of the soil organic phosphate remains obscure (Cosgrove 

1967). 

According to Anderson (1967) the organic phosphate 

compounds so far identified in soils belong to or are derived 

from three classes of phosphate esters, the inositol phosphates, 

the nucleic acids and the phospholipids. The latter two classes 

are of minor importance and rarely account for more than 5-10% 

of the total soil organic phosphate (Anderson, 1957, 1961; and 

Hance and Anderson, 1963) . 

The most important class of phosphate esters occurring 

in soil are the inositol phosphates which contribute up to 52% 

of the total organic phosphate (Anderson, 1967). These 

phosphates occur in a number of stereoisomeric forms of which 

the myo-configurations,especially myo-inositol hexaphosphate1 

has received the greatest attention. The higher esters of 

inositol, the hexa- and penta-phosphates have been studied in 

greater detail than the lower ones because these account for 

the major fraction of the total organic phosphate present in 



soil (Anderson, 1956; Martin and Wicken, 1966; Dormaar, 

1967; Omotoso and Wild, 1970). The. amounts of inositol 

phosphate in soil vary widely and also account for a highly 

variable percentage of the soil organic phosphorus (Anderson, 

1967; McKercher and Anderson, 1968a, 1968b; Williams and 

Anderson, 1968; Omotoso and Wild, 1970). The reasons for 

this variability between soils remains obscure and Williams 

and Anderson (1968) have found that neither the absolute 

content of inositol phosphate nor the proportion of the total 

organic phosphate present in the form of inositol phosphates 

could be closely associated with any particuiar soil property. 

In the soil situation little is known of the factors 

responsible for· adsorbing and stabilizing the inositol 

phosphates. In general it appears that inositol phosphates 

react with inorganic soil constituents to form insoluble 

complexes or alternatively may react with other organic 

constituents to form larger organic complexes. Apart from the 

alkali metal salts most other salts of inositol polyphosphates 

are only slightly soluble in water. Jackman and Black ·(1951) 

found the iron and aluminium salts were very insoluble in 

19 

acid solutions above pH3 while the alkali m~tal salts were 

insoluble in alkaline media. Adsorption of inositol phosphates 

to clay minerals, soil clays and hydrated sesquioxides has been 

reported by Anderson and Arlidge (1962) . In general the greater 

the number.of phosphate groups in the molecule the greater was 

the degree of adsorption. The adsorption activity of clay 

minerals and soil clays was attributed to the active iron and 

aluminium present in/on these clays. 
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II A 3 Reactions of fertilizer phosphate with soil 

A knowledge of the chemical reactions that occur in 

soil on addition of fertilizer phosphate and the identification 

of the phosphate reaction products produced is essential in 

fully defining the phosphate status of soils and in determin­

ing the likely availability to plants of phosphate added as 

fertilizer. 

Much of the extensive knowledge now available on this 

subject has been contributed by workers of the Tennessee Valley 

Authority at Muscle Shoals, u.s.A. This work has been reviewed 

by Huffman (1962, 1970). The early work of Haseman, et al. 

(1950, 1951) and Low and Black (1950) provided data suggesting 

the types of reaction products that may be formed in soils, but 

it was left to later workers using fertilizer granules in the 

soil situation to clarify these reactions and identify the 

products. 

Lehr, Brown and Brown (1959) placed tablets of mono­

calcium phosphate (MCP) in soil and concluded that the main 

factor controlling rate of tablet dissolution was vapour transport 

of water to the tablet, although factors such as soil moisture 

content, soil capillarity and temperature were also involved. 

They found that a considerable part (21-34%) of the applied 

phosphate remained at the tablet site, mostly as dicalcium 

phosphate. Lindsay and Stephenson (1959a) found that the 

chemical nature of the solution leaving a band of MCP in soil 

closely approximated ~he composition of the metastable triple 

point solution of MCP (i.e. MTPS - the solution saturated 

with respect to both Ca(H 2P04) 2 .H20 and CaHP04.2H 2o). Because 



the solution leaving the band was acidic (pH= 1.48), it 

caused considerable amounts of aluminium, iron and manganese 

to be brought into solution and the concentration of calcium 

and phosphate in solution decreased with increasing distance 

from the band, reflecting the effects of dilution and reaction 

with the soil. In later work, Lindsay, Lehr and Stephenson 

(1959) and Lindsay and Stephenson (1959b) found that the 

dissolution of further, more basic soil components caused a 

21 

rise in pH and supersaturation 9f the solution with some ions 

dissolved. from soil constituents. This resulted in precipit­

ation of phosphates and the simultaneous removal from solution 

of aluminium, iron, calcium and potassium ions. Filtrates 

obtained from these reaction sequences yielded crystalline 

precipitates upon standing, the most important initial reaction 

product of MCP in both acid and calcareous soils being dicalcium 

phosphate dihydrate. 

Lindsay, Frazer and Stephenson (1962) made a more 

detailed study of the solid phase reactions products formed 

in three soils by a variety of phosphate fertilizers and 

identified about thirty crystalline phosphate compounds. The 

initial reaction products formed depended upon the soil pH, 

the fertilizer used and the presence of reactive ions (i.e., 

soil type) . For MCP at least fifteen reaction products were 

identified mostly after addition to the reaction filtrate of 

reactive ions likely to occur in soils. This procedure may be 

criticised as be~ng artificial and relatively simple in 

comparison to the much more complex situation occurring in 

soils. Nevertheless, even without addition of reactive ions 

a number of reaction products were identified. Colloidal ferric 
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and aluminium phosphates of indefinite composition were the 

main products after reaction of MTPS in acid soil for three 

days. Addition of iron or aluminium to the filtrates caused 

precipitation of various calcium, iron and aluminium phosphates 

while addition of potassium ions precipitated CaHP04·2H20 and 

K(A1Fe) 3 H8(P04)5.6H20 with potassium taranakite being formed 

at slightly higher pH values. Further work by Taylor and 

Gurney (1965) established the importance of potassium 

taranakite (H5K3Al5(P04)g.18H20) as a major reaction product 

of MCP in non-calcareous soils containing potassium. Where 

potassium was present in only small amounts or available only 

from the soil, rather than fertilizers, all the potassium was 

precipitated at taranakite the remaining phosphate forming 

amorphous aluminium phosphate and calcium a~uminium phosphate. 

Taylor and Gurney (loc. cit.) also found that aluminium 

hydroxides were much more reactive than ferric o~ides in the 

precipitation of phosphate from acidic fertilizer solutions 

and they concluded that significant precipitation of iron 

phosphate would only occur in soils deficient in reactive forms 

of aluminium or in those containing very finely divided and 

highly reactive forms of iron oxides. 

Das and Datta (1966, 1967, 1968), working on the forms 

of phosphate fertilizer reaction products in a number of Indian 

soils, have confirmed the results of the American workers. 

They found that for MCP the major reaction products were 

brushite (CaHP04~H20), monetite (CaHP04), potassium taranakite, 

calcium aluminium phosphates and amorphous iron and aluminium 

phosphates. These products, however, are only the initial ones 

and being thermodynamically unstable, further chemical change 

within the soil will occur (Huffman, 1962). 
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All of the crystalline reaction products so far 

discussed have been identified after precipitation from 

filtrates obtained from contact of saturated water-soluble 

phosphate fertilizers with soil. These may be regarded as 

somewhat artificial and strictly speaking only a few crystalline 

reaction.products have actually been identified in soil. 

Anhydrous and dehydrated forms of dicalcium phosphate as well 

as octacalcium phosphate have been identified in soils as 

reaction products of MCP (Bouldin et al., 19607 Lehr and Brown, 

1958) . Recently Bell and Black (1970) reported the formation 

of brushite and monetite in five alkaline to slightly acid 

soils, but although the pH close to the MCP source in the soil 

dr.opped to as low as 2.8 no evidence of iron or aluminium 

phosphate formation,was found. Detection of these crystalline 

phosphates may however have been overlooked due to their small 

crystal size and the presence of only trace amounts. Thus, 

although crystalline iron and aluminium phosphates are thought 

to form in soils their presence in the soil proper has yet to 

be established. 

The stabilities of the initial phosphate reaction 

products identified in soil filtrates have been studied by 

laboratory measurement of their rates of dissolution and also 

by examination of their alteration products or residues after 

incubation in soil. Huffman (1962) has stressed the importance 

of surf ace area in determining the rate of dissolution of 

slightly soluble reaction products and in general the larger 

the surface area of a particular product the more rapid the 
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rate of solution. Huffman, Cate, Deming and Elmore (1960) 

measured the initial rates of solution of a wide range of 

reaction products and taking strengite (crystalline ferric 

phosphate} as unity, the relative·rates of solution,in water, per 

unit surface area were 1-3 for amorphous aluminium and iron 

phosphates, 10-165 for complex phosphates such as potassium 

taranakite and calcium aluminium phosphates and 250 for monetite. 

Dissolution of dicalcium phosphate was the only one controlled 

by diffusion through a liquid film the rates of the others being 

controlled by chemical reaction. The pH also had a major 

influence on dissolution, the rate of solution increasing with 

increasing pH for iron and aluminium phosphates and decreasing 

with increasing pH for calcium phosphates. They also found that 

the complex phosphates dissolved incongruently in water releas-

+ + 2+ . ing phosphorus and cations (K ,NH4 Ca ) and at the same time 

forming amorphous irqn and aluminium phosphates. Phosphorus 

from these tertiary products dissolved preferentially leaving 

residues coated with amorphous material resembling ferric and 

aluminium hydroxides. 

Taylor, Gurney ~d Lehr (1963) also found the complex 

ferric phosphates;H4CaFe2(P04)4. SH20 and H8Fe3(P04)6 • 6H20; 

to dissolve incongruently releasing about half their phosphorus 

and leaving hulls of strengitic material after 313 days decay 

in an acid soil. Potassium taranakite on the other hand 

remained virtually unaltered and they concluded that its 

hydrolysis was impeded by surface coatings of amorphous 

al.uminium phosphate that form in the early stages of diss-

olution. The amorphous iron and aluminium phosphates were 

similarly unchanged and no evidence of crystallization or 

alteration was observed after 313 days. More recently Juo 



and Ellis (1968) have shown that under identical, artifically 

imposed conditions amorphous ferric phosphate·crystallized 

at a much faster rate than amorphous aluminium phosphate. 

25 

From this finding they argued that the ratio crystalline: 

amorphous forms in soil was likely to be greater for iron than 

for aluminium phosphate at any particular time after phosphate 

fertilization. 

The stability of crystalline calcium phosphate reaction 

products have also been investigated by a number of workers. 

Bouldin and Sample (1959) showed that the relative rates of 

solution of dicalcium phosphate, both anhydrous and dihydrate, 

were proportional to the surf ace area of the fertilizer 

granules. They have found the dissolution of powdered fertil~ 

izers to be much faster than that of granules, granules of 

dicalcium phosphate larger than 60 mesh remaining partially 

intact in cropped ~oils for more than six months. Larsen et al. 

(1964) found no new.phases present aft~r incubation of brushite 

in four acid soils for 26 months, complete dissolution of 

these granules taking a further 13 months period. 

From the published work, taken as a whole, it appears 

that the most important initial reactions products formed in 

acid soils after application of monocalcium phosphate are 

brushite (CaHP04~H 2o), monetite (CaHP04), potassium taranakite 

(H5K3Al5(P04)9.l8H20), amorphous aluminium and iron phosphates 

and calcium aluminium phosphates. Further alteration of at 

least some of these compounds is known to occur in soils with 

time and although conclusive evidence in the soil situation has 

not yet been obtained,due to the extremely slow rate of reaction, 



it appears from artificial laboratory studies that strengite 

(FeP04. 2H20) and varascite (AlP04. 2H20), may be the final 

reaction products in acid soils. 
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II B SOME FACTORS INFLUENCING THE AVAILABILITY 

OF PHOSPHATE AND ITS ABSORPTION BY PLANTS 

II B 1 SOURCE AND METHOD OF APPLICATION OF PHOSPHA~E 

The chemical form of phosphate available for utilization 

and absorption by plants and the method of its application to 

the soil are both important factors in controlling the amounts. 

of phosphate absorbed by plants. 

II B 1.1 Inorganic phosphates 

Since it is generally considered that the immediate 

source of phosphate for plants is as H2P04 
2-

and HP0 4 

in solution, the availability of any source is partly 

controlled by its solubility in the soil solution. 

However, in a soil situation where phosphate fertilizers 

react with the soil constituents the water solubility of 

the reaction products must also be considered. 

Lindsay and Taylor (1960) reviewed the results of 
' -

many glasshouse experiments and compared-the abilities of 

various soil-phosphate reaction products to supply phosphate 

to plants grown in neutral soils. Huffman (1962) reported 

that the relative availabilities of these phosphate sources 

to plants closely paralleled their relative initial rates 

of solution. Where discrepancies occurred these could be 

at least partly explained by the large differences in 

surface areas that occurred between different phosphate 

sources. In general, phosphate availability to plants 

decreased in the order:- calcium phosphates )_amorphous 

iron and a_luminium phosphates ) taranaki tes ) crystalline 

iron and aluminium~J~Many other workers have also demon-
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strated that dry matter yields and phosphate uptake were 

closely related to the degree of water solubility of the 

phosphate fertilizer applied to the soil (Lawton et al., 

1956; Hagin and Berkovitis, 1961; Webb, Pesek and Eik, 

1961; Beaton, Read and Hinman, 1962; Romsdal and Schmehl, 

1964 and Terman and Allen, 1969). Engelstad and Moreno 

(1965) concluded that the main effect of water-soluble 

fertilizers was the increase in soil volume contacted by 

the fertilizer phosphate. In acid soils this may increase 

phosphate fixation and it is not surprising to find that 

Martin, Vlamis and Quirk (1953) and McLean and Logan (1970) 

reported no benefits from the use of water-soluble fertilizer 

phosphate in acid soils. In fact these workers found a 

decrease in plant phosphorus content as water solubility of 

the fertilizer increased and under these conditions they 

found banding the fertilizer or liming the soil increa~ed 

phosphate uptake by the plant by reducing phosphate fixation. 

For the same reasons granulated water-soluble phosphates 

will be more efficient sources than liquid or finely 

powdered phosphates on acid soils, particularly those of 

high, reactive iron and aluminium content (Terman et al., 

1960). With fertilizers of lower water solubility, such 

as dicalcium phosphates, Bouldin and Sample (1959) have 

correlated availability with the geometric surface of the 

granules and finely divided fertilizers of this type, 

mixed well with the soil, are usually more effective than 

when granulated or banded in soil. (Terman et al., 1956: 

Hagin,, 1958; Webb, Eik and Pesek, 1961) .· 
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From these reports it is obvious that the most 

efficient source of phosphate fertilizer and the best 

method of application to the soil is directly related to 

the properties of the particular soil in which plahts are 

to be grown. 

II B 1.2 Organic phosphates 

These forms of phosphate must also be considered as 

likely sources of phosphate for plants. Although Pierre 

and Parker (1927) failed to show a decrease in the organic 

phosphate content of soil extracts and displaced soil 

solutions during a 24 hour absor~tion period by corn, 

soybean and buckwheat plants, later work by Rogers, Pearson 

and Pierre (1940) showed that corn and tomato roots under 

non-sterile conditions could utilize the pure organic 

phosphates, phytin, lecithin, nucleic acid and calcium 

glycerophosphate. Szember (1960) followed-up this work 

using sand and agar substrates containing lecithin and 

phytin as phosphate sources and was able to report ,a 

similar utilization by plants, this time under sterile 

conditions. More recently Wild and Oke (1966) have 

concentrated, purified and identified the organic 

phosphates in CaCl2 extracts of dried soils. They iden­

tified_ three organic phosphate fractions all of which 

were at least partially utilized as sources of phosphate 

by clov~r plants grown under aseptic conditions. , Most of 

the phosphate in each of the three fractions was identified 

as myo-inositol monophosphate. 



Recerttly, Fardeau, Delille and Ambramovici (1968) 

have shown, using an inverse isotopic dilution procedure 

on an argillocalcareous soil, that at least some portion 

of the phosphate absorbed by ryegrass plants originated 

from sodium irtositol hexaphosphate added to this soil. 

Different results were reported by Martin and Cartwright 

(1971} who compared 32 P labelled myo-inositol hexa-

phosphate and potassium dihydrogen orthophosphate as 

sources of phosphate for ryegrass grown on three soils 

differing in phosphate sorption capacity. Both sources 

were equally available to ryegrass in a coarse river s.and 

JO 

but in a calcareous sand and a lateritic podzolic soil .the 

availability of added myo-inositol hexaphosphate was 

essentially zero whereas uptake from inorganic orthophosphate 

was demonstrated in each case. It was concluded that the 

formation of insoluble s.alts and/or sorption reactions on 

sesquioxide and clay surfaces made inositol hexaphosphate 

completely unavailable to ryegrass. grown in .a soil situation. 

A similar resistance of inositol hexaphosphate to miner­

alization has been reported by Greaves and Webley (1969) 

using micro-organisms. 

Thus although plants are able to utilize various 

organic phosphates as sources of phosphorus when grown 

in water, agar and sand cultures, they appear unable to do 

so in soil because the phosphate is rendered unavailable 

by chemical and physical reactions with soil constituents. 
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II B 2 SOIL FACTORS 

!I B 2.1 Soil physical properties 

The physical properties of soils are known to affect 

both the rate of phosphate uptake and the rate of growth 

of plant roots (Lutz, 1952; Flocker and Nielsen, 1962; 

Menary and Kruger, 1966; Barley and Greacen, 1967). 

The harmful effect of poor soil structure on the 

growth and rate of phosphate absorption of wheat plants 

has been reported by M~rdock and seay (1954). Later, the 

direct influence of coarseness of soil structure on plant 

absorption of phosphate and nitrate was studied by 

Wiersum (1962) using artificial aggregates of varying 

sizes. He found that nutrient absorption depended upon the 

density of rooting and the mobility of the nutrient in the 

system. Nitrate uptake remained fairly constant over the 

range of aggregate sizes but phosphate uptake was severely 

reduced in the coarse aggregate substrates. This_ result 

was attributed to the relative immobility of phosphate in 

comparison with nitrate and emphasises the importance of 

the degree of soil exploitation by plant roots when 

considering absorption of immobile nutrients such as 

phosphate. Gunary and Sutton (1967) have concluded that 

continued exploitation of fresh soil by root extension 

was required for plant absorption .of phosphate.over an 

extended time period. 

Soil texture also has an important effect on phosphate 

availability. Phosphate adsorption by soil minerals is 

known to increase as soil particle size decreases due to 

the increased surface area and number of reactive sites on 



lattice edges (Colemah, 1944; Perkihs and King, 1944). 

Cole and Olsen (1959) explained differences in phosphate 

solubility behaviour between soils of different textures 

as the result of differences in measured soil surface 

area and the soil's capacity for monolayer phosphate 

adsorption. Olsen and Watanabe (1963) noted that 

diffusive transport of soil phosphate to a plant root 

depended upon three factors all of which were affected 

by changes in soil texture, viz. the phosphate·diffusion 

coefficient, the concentration gradient between soil and 

root and the capacity .of the soil to replenish soil 

solution phosphate absorbed by the roots. These workers 

were able to develop the following equation:-

Rate of plant phosphate uptake c< j bDp . 
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where Dp is the diffusion coefficient for phosphate in the 

soil and bis a measure of the soil's phosphate capacity. 

The rate of phosphorus absorption by corn piants grown 

in three soils of different texture was measured by Olsen 

and Watanabe (1963) and these values agreed closely with 

those calculated using their equation. In a clay soil the 

rate of phosphorus uptake by corn was found to be three 

times that in a fine sandy loam, both soils having equiv­

alent concentrations of phosphate in the soil solution .. 

Olsen and Watanabe (1970) extended this work and were able 

to calculate from their diffusion equation the amounts of 

fertil1zer phosphate required. to produce.maximum yields 

of corn (i.e. optimum soil solution phosphate concentrat­

ions) for soils of three texture classes. These values 

agreed remarkably well with those obtained in a glasshouse 
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trial which measured the yield response to phosphate 

applied to these soils. The clay soil required only 

3.5uMP in the soil solution for maximum yield while the 

fine sandy loam required 27.3uMP. However, the clay soil 

required double the amount of fertilizer phosphate 

(40UgP/g soil) required by the sandy soil to establish 

the respective soil solution concentrations. This example 

illustrates the importance of soil texture when consider-

ing the phosphorus nutrition of soil-grown plants. 

Soil bulk density is another physical factor affect-

ing plant growth and phosphate absorption by the plant. 

In general high soil bulk densities reduce plant growth 

and phosphate uptake. Marked reductions in shoot and/or 

root growth have been observed as soil bulk density 

. ...:..3 
increased from about 1.0 to about 1.5 - 1.8 g cm 

(Flocker, Vomocil and Howard, 1959; Phillips and Kirkham, 

1962; Menary and Kruger, 1966 and Mazurak and Pohlman, 

1968). Flocker et al. (1959) and Menary and Kruger (1966) 

attribute the reduction in growth to a decrease in ~on-

capillary porosity as bulk density increased, since sharp 

reductions in growth were observed below values of 25-30% 

for non-capillary porosity. Menary and Kruger, (loc. cit.) 

also reported a decrease in phosphorus tissue concentrations 

and total uptake by tomato shoots as soil bulk density 

decreased, but the uptake of calcium and sodium, which were 

more mobile elements than phosphate in the soil system, 

were found to pe independent of bulk density~ , This result 

highlights the role of root extension and exploration of 

the soil mass in controlling the uptake of phosphate by 

plants from soil. 



The importance of soil strength as a factor 

influencing root growth in soil has been recognised 

within the last decade, (Phillips and Kirkham, 1962; 

Barley, 1963: Taylor and Burnett, 1964: Barley, Farr.ell 

and Greacen, 1965; and Mazurak and Pohlman, 1968). On 

the basis of these studies it appears that the uptake of 

phosphorus by crop plants grown in soils of high mechan­

ical resistance would be reduced because of a restriction 

in root growth and therefore in soil exploitation. 

II B 2.2 Soil temperature 

Soil temperature may influence plant uptake of 

phosphate firstly by its effect on the solubility of 

phosphate within the soil system and secondly by its 

effects on plant growth and metabolic activity. 

II B 2.2(a) Effect on the.solubility of phosphates 

Soil temperature affects the concentration of 

soluble soil or fertilizer phosphate in the soil 

system by determining the rate of mineralization or 

irmnobilization of organic phospha'tes and' also the rate 

of solubilization or fixation of inorganic forms of 

phosphate. 
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Many workers have reported that the rate of 

mineralization of organic phosphate increases markedly 

with increases in soil temperature particularly above 

25-3o0 c (Thompson and Black, 1947; Van Diest and Black, 

1959; Cunningham, 1963; Acquaye, 1963). For example, 

Acquaye (1963) found that incubation of Ghana soils at 

50% water-holding capacity and at 27°c for periods of 

from 14 to 70 days resulted in mineralization of organic 
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phosphate equivalent to the application of up to 54 lbs 

P/acre. More mineralization occurred at 5o0 c than at 

27 or 4o0 c and from field experiments he was able to 

report that the yield response of cocoa was highly 

correlated with the organic phosphorus content of the 

0.5 cm layer of the soil profiles. 

Soil temperature can also affect the solubility of 

inorganic phosphates. Robinson (1942) and Beaton and 

Read (1963) found that the availability of water-soluble 

phosphate fertilizers to various plant species was 

greater after pre-incubation of the fertilized soil at 

low temperatures ( 15°c) than at higher temperatures. 

After incubation of MCP pellets in a c~lcareous soil 

for 14 days Hinman, Beaton and Read (1962) found 

significantly greater water-soluble phosphate in soil 

incubated at 5°C than in those incubated at 16 or 27°C. 

Beaton, Speer and Brown (1965) studied the dissolution 

of var,ious phosphate fertilizers in two soils and 

discovered that the rate of dissolution of four of the 

five fertilizers increased markedly as soil temperature 

increased from 5 to 20 to 35°c. However, 
0 

for each +s c 

rise in temperature there was. about a 33% reduction in 

the concentration.of water-soluble phosphate in the 

soil-fertilizer reaction zone. These results were 

explained as an increase in the reversion of phosphate 

to less soluble forms as the temperature increased. 

Since none of the above workers considered the possible 

role of soil micro-organisms in immobilizing soluble 

phosphate the results obtained may also indicate that 

at higher soil temperatures a greater microbial 
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immobilization of soluble phosphate took place. 

However, the work of Van Diest (1968) suggests that 

this sequence is unlikely. He showed that increases 

in organic phosphate in fertilized, cultivated soils 

were due to the large quantities of plant remains, 

containing slowly mineralized organic phosphate, that 

were returned to the soil rather than to an increase 

in the soil microf lora following fertilization and the 

subsequent increase in immobilization of soluble 

phosphate. 

Obviously a number of different processes may be 

involved simultaneously and as noted by Power et alo 

(1964) the net result of a change- in soil temperature 

on the solubility of soil and fertilizer phosphate will 

depend upon the relative rates at which these processes 

change with temperature. Factors such as biological 

activity, soil type, rate of phosphate addition and the 

temperature change involved will ultimately determine 

the extent and direction of the change in soil phosphate 
•' . 

solubility. 

II B 2.2(b) Effect on plant growth and phosphate uptake 

The effects of soil temperature on plant growth and 

nutrition has received a great deal of study and has 

been thoroughly reviewed by Richards, Hagan and Mccalla 

(1952), Went (1953) and more recently by Nielson and 

Humphries (1966). Less has been reported on plant 

phosphorus concentration and total phosphate uptake as 

affected by soil temperature although many studies have 

been made in the last decade. 



Reductions in plant growth and phosphate absorp­

tion have been widely reported to occur at low soil 

temperatures (Apple and Butts, 1953; Ketcheson, 1957; 

Lingle,and Davis, 1959; Wilcox, Martin and Langston, 

1962; Knoll, Brady and Lathwell, 1964; Power et al. 

1963, 1964). Knoll et al. (1964) for example, studying 

growth of corn in two soils found that dry weight, 

phosphorus content, and total phosphorus uptake of the 

shoot after 3 and 5. weeks growth.all increased as soil 

temperature increased from 15-25°c. Power et al. (1967) 

analysed barley growth, as affected by soil temperature, 

and concluded that the rate of plant morphological 

development declined as the soil temperature was reduced 

from 22-9°c. A similar result: was obtained by Beauchamp 

(1967-) studying maize. In a lat:;er paper, Power et al. 

(1970) state that "in experiments in which plants of 

equal calender.age are compared the effects of soil 

temperature on plant growth and nutrition are confounded 

by differences in physiological and morphological 

maturity. This confounding has .often led to the 

erroneous conclusion that below optimum soil temperatures 

severely retard plant growth." Prior to this statement 

most studies comp.area plants at the same calender age 

and thus a reappraisal of the situation was required. 

Power et al. (1970) did this by growing barley to 

maturity at soil temperatures of 9, 15.5 and 22°c, 

comparing dry matter production and n~trient uptake at 

these temperatures for plants harvested at equal stages 

of morphological development. Their results indicate 

that soil temperatures per se are not detrimental to 
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growth and nutrition. In fact they found that at a 

given stage of plant growth dry matter production and 

nitrogen and phosphate uptake were usually lowest at 

0 the highest soil temperature of 22 c. Dry weights, 

grain yieids and nutrient uptake at 9°c usuaily equalled 

or exceeded those at 15.5°c,the temperature considered 

optimum for barley production. Beauchamp (1967) has 

also reported that dry weights of maize roots and shoots 

harvested at identical growth stages decreased as the 

root-zone temperature increased. Power et al. (1970) 

did h~wever report that at the lowest,temperature (9°C) 

growth proceeded very slowly until the 4-leaf stage was 

reached, after which the growth rate approximated that 

at higher soil temperatures. These workers attributed 

this lag :in early development to a reduced rate of , 

nutrient transport from roots to_ shoots at low temper-

atures. Recent work by Patterson, Grunes and Lathwell 

(1972) has shown that under low·temperature. stress, 

incorporation of absorbed inorganic.phosphorus into 

organic forms and polymerization of amino acid_s into 

proteins was restricted. These factors no doubt partly 

explain the depression in growth rate at low soil 

temperatures. 

The effect of soil temperature on the type and 

amount of roots produced and on the phosphate uptake 

patterns of these roots has been studied in detail by 

Bowen (1970) • 0 Increasing soil temperatures from 15-25 C 

doubled total root length of seedling Pinus radiata, 

thii effect being primarily due to a marked increas~ in 

the number and lengths of the lateral roots. A more 
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interesting result however, was the striking differences 

0 in uptake patterns of roots grown below 16 C compared 

with those grown at 25°c. Phosphorus uptake for roots 

grown at 25°c was greatest in the apic·a1 centimetre, 

decreasing sharply away from the apex while roots grown 

at il, 14 and 16°c showed greatest uptake several 

centimetres behind the apex, the rate being maintained 

at approximately this level for 5-10 ems along the 

root. Bowen was unable to fully explain these results 

and indicated that further detailed investigation was 

necessary to interpret the reasons for .. these temperature-

dependent uptake patterns. 

II B 2.3 Soil moisture status 

As for temperature, the influence of soil moisture on plant 

phosphorus nutrition results from a combination of the effects 

of moisture on the availability of soil phosphate to plants and 

its effects on plant growth and metabolic activity. 

II B 2.3(a) Effect on phosphate availability 

The reactions of phosphate fertilizers with soil 

have been reported to depend upon the level of soil 

moisture. Lehr, Brown and Brown (1959) and Bouldin, 

Lehr and Sample (1960) all observed that the residues 

from the dissolution of MCP in soil varied with soil 

moisture, the proportion of dicalciurn phosphate 

dihydrate relative to the anhydrous form increasing 

with increases in soil moisture content. Lehr et al. 

(1959) observed, however, that the rate of dissolution 

and the extent of movement of phosphate from the 

fertilizer pellet was restricted as soil moisture 
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increased. They attributed this to a reduction in the 

movement of water vapour to the pellet thus restricting 

the formation of solution. These workers, together 

with Hinman, Beaton and Read (1962), also found that 

the phosphate content of the fertilizer residue and 

the amount of water-soluble phosphate present in the 

reaction zone after initial dissolution was decreased 

as soil moisture content increased. In Contrast to 

these reports other workers (Beaton, Read and Hinman, 

1962; Gough and Beaton, 1963) have reported very 

little effect of soil moisture on the solubility of 

added phosphates. 

Conflicting results have been obtained concerning 

the effect of waterlogging on soil phosphates. Williams 

and Simpson (1965), Smith (1969) and Simpson and 

Williams (1970) found marked reductions in phosphate 

availability after temporary waterlogging of soils. 

Simpson and Williams (loc. cit.) also observed that 

phosphate extracted by 0.5MNaHC0 3 and O.OlMCaCl2 

solution decreased as moisture content increased to the 

saturation point. It was suggested that the decrease 

in availability was closely associated with the reduction 

of iron during temporary waterlogging and its subsequent 

reoxidation upon reduction of the moisture content to 

100 cm tension. On the other hand Patrick and Mahapatra 

(1968) reported that flooding soils generally increased 

phosphate availability by reducing ferric phosphates to 

the more soluble ferrous forms and by releasing occluded 

phosphates from hydrated ferric oxide coatings as these 

become reduced to ferrous hydroxides. 



From these few reports it is obvious that soil 

moisture can have a marked effect on both the types of 

fertilizer reaction products formed in soils and the 

solubility of soil and added phosphates. 

II B 2.3(b) Effect on phosphate uptake 

The effect of soil moisture on plant growth in 

general, has been reviewed by Richards and Wadleigh 

(1952) and more recently by Gates (1964, 1968) and 

will not be considered here; the main emphasis in 

this review being placed on the direct effects of 

moisture on plant phosphate absorption. 
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Many workers have reported an adverse effect of 

increasing moisture tension on plant uptake of phosphate. 

Increasing the moisture content of soil from wilting 

point to saturation levels was found-by Brown, Place 

and Pettiet (1960) to result in significant increases 

in the uptake of N, P, K and Ca by cotton and soybean 

plants. Watanabe, Olsen and Danielson (1960) showed 

that an increase in soil moi~ture: tension from ~ - 9 

bars decreased phosphate uptake by corn plants, the 

amount absorbed'being a linear function of the soil 

moisture content for a given soil. They attributed 

this reduction in phosphate absorption to increases 

in the path length of ion movemen~ through the soil and 

to decreases in both the rate of ion diffusion to the 

roots and in the rate of root elongat~on as the soil 

moisture tension increased. Likewise, Reichman and 

Grunes (1966)found that absorption of both soil and 

fertilizer phosphate by barley was reduced as soil 

was allowed to dry to high moisture tensions. 
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Results of short term phosphate uptake experiments 

at low water potentials in culture solutions support 

the conclusions presented above. Greenway, Hughes and 

Klepper (1969), using mannitol to adjust the water 

potential in solution, report that down to -5.4 atmos­

pheres the amount of P
32 

in the root remained constant 

but that translocation to the shoot was restricted. 

Potentials of -10.4 atmospheres, however, reduced both 

shoot and root P
32 

levels in tomatoes .. Even piants 

treated for one hour at low water potentials qn9 then 

returned to control solutions at -0.4 atmospheres water 

potential had much lower rates of phosphate uptake than 

plants remaining continuously in control solutions. 

This data supports the idea that a disturbance in plant 

mineral nutrition is partly responsible for reduqed 

plant growth after moderate water stress. 

Somewhat conflicting results were presented by 

Fawcett and Quirk (1962) who grew wheat in a lateritic 

podzolic soil and found that absorption of phosphate 

was not affected by increasing soil moisture stress 

provided the plants remained undamaged by wilting. 

They found the plants derived available soil phosphorus 

mainly from fine soil pores which remained, undrained 

at suctions approaching 15 atmospheres ·and therefore 

concluded that water. stress per se and not reduced 

phosphorus absorption restricted plant growth. 



II B 2.4 Soil sorption capacity and degree of phosphate 

saturation 

Plant response to phosphate applied to soils is strongly 

influenced by the phosphate sorption capacity of the soil and 

the degree of saturation of this capacity. 

Hughes and Searle (1964) working with a krasnozem soil 

showed that the response of tomato plants to current applic­

ations of phosphate was dependent on the total phosphate 

content of the' soil, addition of a given amount of phosphate 

producing larger yields on the high phosphate soils. Kurtz 

and Quirk (1965) found a reduction in the phosphate adsorption 

maxima for a brunizem and a lateritic soil due' to past phosphate 

applications but could find no reduction in a red brown earth. 

They therefore assumed that applied phosphorus did not perman­

ently occupy. adsorption sites but was converted to other forms. 

Obviously the rate of this transformation to other forms may 

depend on soil mineralogy and pH and would be expected to depend 

on soil type. Thus Kamprath (1967) has found with high phosphate 

fixing red soils that yield and phosphate uptake by corn,after 

banding 22 lbs P/acre;were significantly greater where 

application of phosphate had been made 8 years previously, the 

yield and uptake increasing with increases in the initial rates 

up to 612 lbs P/acre. Similar effects 9-10 years after the 

last phosphate ~ertilization have also been reported for a 

variety of soils by Fox, Plucknett and Whitney (1968) and Fox 

and Kamprath (1.970). The first mentioned workers found the 

phosphorus requirement (i.e. the amount.of phosphorus sqrbed 

by the soil at an equilibrium concentration in solution of 

0.2ppmP) varied from 40-1850ppmP depending on the mineralogical 



composition of the soils and was in the order amorphous 

hydrated oxides > gibbsi te - goethi te ) kaolin ~ 

montmorillonite. Adsorption maxima for two of these soils 

were obtained using the linear for~ of the Langmuir isotherm 

and it was found the measured phosphorus requirements 

approximated ~ saturation of these highly fixing Hawaiian 

soils. This agrees with the earlier work of Woodruff and 

Kamprath (1965) who found growth of millet was related to the 

degree of saturation of the phosphorus adsorption maximum; 

soils with high adsorption maxima required ~ saturation while 

soils with lower adsorption maxima required much greater 

saturation to attain maximum yields. 

II B 2.5 Soil pH 

Soil pH has a considerable indirect influence on the 
-' 

phosphorus nutrition of plants by its effect on the availability 

of both inorganic and organic forms of phosphate in the soil. 

It is. generally recognised (Russell, 1961; Smith, 

1965; Black 1968) that the type of phosphate compounds present 

in soil are at least partly controlled by soil pH and that in 

acid soils the iron and aluminium phosphates predominate. 

Hydrated aluminium and iron oxides are very effective in sorb-

ing soluble phosphate from solution in the pH range 3.5 - 7.0 

(Drake, 1967) but less than 10% of the phosphate adsorbed at 

pH 4.0 is solubilized by a rise to pH 6.0. With further 

increases in hydroxyl ion activity the phosphate is released 

according to the conventional but oversimplified equation 

AlP04 + 30H_._ Al(OH)3 + P043-(Black, 1968). 
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With calcium phosphates a decrease in pH causes dissolution 

of these compounds until below pH 5.5 all the phosphate is 

eventually released (Russell, 1961). Lindsay and Moreno (1960) 

have presented solubility diagrams for some of the major 

phosphate compounds and these indicate the stability of soil 

phosphates at any particular pH value. The importance of pH 

in determining the stability of a particular phosphate in soil 

has been stressed by Huffman (1962) and he concluded that soil-

fertilizer phosphate reaction_ products,. as a group, had a wide 

range of availabilities to plants, the extent of availability 

of a particular source depending upon its capacity to undergo 

chemical c~~nge in the soil environment in which it is placed. 

Many workers, including Robertson et al. (1954) , Singh 

and Seatz (1961), Stewart and Mcconaghy (1963), Munns (1965) 

and Helyar and Anderson (1970) have reported plant yield 

increases on application of lime to soils, thus increasing soil 

pH. In many cases this was attributed to the alleviation of 

aluminium and heavy metal toxicity associated with low pH 

values rather than to an effect on phosphorus availability. On 

the other hand Bouma (1960) has shown that ·a lowering of pH by 

application of (NH4) 2so4 may enhance adsorption of phosphorus 

and reduce availability. 

Besides its effect on inorganic phosphorus fractions 

pH may also effect the behaviour of organic phosphates. 

Thompson, Black and Zoellner (1954), Halstead, Lapensee and 

Ivarson (1963) and Kaila (1965) have all reported that part of 

the beneficial 'effect of an increased pH on phosphate avail-

' ' ' 
ability in acid soils is due to rnineraliz'ation of the organic 
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phosphate fraction. This may be due to a reduction in the 

sorption of organic phosphates by hydrous oxides thus increas-

ing the solubility and the susceptibility of these compounds 

to mineralization. This hypothesis appears to be feasible 

since Halstead, Lapensee and Ivarson (1963) found the reduction 

in soil organic phosphorus content to be associated with an 

increase in both the number of micro-organisms present and in 

the amount of carbon dioxide produced. 

A further effect of pH concerns the ionic form of 

orthophosphate found in solution. Olsen (1953) has calculated 

- 2-that in the pH range 4-9 only H2P04 and HP04 ions are 

important; the latter predominating at pH's above 7.2. Hendrix 

{1967) reported that plant phosphorus uptake at 'pH 6··.o closely 

followed the concentration of H2P04 in solution causing a 

marked reduction in uptake as pH increased. He inferred from 

this that phosphorus was only absorbed by the plant in the 

H2P04- ion form. A similar marked reduction in phosphorus 

uptak~ with increasing hydroxyl ion concentration was also 

reported by Hagen and Hopkins (1955) but they concluded that 

this was the result of a competitive inhibition by hydroxyl ions. 

These exampies illustrate that, apart from its effect 

on the solubility of phosphate~pH can also greatly influence 

the rate of phosphorus uptake by plants from solutions of 

equal phosphorus concentration. 

II B 2.6 Effect of other ions 

The effects that the ionic composition of the rooting 

medium may have on the absorption of phosphate by the plant 

may be considered in two groups. Those effects producing 
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changes in the solubility of phosphate by chemical means and 

those acting by causing alteration in plant growth and metabolic 

activity. 

II B 2.6(a) Direct chemical effects on phosphate solubility 

A large part of the literature reporting the influence 

of other elements on phosphate absorption is concerned 

with the role of nitrogen. Grunes (1959) reviewed this 

work and showed that both pH and salt effects are important 

when considering the effect of nitrogen on phosphate 

availability. 

The beneficial effect of acidic pH values (4.5 to 6.5) 

on phosphate uptake by plants has been considered earlier 

in this 'review and compounds that could maintain or alter 

the pH to within this range may be expected to increase 

the relative absorption of phosphate. Thus the enhanced 

plant uptake of phosphate in the presence of NH4+ relative 

to N03 or no nitrogen, observed by Blair, Miller and 

Mitchell (1970), Miller, Mamaril and Blair (1970), Blair, 

Mamaril and Miller (1971) and Riley and Barber (1971), was 

attributed in each case to differences in the soil pH at 

the root surface (rhizocylinder soil) ~nduced by differences 

in the form of nitrogen applied. Both Blair et al. (1971) 

and Riley and Barber (1971) found that plant phosphate 

absorption was greatest when NH4+was applied and least 

when N03-accompanied the phosphate. Reductions in the pH 

of rhizocylinder soil from soybeans was observed with NH4+ 

while N03- increased pH, the difference between nitrogen 

treatments being as high as 1.9 pH units in a soil initially 
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of pH 5.2 (Riley and Barber, loc. cit.). It was concluded 

that reduction in pH was caused by an exchange of H+ in the 

roots for NH4+ in the soil. Kirby and Mengel (1967) in 

solution culture and Riley.and Barber (1969) in soil have 

similarly shown that the form of nitrogen controls the 

relative absorption of cations and anions which in turn 

controls the pH of the medium. 

Other fertilizers besides nitrogen may be expected to 

similarly affect soil pH and ultimately also phosphate 

absorption. Thus K2S04 has been shown (Miller et al., 1970) 

to act like (NH4) 2so4, but to a lesser degree, causing a 

reduced rhizocylinder pH relative to phosphate alone and 

increasing phosphate uptake. The acidifying effect of 

added elemental sulphur is also well established and a 

number of workers have reported an appreciable increase in 

phosphate availability of rock phosphate and other phosphate 

fertilizers in soils on the addition of elemental sulphur 

(Mitchell, Dehm and Dion, 1952;. Seatz and Stanbery, 1963;· 

Menary and Hughes, 1967). 

Soluble salts can also influence the availability of 

native and applied phosphate in soils and these effects 

have been reviewed by Olsen (1953) and Grunes (1959). 

Lehr and van Wesemael (1952) found neutral salts applied 

to soil decreased phosphate solubility, the reduction in 

solubility decreasing in the order Ca)Mg)K)Na for salts 

with a common anion. These differences were reflected in 

plant phosphate uptake; wheat fertilized with NaN03 having 

a 46% greater absorption than that found with Ca(N03)2 
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(Lehr and van Wesemael, 1956). Bouldin and Sample (i958) 

found the order of effectiveness of a number of salts in 

increasing plant 'phosphate uptake was KN03)(NH4)2S04 > 
. NI:t4N03 )NH4Cl )KCl. Bouldin, Lehr and Sample (1960) 

followed this work by studying the reactions that occurred 

between·MCP - salt mixtures and soil. Salts affected 

both the amount of residual phosphate remaining at the 

granule site and the composition of the solution moving 

away_ from the gi:;am,1le. With CaC03·, 92% of the ·original. 

phospha~e remained at ·the site while at tne other extre~e 

only 2% remained when (NH4)2S04,was mixed.with.the phosphate. 

Mattson (1966) has explained the salt effect on the 

basis of the Donnan theory by postulating an electrical 

double· layer at the soil solution - adsorbed phosphate 

interface. As a result a Donnan distribution of diffusible 
'' 

phosphate ions will" occur between inner and· outer solutions. 

A neutral salt tends to depress this distribution producing 
. . ,' - - , - , " - . r , , 

a new equilibrilim' in.which outside phosphate activity is 
reduced at the expense of the, 'inhe~ r~sultfng· in-a reduction 

in the measured phosphate ~olubility. Mattson (1967) also 

consider$ the ~oot membrane as an ion exchange.system 

similar to the soil colloids so that a neutral salt will 

depress the Donnan distribution of phosphate ions i~ the 

soil solution-root membrane system causing· an increase in 

phosphate concentration at the root membrane and therefore 

an increase in phosphate uptake by plants relative, to no 

salt-treatments. Addition of CaC12 to a soil in a pot 

experiment was found to increase the total phosphate uptake 
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by barley and pea plants thus supporting Mattson's 

theory accounting for the salt effect on phosphate uptake. 

A further chemical effect that must be mentioned is 

the effect of additions of anions in counteracting the 

phosphate retention reactions in soils. Raupach and Piper 

(1959) in laboratory studies found that phosphate adsorption 

by soil was reduced in the presence of silicate and 

that the amount of phosphate released from soil was greater 
·,· 

from silicate solutions than from water. In spite of these 

findings they were unable to show a significant improve-

ment in plant utilization of applied phosphates when 

silicates were applied in pot trials. Hunter (1965), 

however, reported that calcium silicate significantly 

increased plant yields, total phosphate uptake and the 

proportion of the total derived from the soil phosphate 

when applied to soil in pot trials using four plant species. 

Deb and Datta (1967(a); 1967(b)) investigated the effects 

of both organic and inorganic anions on phosphate retention 

in soil. Organic anions such as citrate and tartrate were 

superior to inorganic anions in reducing the phosphate 

adsorption capacity of soils. Silicate performed the best 

of the inorganic anions tested and was in some cases as 

effective as the organic forms. The effects of both types 

depended considerably on soil properties, esp. pH. 

These workers concluded that the effectiveness of organic 

anions in acid conditions was due to their ability to 

form stable complexes with active iron and aluminium, 

reducing the formation of insoluble iron and aluminium 

phosphates. Inorganic anions such as silicate, reduced 



phosphate adsorption reactions in a different way, mainly 

through anion exchange mechanisms and inactivation of 

exchangeable cations. 

II B 2.6(b) Indirect effect~ on plant growth and metabolic 

activity 
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The numerous reports of an increase in phosphate uptake 

due to the biological effects of nitrogen on the plant have 

been reviewed by Grunes (1959). These effects include 

changes in root morphology, increased root growth and 

changes in the metabolic activity of roots. 

Early work by Duncan and Ohlrogge (1958), Grunes, Viets 

and Shih (1958), Miller and Ohlrogge (1958) and Miller and 

Viz (1962) concluded that !~creased root growth in the 

presence of banded phosphate and nitrogen fertilizers was 

responsible for the large increases in phosphate uptake. 

Where the phosphate was finely divided and mixed throughout 

the entire soil volume, even in the presence of nitrogen, 

no stimulation of growth or plant phosphate uptake was 

observed (Grunes et al., 1958; Caldwell, 1960; Engelstad 

and Allen, 1971). Later work by Cole et al. (1963), Blancher 

and Caldwell (1966), Humble, El Leboude and Rendig (1969), 

and Thein and McFee (1970) .. .has been unable to explain the 

nitrogen effect in terms of increased root proliferation 

and suggests that nitrogen affects the physiological 

processes that control phosphate absorption. Cole et al. 

(1963) and Thein and McFee (1970) agree that phosphate 

absorption and translocation rates are dependent upon 

nitrogen preconditioning of the roots and not merely upon 

simultaneous nitrogen and phosphate absorption. They 



therefore conclude that a nitrogen requiring metabolite is 

involved and together with Humble et al. (1969) suggest 

that the stimulated phosphate uptake may result from an 

increased synthesis of nitrogen intermediates with a 

correspondingly greater turnover of "energy-containing" 
•. 

compounds, such as adenosine triphosphate, coupled to the 

phosphate absorption reactions. Direct experimental 

evidence confirming the operation of this sequence is, 

however, still required. 

Besides the effects of nitroge~phosphate uptake by 

plants is frequently stimulated by the presence of 

polyvalent cations. In both short and long term experi-

ments in solution culture this effect has been reported 
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for caici~, magnesium and valuminlum by Ragland and Coleman 

(1962), Randall and Vose (1963), Leggett et al. (1965), 

Hyde (1966), Edwards (1968), Robson, Edwards and Loneragan 

(1970), and Franklin (1969, 1970, 1971). Increased 

phosphate Uptake in_ the presence of calcium was thought 

by Leggett et al. {1965) to be due to an increase in the 

rate of turnover of phosphate carriers operating in the 

root. Most other workers have associated this effect 

with negative charges on the root. Hyde (1966)and Franklin 

(1969, 1970, 1971) found the effects of cations on phosphate 

uptake decreased in the order trivalent cations ) divalent 

cations ) monovalent cations and they suggested that pre­

treatment or co-treatment with cations screened some 

negative changes on the root thereby reducing the electrical 

repulsion experienced by approaching phosphate ions. A 

similar effect of calcium in increasing the accessibility 



of the root absorption sites to phosphate was proposed 

by Robson et al. (1970). Although Ragland and Coleman 

(1962) and Randall and Vose (1963) have shown an increased 

phosphate uptake in the presence of aluminium, the former 

workers, together with roy and Brown (1964) and Lance and 

Pearson (1969), have also shown a decrease in plant 

phosphate uptake at higher concentrations of aluminium. 

Metabolic effects of aluminium in root tissue have been 

reported by Rorison (1965) and Clarkson (1966) who both 

found a restricted incorporation of absorbed inorganic 

phosphate into nucleotide and sugar-phosphate compounds 

in the presence of aluminium. In addition these workers 

have found that the increased phosphate.content of 

aluminium treated roots was almost entirely due to non­

metabolic adsorption of phosphate to aluminium ions held 

on cell wall material external to the plasmalemma. 

Clarkson found this phosphate to be almost completely 

exchangeable and concluded that f.ailure to remove this 

from the root may give a false impression of enhanced 

phosphate uptake after treatment with aluminium. 

II B 3 SOIL MICRO-ORGANISMS 

The soil micro-flora can affect the phosphorus nutrition 

of plants by either directly influencing soil phosphate 

availability through solubilization-irmnobilization reactions 

or ind.irectly by affecting plant growth and plant metabolic 

activity. 

II B 3.1 Direct effect on phosphate availability 

Gerretsen (1948) appears to be the first to report an 

increase in plant utilization of insoluble phosphates as a 
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result of the presence of soil micro-organisms. Furthermore 

he was able to isolate the organisms responsible and show that 

they solubilized calcium phosphate suspended in nutrient agar. 

Subsequently many workers have.jsolated bacteria from soil and 

found them to release phosphate from insoluble compounds 

(Sperber, 1957, 1958a, 1958b; Louw and Webley 1959a, 1959b; 

Katznelson, Peterson and Rouatt, 1962; Raghu and Macrae, 1966; 

Taha et al. 1969; Louw, 1970; Bajpai and Sundara Rao, 197la; 

Paul and Sundara Rao, 1971). The role of soil fungi in 

dissolving insoluble phosphates has received much less 

attention although some results concerning fungi isolated from 

soil have been reported (Katznelson, Peterson and Rouatt, 1962; 

Das, 1963; Chhonkar and Subba Rao 1967; and Agnihotri, 1970). 

The marked differences in physical and chemical properties 

between agar or broth substrates and the soil situation make 

it difficult to extrapolate data obtained under laboratory 

conditions to the soil environment. Thus, although many 

workers have demonstrated the ability of various soil isolates 

to dissolve insoluble phosphates in vitro, few reports have 

shown dissolution to occur in soil. Also, apart from those 

of Gerretsen (1948) and the Russian workers (reviewed by Cooper, 

1959) few studies have found plant utilization of insoluble 
... 

phosphates to increase after additions of phosphate-dissolving 

micro-organisms to the growth substrate. An exception is the 

study of Bajpai and Sundara Rao (197lc) who found that in 

sterilized soil, containing apatite,the introduction of 

Bacillus megaterium, isolated from phospho-bacteria (U.S.S.R.) 

and Bacillus circulans, isolated from an Indian soil, increased 
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available soil phosphorus levels above those of uninocu1ated 

controls. Furthermore in pot and field experiments these 

organisms significantly increased crop yields and phosphate 

absorption above those of control treatments. 

~ 

The various mechanisms involved in microbial solubiliz-

ation of insoluble phosphates are now quite well established. 

Sperber (1958b) found that isolates of two bacteria, two fungi 

and an actinomycete from rhizosphere soil solubilized apatite 

by formation of acid end-products, the principal acids 

produced being lactic, glycollic and citric. She found chemical 

solutions of these hydroxy-acids were able to dissolve apatite 

and concluded that chelation of cations by these acids was the 

mechanism of dissolution. The majority of isolates tested by 

Louw and Webley (1959b) were found to produce mainly lactic 

acid, but these workers also found that isolates releasing 

the greatest amounts of phosphgte from gasf a rock phosphate 

also produced 2-ketogluconic acid. Further work by Duff, 

Webley and Scott (1963) using a 2-ketogluconic acid producing 

bacterium isolated from the seed coat of oats showed this 

bacterium to solubilize 40-50'}{,''"of the cormnon calcium phosphates 

and silicates tested. Iron and aluminium were not chelated to 

the same extent as the divalent metals and naturally occurring 

iron and aluminium phosphates were usually fairly resistant, 

less than 5% of the material entering solution. Many other 

workers have reported organic acid production by rhizosphere 

isolates of bacteria and fungi (Chandrasekaran, 1969; Taha 

et al. 1969; Agnihotri, 1970; Lauw, 1970; Bajpai and 

Sundara Rao, 197lb; Paul and Sundara Rao, 1971) and many of 

these have shown an inverse correlation between phosphate 

solubilization and the pH produced by the organism in the 



56 

culture medium. 

Other workers (Bromfield, 1953, 1958; Rose 1957; Sperber, 

1958a)have reported considerable release of phosphate from 

iron phosphates in soil by a reduction process involving 

hydrogen sulphide produced by soil bacteria and fungi. 

Bromfield (loc. cit.) even detected hydrogen sulphide production 

by strains of Bacillus megaterfum in well aerated soils and 

showed that the hydrogen sulphide reduced ferric phosphate to 

ferrous sulphide liberating phosphate in soluble form. 

A third type of microbial solubilization of insoluble 

phosphates has been documented by Tardieux-Roche (1964) and 

Tardieux-Roche and Tardieux (1970). They found that bacterial 

cells were capable of assimilating phosphate from insoluble 

sources and concentrating it in their cells as polyphosphates. 

Phosphate from killed bacterial cells previously cultivated on 

apatite was later found to be ~ignificantly more available to 

plants grown aseptically in sand culture than was apatite alone • 

Conversely, soil micro-organisms unable to utilize insoluble 

sources or under conditions of phosphate stress may be expected 

to compete with plants for soluble phosphate, immobilizing 

this in bacterial metabolic products and thereby adversely 

affecting phosphorus availability to the plant. Ak.hromeiko 

and Shestakova (1958) found the addition of rhizosphere micro-

organisms to sand cultures containing oak and ash seedlings 

reduced the uptake of labelled soluble phosphate over a one 

month growth period. However, the release of phosphate from 

the death of these organisms over a longer time period reduced 

the difference in phosphate uptake between inoculated and 

control pots. This indicates that phosphate immobilized in 
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microbial cells can be relatively quickly converted to plant 

available forms. Menzel (1971) obtained a similar result, 

finding that addition of bacteria to plants grown in sterile 

agar cultures inhibited phosphate uptake by the plant. 

These results, as they stand,cannot be unequivocally interpreted 

as microbial immobilization of phosphate since the micro-

organisms may have also affected root physiological activity 

and metabolism (see Section II B 3.2(a) {ii)) and these 

different effects have not been considered in the above studies. 

The work of Barber. (1966) and Barber and Loughman (1967) in 
'•· 

soluti9n.culture suggests that micro-organisms at the root 

surface compete with the root for phosphate, especially at 

low concentrations of phosphate. Convincing evidence for 

microbial trapping of phosphate at the root surf ace was provided 

by the micro-autoradiographic studies of Crossett (1967) and 

Barber, Sanderson and Russell (1968) which revealed a marked 

1 . f 32 . d 11 . accurnu at1on o P at the root ep1 ermal ce s.. By a comparison 

of sterile and non-sterile root sections the latter workers 

found that no accumulation of phosphate occured at the root 

surface in the absence of micro-organisms. 

The action of microbial phosphatase enzymes in the release 

of phosphate from organic combination, thus making it available 

to the plant, is another possible mechanism by which micro-

organisms could directly influence the phosphorus nutrition of 

the plant. However, although phosphatase enzyme activity has 

been detected in a variety of fungi and bacteria isolated from 

soil (Casida, 1959; Szember, 1960; Saric, 1965; Greaves and 

Webley, 1965, 1969; Shiek and ware, 1968; Theodorou, 1971) 

the importance of microbial phosphatase to the plant growing 

in soil has been, until recently rather illdefined. It now 



seems clear that in the soil situation microbial phosphatase 

activity is much less important than previously thought. 

Ridge and Rovira (1971) for example found the phosphatase 

activity of intact seedling wheat roots was not increased 

SS 

by inoculation of roots with pure cultures of-bacteria and 

fungi known to have phosphatase activity. In addition Greaves 

and Webley (1969) found that microbial hydrolysis of sodium 

myo-inositol hexaphosphate and release of inorganic ortho­

phosphate could only be detected in sand culture. where soil 

or sand-soil mixtures were used as substrates no hydrolysis 

occurred. Hydrolysis of the insoluble salts of myo-inositol 

hexaphosphate was found to be slight; the iron and aluminium 

salts being particularly resistant at pH 5.0 - 6.8 even in 

sand culture. Release of phosphate from sodium inositol 

hexaphosphate was reduced in the presence of clay minerals, 

especially montmorill?nite and-Greaves and Webley (loc. cit.) 

concluded that the formation of, insoluble salts and/or 

sorption on sesquioxide and clay surfaces, as also shown by 

Anderson and A rlidge (1962) , made inosi tol hexaphosphates in 

soil completely resistant to microbial phytases. This 

conclusion was supported by the later work of Martin and 

Cartwright (1971). This example illustrates the problems 

inherent in, and the caution required when extrapolating 

laboratory tests or sand culture experiments to the situation 

in the soil. 

II B 3.2 Indirect effects of micro-organisms 

Micro-organisms can have both detrimental and beneficial 

effects on plant growth and physiological activity. The overall 

effect of these microbial reactions and their influence upon 

phosphate uptake by the plant will depend upon their relative 

/ 
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magnitudes and their interaction with the soil environment. 

The indirect effects of rhizosphere micro-organisms on plant 

growth and nutrition have been extensively reviewed by Rovira 

(1965), Rovira and McDougall (1967), Barber (1968, 1969) and 

Bowen and Rovira (1969) . 

For convenience the indirect effects of free living rhizo-

sphere micro-organisms and those of endotrophic mycorrhizaes 

will be discussed separately in this section. 

II B 3.2{a) Free living rhtzosphere micro-organisms 

II B 3.2(a) (i) Indirect effects on plant growth 

Bowen and Rovira (1961) have shown that the addition 

of soil micro-organisms to aga~ or sand cultures reduced 

primary root growth and the total number of laterals of 

four plant species in comparison to uninoculated controls. 

In addition the'number and length of root hairs of sub-· 

terranean clover but not of the other species were reduced 

when grown under non-sterile conditions. The degree of 

root stunting depended upon the soil type used to prepare 
~1· 

the inoculum, the dilution of the inoculum and the environ-

mental conditions during pl~nt growth. The inhibitory 

effects were not observed in very dilute inoculum ( 1 to 

100,000) and it was concluded that the effects were due to 

specific soil organisms, probably as a result of a build-

up of phytotoxic metabolic products. The substances 

causing the inhibitory effects have not been identified 

but both antibiotics (Norman, 1959) and proteins (Ulrich, 

Luse and McLaren, 1964) are able to depress root elongation 

and root hair production. '•Similar depressions of plant 

growth in the presence of microbes have been observed by 
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Welte and Trolldenier (1965), Rovira and Bowen (1966) 

and Darbyshire and Greaves (1970) in solution culture 

experiments. 

On the other hand stimulation of root growth after 

addition of fungal and bacterial filtrates to various 

plant species including barley, oats and tomato have been 

reported by Rempe and Kallagova (1965) and Bakalivanov ... 

(1965). They concluded, without attempting to isolate 

the compound, that a biologically active microbial product 

was involved. Jackson, Brown and Burlingham (1964) produced 

correlative evidence that the response of tomato plants to 

Azotobacter chroococcum inoculation was to the microbial 

production of gibberellin-like substances. It is known 

that micro-organisms.produce both gibberelins (Katznelson 
' 

and Cole, 1965) and auxins (Brian, 1957; Katznelson and 

Sirous, 1961; Domsch, 1965) and these substances influence 

various growth and developn\ental processe.s including 

induction of root initiation, root elongation and root 

growth in general (Leopold, 1964) .. 

The importance of root structural properties in the 

phosphorus nutrition of plants has been stressed by Duncan 

and Ohlrogge (1958, 1959), Nye (1966) and Lewis and Quirk 

(1967) and therefore any microbial effects which change 

the roots' structural properties would be expected to 

influence phosphorus absorption by plants. 

II B 3. 2 (a) (ii) Indirect effects on plant physiological 

activity 

It is now well established that the presence of micro-

organisms on plant roots can greatly influence both 



phosphate absorption from the external medium and tilt' 

subsequent metabolic and translocation processes that 

phosphorus undergoes within the plant tissues. 

Barber (1966, 1967) and Barber and Loughman (1967) 

have found that in the absence of micro-organisms barley 

roots absorb up to twice as much phosphate as non-sterile 

roots and also that: the amount transported to the shoot 

is as much as twenty times greater for sterile roots. 

These effects were greatest at low phosphate concen­

trations (3-3~xlo-8MP), where competition between.mi~robe 

and plant would be expected to be greatest, but at 

higher concentrations of phosphate (3-300xlo- 5MP) little 

difference was observed between sterile and non-sterile 

roots in either uptake or translocation to the shoot. 

In addition, Barber and Loughman (loc. cit.) found that 

under sterile conditions greater than 85% of.the total 

phosphate absorbed during one hour was incorporated into 

the acid-soluble fraction ~i.e. inorganic, nucleotide and 

sugar phosphates) while upder non-sterile conditions up 

to 70%, depending upon the phosphate solution concen-

tration, was incorporated into nucleic acid, phosph9lipid 

and phosphoprotein fractions thus explaining the lower 

percentage translocation under non-sterile conditions. 

Experiments in which loss of phosphate from sterile and 

61 

non-sterile roots was measured suggest that the d~f ferences 

between sterile and non-sterile roots in both uptake and 

incorporation are due to the direct effect of the micro-
t~ 1' 

organisms rather than to an indirect effect of microbes 

on the plant's metabolism. 



Results conflicting with those presented above have 

beeh presented by Bowen and Rovira (1966) who found 

phosphate uptake by non-sterile plants to be 85% greater 

for tomato and 45% greater for subclover whert compared 

with sterile plants. Translocation of absorbed phosphate 

from root to shoot was also found to be greater for the 

non-sterile than for sterile roots. This indicates that 

the metabolism of the root itself is changed in the 

presence of micro-organisms and that this factor, as well 

as the incorporation pattern of the microbes, contributes 

to the overall difference between sterile and non-sterile 

roots. These results were verified in similar studies 

usipg wheat pla~ts (Rovira and Bowen 1966 , 1968) . 

Although the results from the two schools of workers 

are in many ways .in direct conflict both agree that more 
.v. 

of the absorbed phosphate is incorporated into the acid­

soluble phosphate pool in sterile roots than in their non-

sterile counterparts while the reverse is true for the 
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fraction consisting of nucleic acid and residual phosphates. 

The differences.existing between the two schools were 

believed to be due to differences in plant species, plant 

age, pretreatment effects and other environmenta:l factors 

(Rovira and McDougall, 1967; Barber, 1968). This 

conclusion seems reasonable in view of the fact that both 

pH (Barber, 1967) and pret·reatment procedures (Barbe.r, 

1969) have been shown to drastically alter the effects of 

the plant-microbe interaction. Recently Barber and 

Frankenburg (19·71) have presented results showing a 

greater rate of phosphate-absorption (up to three times 



greater) by non-sterile roots than by sterile roots over 

the concentration range 0.001 - 1.0 mMP. This result is 

the complete opposite to that obtained in the earlier 

work, Barber (1966, 1967), but coincides with the findings 

of Bowen and Rovira (1966) and Rovira and Bowen (1968). 

As well as the effect of micro-organisms on the 

metabolism and translocation of phosphorus by the root, 

other more general effects of microbes on plant metabolic 

activity and growth may alqo be expected to ultimately 

influence plant phosphorus nutrition. Such effects 

include the increased activity of plant oxidizing and 

hydrolytic enzymes and the increased plant al1lino acid and 

chlorophyll contents found in non-sterile plants by Rempe 

and Katagova (1965) . 

II B 3.2(b) Endotrophic mycorrhizae 

According to Gerdemann (1968) the endotrophic 

mycorrhizae can be grouped into those produced by septate 

fungi and those produced b¥"non-septate fungi. The latter 

group called phycomycetous or vesiculat-arbuscular 

mycorrhizae are especially important in the growth and 

nutrition of agricultural plants because of their 

occurrence on a wide range of crop species. Only this 

type of mycorrhizae will be discussed below. Gerdemann 

(1968) states that the Cruciferae and the Chenopodiaceae 

are the only plant families containing important species 
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of crop plants in which endotrophic mycorrhizae are absent. 

Cabbage in partic~lar has been found to be non-mycorrhizal 

after inoculation with various Endogone spore types (Bowen, 

private communication). 
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Plant responses to the presence of endotrophic 

mycorrhizae have recently been reviewed by Gerdemann 

(1968) and Bowen and Rovira (1969). Many workers have 

reported increases in plant growth and/or the amount of 

phosphate absorbed when plants, grown in sterile or 

partially sterile substrates of various types, are 

inoculated with vesicular-arbuscular mycorrhizae (Gerdemann, 

1964; Holevas, 1966; Daft and Nicolson, 1966, 1969; 

Murdock, Jackobs and Gerde~ann, 1967; Gray and Gerdemann, 

1969; Hayman and Mosse, 1971, 1972) . Yield responses to 

mycorrhizal inoculation have also been recorded for plants 

grown in non-sterile or untreated soil (Gerdemann, 1964; 

Hayman and Mosse, 1971; and Jackson, Franklin and Miller, 

1972~ although these tend to be smaller than those reported 

under sterile or partially sterile conditions. Daft and 

Nicolson (1966), Holevas (1966) and Murdock et al. (1967) 

using different plant species. have all found that 

mycorrhizal and non-mycorrhizal plants grew equally well 

when the phosphate source was readily available and soluble, 

such as monocalcium.phosphate. Yield differences were 

found to occur only where the source of phosphate was 

insoluble and slowly available such as apatite and tri-

calcium phosphate. However, this effect may have been due 

to poor mycorrhizal infection associated with soluble 

forms of phosphate since.Baylis (1967) and Mosse (1971) 

in soil culture, Daft and Nicolson (1969) in sand culture 

and Mosse and Phillips (1971) in agar have all found a 

reduction or even an elimination of mycorrhizal infection 

under high levels of available phosphate.. In addition, 

Daft and Nicolson (1966) showed that the intensity or 
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.level of root infection was a factor in plant stimulation, 

highly significant differences between inoculated and un-

inoculated plants only occurring where root infection was 

in excess of 50%. 

The mechanisms invol~ed in host stimulation by endo-

trophic mycorrhizae have only been investigated in the last 

few years. Strong evidence that the increased phosphate 

uptake of mycorrhizal roots was due to uptake by the fungus 

itself and not to a fungal stimulation of uptake by root 

cells was obtained by Bowen and Masse (cited by Bowen and 

Theodorou, 1967) who demonstrated a much higher incorpor­

ation of 32P labelled phosphate into fungal structures than 

into neighbouring plant cells. Further evidence of this 

was obtained by Gray and G@rdemann (1969) who found that a 

fungitoxicant reduced phosphate uptake by mycorrhizal roots 

but had no significant effect on non~mycorrhizal roots. 

Fungal hyphae of mycorrhizal roots may increase 

phosphate uptake of the root by either utilizing phosphate 

sources unavailable to the root or by extending into soil 

not usually exploited by the root and absorbing soluble 

phosphate present in these areas. Hayman and Mosse (1972) 

found no differences in the specific activity of absorbed 

phosphate between mycorrh~al and non-mycorrhizal onion 

plants grown in ~ight soils labelled with 32P thus indicat-

ing that both mycorrhizal and non-rnycorrhizal roots had 
' 

access to the same sources of soil phosphate. They concluded 

that the increased uptake by mycorrhizal roots was due to 

exploration, by the fungal hyphae,of soil beyond the normal 

zone of phosphate depletion around the rqot,thus s~pport­

ing the earlier conclusions of Baylis (1970) and Sanders 

and Tinker (1971). 
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II B 4 PLANT FACTORS 

II B 4.1 ROOT EXUDATES 

Rovira (1969) has reviewed the relevant literature concern-

ing the nature, the amounts and the factors affecting the 

production of exudates by plant roots. These compounds exuded 

into the substrate surrounding the plant roots play an import-

ant role in plan't phosphorus nutrition. The stimulation of 

particular nutritional groups of micro-organisms by the presence 

of root exudates (Clarke, l9497 Starkey, 1958) is particularly 

important and, the term rhizosphere is commonly used to indicate 

the zone of soil surrounding roots in which microbial activity 

is affected by the presence of the root. The influence of the 

plant on the microbial population will not be discussed in this 

review but the effect of these rhizosphere micro-organisms on 

soil phosphate availability and plant absorption of phosphate will 

pe discussed in a later section. Apart from this rather indirect 

effect on phosphorus nutrition, root exudates,provided they, 

remain active in the soil may also act directly by releasing 

phos~hate from both inor9anic and organic sources previously 

either unavailable or only slightly available to the plant. 

II B 4.l(a) Effects on inorganic phosphates 

Very few studies are available reporting the effects of 

root exudates on inorganic phosphates, due no doubt to the 

relatively small quantities of' exudates produced and the 

subsequent difficulties encountered in experimentation. 

Nevertheless chemical compounds shown by in vitro studies 

to react with insoluble inorganic phosphates have been 

identified in root exudates. Vancura (1964) and Vancura 

and Hovadik (1965) examined 'the root exudates from two 

cereals and four vegetables, including cabbage, and were able 
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di- and tri-carboxylic acids. Some of these had previously 

been shown by Sperber (1958b) and Johnson (1959) to be very 

effective in solubilizing synthetic apatite, calcium tri­

phosphate and a number of iron and aluminium phosphates. 

The possibility therefore exists that root exudates may 

act directly on insoluble phosphates and some workers (see 

Russell 1961 p.500) have attributed the ability of lupins 

in extracting soil phosphorus to the exudation of large 

amounts of organic acids from the roots. However, although 

qualitative analyses of root exudates.have identified 

compounds capable of dissolving insoluble phosphates, it is 

the quantity of these components which is impor~ant in 

phosphorus nutrition. Riviere (1960) in one of the few 

quantitative studies of the organic acid content of root 

exudates found that a total of twenty milligrams of the 

four acids, acetic, propionic, butyric and valeric were 

produced by a single wheat plant grown to the tillering 

stage in sterile nutrient solution. However, because of 

the possibility of microbiai· metabolism or inactivation 

of these acids by physical or chemical react.ions with the 

soil, the role of root exudates in inorganic phosphorus 

nutrition remains unclear. 

II B 4.l(b) Effect on organic phosphates 

A different situation occurs with organic phosphates 

where the role of plant phosphatase enzymes in releasing 

phosphate from organic combination has been studied in 

much greater detail. Szember (1960) growing radishes and 

Wild and Oke (1966) with clover,both showed that under 

sterile culture conditions the root phosphatases were able 

to break down· a wide range of organic phosphates thus 
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providing a source of inorganic phosphate for plant growth. 

Ikaya, Nisizawa and Muva (1964) studied the specificities 

of several phosphatase enzymes from plant sources and 

concluded that the phosphatase from each source was composed 

of more than one iso-enzyme each of a different specificity 

range. They found the ability to hydrolyse simple organic 

compounds such asp- hitrophenol phosphate did not necess-

arily imply the ability to hydrolyse more complex compounds 

such as inositol phosphates, a point also stressed by 

Greaves and Webley (1965) with-regard to breakdown by the 

soil microflora. The presence of enzymes capable of 

hydrolysing organic phosphates has been reported in extra-

-cellular sites in plant roots by Eastermann and McLaren 

(1961), De Jong (1965), Hall ~nd Butt (1968, 1969) and 

Hall (1969): in mucigel form~d on the root surface by Floyd 

and Ohlrogge (1970), and in the liquid medium_surrounding 

plant roots by Strauss and Campbell (1963) , Chang and 

Bandurski (1964), Thompson and Black (1970) and Ridge and 

Rovira (1971). Since some of _these experiments were 

conducted under,non-sterile conditions microbial activity 

may have been involved, although Eastermann and McLaren (1961), 

Saxena (1964) and Ridge and Rovira (1971) have all shown 

that under non-sterile conditions plant-produced phosphatase 

comprises most of the total activity present. The latter 

workers even reported a significant reduction in activity 

in the presence of soil micro-organisms. Most information 

concerning phosphatase activity of plants has been obtained 

from solution culture experiments and the contribution of 

root phosphatases to the phosphorus nutrition of soil-grown 

plants has been neglected due to the difficulties in 
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·.: 
experimentation. However, because of sorpt1on reactions 

with the soil 'constituents and the insolubility of many 

organic phosphates in the soil system, (Anderson and .Arlidge, 

(1962), and Greaves and Webley (1969)} together with the 

possibility of rapid degradation of any root phosphatase by 

rhizosphere micro-organisms, the role of root phosphatases 

in phorphorus nutrition of plants in soil is likely to be 

insignificant. This conclusion would appear to be supported 

by the work of Thompson and Black (1970) who found the 

addition of phosphatase preparations to uncropped soil failed 

to produce a decrease in the content of organic phosphate. 

II B 4.2 Root structure 

Morphology of roots has for many years been qualitatively 

implicated as a factor affecting absorption of nutrients. With 

phosphorus for example, both Smith (1934) and Lyness (1936) have 

reported that for certain maize varieties, utilization of soil 

phosphate was directly related to root type, high ratios of 

secondary to primary roots pr~ducing a more efficient utilization 

than those with lower ratios. I~ the last decade or so quantit-

ative measurements of phosphate absorption by various root types 

has clarified the earlier ideas of the effects of root morphology 

on nutrient uptake. 

Russell and Sanderson (1967) have found quantitative 

differences in phosphate uptake between different types of intact 

barley roots by feeding 32P to 3.5 mm-long segments of these 

roots. Absorption per unit length of root was greatest for 

laterals and least for the nodal axes but the fraction of the 

absorbed phosphate subsequently translocated to the shoot was 

greater for nodal roots than for laterals. Uptake per unit 



length varied largely with the volume of the root tissue, a 

highly significant correlation being obtained between phosphate 

uptake and the volume of the root segment. This suggests that 

the volume of th~ free space or the number of cortical cells/ 

unit length (i.e. the total surface area of the plasmalemma 

exposed to the external solution) may be an important factor in 

'l 0 

determining the rate of phosphate absorption. In a soil situation 

however, where rate of diffusion may limit uptake the total 

external root surface area (which determines the volume of soil 

capable of being exploited) may be more important.. 

Bowen and Rovira (1967) and Rovira and Bowen (1968, 1970) 

have emphasized the importance of lateral roots in phosphate 

absorption. Using a gas flow chromatogram scanner to detect 

32P activity in single roots they found a major peak of phosphate 

uptake in the apical 3 ems of root followed by another peak of 

similar or greater intensity in the basal region, 6-8 ems from 

the apex, corresponding to the formation of lateral roots. Also, 

they were able to show that for 14 day-old wheat plants grown 

at 20°~ the lateral roots accounted for 81% of the total 

phosphate absorbed. Kramer and Wiebe(l952), Canning and Kramer 

(1958) and Russell and Sanderson (1967) have also found the 

apical root region to be highly active in phosphate absorption 

and this implies that an increase in the number of apices per 

unit of root will increase the phosphate absorption capacity of 

the ~oat system. Such a scheme may explain the second major 

peak of phosphate uptake observed by Bowen and Rovira (1967) 

in the zone of lateral root for~ation. However, the percentage 

of the absorbed phosphate that is translocated to the .shoot has 

been found to be much smaller for the apical root region than for 

more basal segments, (Canning and Kramer, 1958; Russell and 
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Sanderson, 1967; Clarkson, Sanderson and Russell, 1968; Rovira 

and Bowen, 1968 and Burley et al. 1970). Using Eosin Y dye to 

detect movement of solution thro~gh xylem vessels of excised 
~k: .. 

roots Burley et al. (1970) have correlated this with root 

anatomy by concluding that little or no translocation of phosphate 

occurred from the root apical region because of the absence of 

functional xylem. 

The concept of Bray (1954) that nutrient ions such as 

phosphate, which are relatively immobile within'the soil, can 

only be extracted by plants from the small volume -of soil 

surrounding the root surface, indicates that factors ~apable of 

increasing root surface area woul~ increase nutrient uptake 

capacity of the plaht. One such factor is the presence of root 

hairs which are known to markedly increase root surf ace area, 

(Dittmer, 1937). Although the theoretical treatments of Bouldin 

(1961), Passioµra, (1963), Nye (1966) and Olsen and Kemper (1968) 

have provided detailed analyses of how root hairs could increase 

the absorption effi~iency of roots, conclusive, direct experi-

mental proof of the role of root hairs in phosphate uptake has 

been hindered by the lack of suitable c9ntrol roots. _Treatments 

that produce roots "artificially" free of root hairs ·invariably 

produce other anatomical or physiological changes, (Cormack, 

1962). Studies such as that of Place and Barber, (1964) who 

" 86 measured Rb uptake by corn root segments, naturally with and 

without root hairs and attributed the increased uptake to root 

hair activity are inconclusive since the root sections were 

taken from plants of different age and pre-treatment and no 

doubt these would have had different absorption capacities per se. 

Lewis and, Quirk (1967) presented indirect evidence that root 

hairs may be important in plant phosphate uptake from soils of 



high phosphate fixing capacity. Using autoradi.ography with 

P 32 l~belled soil they found that the zone of depletion around 

wheat roots coincided with the length of the root hairs. The 

width of this ~one remained relatively unchanged during the 

period 5-18 days after sowing and was independent of the levels 

of phosphate added to the soil. cfrom these observations it'was 

concluded that root hair morphology influenced the size of the 
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depletion zones around wheat roots more than the rates of 

phosp~ate di'ffusion,which were very small in this soil. Drew 

and Nye (1970) .have-compared experimentally determined phosphate 

uptake for three plant species with uptake computed from model 

·root systems either with or without root hairs. Experimental 

uptake by onion and leek roots could be accounted for using ~he 

model root without root hairs but phosphate uptake by ryegrass 

could only be accounted for if the root plus root h~ir model was 

used. The presence of root hairs was calculated to increase 

root phosphate absorption py over 200%. An appreciable increase 

in phosphate uptake from a clay soil due to the presence of 

root hairs has been measured by, Barley and Rovira _(1970) but 

they found uptake from a stirred solution was unaffected by 

root.hairs. This was to be expected since root surface area 

is unlikely to be a factor limiting phosphate absorption under 

these conditions. 

Root diameter and root elongation are two other factors 

likely to be important in the uptake of less mobile nutrients, 

such as phosphate from soil. For equal volumes of root, halving 

the root diameter will increase the root length four times and 

assuming an equal width of depleted soil around each root this 

will result in more than twice as much "depletion zone soil 

volume 11 for the root of smaller radius. Similarly, if nutrient 



uptake is limited to a thin zone of soil around the root which 

is rapidly exploited, the rate of uptake will depend directly 

upon the rate of root elongation. Although models to assess 

the importance of root elongation on nutrient uptake have been 

suggested, (Passioura, 1963; Barley, 1970) no experimental 

studies concerning root elongation rate and nutrient uptake 

appear in the literature. 

Most of the prev,ious discussion has been concerned with 

the performance of single isolated roots. If one considers a 

field situation in which iITLmobile nutrients are present in the 

soil profile the intensity of rooting (length of root per unit 

volume of soil) is important, as this detertnines the volume of 

soil accessible for exploitation by the plant. Cornforth {1968) 

has verified this for four species growing in different volumes 

of soil/sand mix which resulted in different root densities. 

Absorption of phosphate was dire&tly correlated with root 

density while nitrogen uptake remained independent of root 

density. Thus responses to added phosphate were greatest in 

the_ larger volumes of soil where rooting density was lowest. 

II B 4.3 Root physiology and function 

While root structural configuration may be important in 

determinin.;r the rate and pattern of phosphate uptake, especially 

of soil grown plants, phosphorus nutrition of plants is also 

dependent upon various plant physiological and biochemical 

factors which control the absorption, translocation and meta­

bolism of phosphate by plants. 

Although entry and accumulation of inorganic ions by 

plant cells is known to be an active process dependent upon 

metabolically produced energy (Brouwer, 1965), the active 
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uptake mechanism i3 11ot yet clearly "..ln·:1crs·tood. A number o!: 

theories to account for ;:icti•J::i ion uptake into plant roots 

have been proposed and these have been reviewed recently by 

Jennings (1963), Brouwer (1965) and Robertson (1968). Active 

uptake of ions is most commonly described by employing the 

general concept of acid-base carrier systems. This concept· 

envisages that a functional carrier system present in the 

impermeable membrahe barrier combines with the ion at the 

outer sur £ace forming a carrier-ion complex.- This complex 

reorientates itself within the membrane and subsequently 

dissociates, releasing the ion into the compartment bounded by 

the cell membrane. Return of the ion is impeded by the 

relative impermeability of. the membrane and the configuration 

of the carr~er at the inner surfac~ ~hich favour9 dissociation 
1 ""~ ~ 

I 

rather than ion binding} Epstein and Hagen (1952) suggested 

that this system was analagous to the reaction mechanism of 

enzyme catalysis and they were able to apply classical enzyme 

kinetics (Michaelis - Menten 1913) to the absorption of 

rubidium by excised barley roots. Following this study a 

large amount of data on ion uptake has been built up from 

experiments based on the kinetic model o~ _these workers. This 

approach is, however, not without criticism. Steward and 

Sutcliffe (1959) maintain that such mathematical interpretation 

from an empirical standpoint is of- limited value and has little 

me~ning until the carrier systems and their specific mechanisms 

are identified. Other objections have been reviewed by 

Brouwer (1965) and Leggett (1968). Despite this criticism the 

enzyme-kiqetic model of carrier mediated absorption has been 
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applied to, and found to describe many diverse systems including 

long distance ion transport in plants, (Luttge and Laties, 1966, 

1967; Edwards, 1970), ion uptake and transport in leaf tissue, 



(Smith and Epstein, 1964: Phillips, Baker and Clagett, 1971), 

ion accurnulatic•n in oxcised phloem tissue (Bieleskl, 1966) as 

well as ion uptake by micro-organisms (Conway and Duggan, 

1958: Lsggett, 1Y61: ~eggett, Heald and Hendricks, 1965). 

Perhaps the most use,ful achievement of the kinetic model of 

the carrier th~ory has been the description 6f ion interactions 

associated with membrane selectivity, (Epstein, 1962: Epstein 

and Hagen, 1952: Epstein, Rains and Elzam, 1963). The overall 

success of this model in accounting for ion uptake in a wide 

range of tissues has given credance to the carrier theory and 

extended our knowledge of the process of active ,ion absorption. 

Characterization of phosphate uptake by roots, in terms 

'of the kinetic model of the carrier theory was first under-

taken by Hagen and Hopkins (1955). Rates of phosphate ,absorp-

tion by excised barley roots from phosphate solutions ranging 

in concentration from 1.0-lOOuM and in pH from 4.0-7.7 were 

measured and these workers concluded that the ion species 

H2P04 and HP04 2- were absorbed through s~parate carrier sites. 

The uptake of both ions was competitively inhibited by OH- ions 

and the extent of absorption by each site was dependent qpon 

substrate concentration and pH. Subsequent studies, by Hagen, 

Leggett and ,Jackson (1957), Noggle and Fried (1960), Leggett et 

al. (1965), and Andrew (1966), in the same phosphate concen-

tration-range and at pH 4.0, have all been interpreted on the 

basis of simultaneous absorption of the ion species,, H2P04-and 

2-HP04 , through different carrier sites. These have been, 

designate~ as the "a" and "b" re'action sites. Hagen, Leggett 

and Jackson (1957) proposed that the "a" reaction, which pre-

dominates at high concentrations (0.5-1.0nM), with a low 

affinity for phosphate, was concerned with uptake of H2P04 
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while the 11 b 11 reaction, which became saturated at low phosphat~ 

concentrations (0-25uM) and had a h19h affinity for phosphate, 

was concerned with absorption of HP04
2

: The interpretation 

that two ion species are involved in phosphate absorption has 

recently been challenged by Carter and Lathwell '(1967) and 

Edwards (1968a, 1970). since at pH 4.0 the H2P04- ion is 

considered to be the only ion of any consequence involved in 
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absorption reactions. Considera~ion of the ionization equilibria 

of othophosphoric acid by Edwards (1968~ has indicated that at 

pH 4.0, 98.6% of the total phosphate is present as the H2P04 

ion form and only 0.06% as HP04 2- ion. From temperature 

studies of orthophosphate uptake by excised maize roots, Carter 

and Lathwell (1967) also concluded that both 11 a 11 and 11 b 11 

reactions were involved with uptake of the H2P04..., ion and they 

also showed that in both cases chemical reaction was involved 

(i.e. active uptake occurred). 

Unlike previous experiments-~on root absorption of 

phosphate;which had all been performed with solution concen­

trations in the range 0.001-JrnMP, Edwards (1970) studied uptake 

by intact wheat seedlings over the concentration range 0.0001~ 

50 mMP. Kinetic analysis of his results has led to the charact-

erizatioh of three distinct mechanisms of phosphate absorption; 

two operating in the range 0.0001-lmMP corresponding to those 

previously described by Hagen and Hopkins (1955) plus a third 

mechanism which shows a linear response to phosphate concen-

tration and operates only in the range l-5ClTIMP·. This third 

· mechanism is similar to the absorption isotherms for Cl- and 

Rb+ obtained by Torii and Laties (1966) with non-vacuolate 

maize root cells (also in the concentration range l-50mM) and 

attributed by these workers to a diffusive permeation of ions 

across the plasmalemma. Edwards (1970) concluded that his 



results with phosphate also indicate a passive absorption 

across the plasmalemrna at high phosphate concentrations 

( lmMP) . The operation of two mechanisms of phosphate uptake 

below lmM is in'contrast to the single mechanism obtained for 

Rb+, K+ and Cl - in the same concentration range (Jackman, 1965; 

Epstein, Rains and Elzam 1963; L·uttge and Laties, 1966; 

Torii and Laties, 1966; and Welsh and Epstein, 1968). 

Edwa~ds (1970) has asserted that one of these phosphate 

absorption mechanisms (Km 2xlo-4 MP) must be located at the 

plasmalemma while the second (Km 7.4xlo-6 MP) may be either a 

plant mechanism also located at this membrane or may be a 

microbial absorption mechanism associated with the root micro-

flora, the roots being cultured under non-sterile conditions. 

In support of the latter proposal he shows that the mechanism 

with a Km constant of 7.4xlo-6 MP closely corresponds with that 

of the high affinity mechanism of phosphate absorption found 

by Leggett (1961) for yeast and Bowen and Theodoru (1967) 

for excised mycorrhizas of Pinus radiata. 

Recently the microbial component of uptake has been 

studied by Barber and Frankenburg (1971) by comparing phosphate 

absorption of seedling roots of barley grown, prior to excision, 

under sterile or non-sterile conditions. The difference in 

phosphate absorption between sterile and non-sterile roots was 

attributed to uptake by micro-organisms and over the concen- · 

tration range 0.001-1.0mMP, phosphate uptake by the microbial 

component of non-sterile roots was found to exceed that of 

sterile roots. This method of deriving the microbial component 

of, uptake is, however, open to criticism since it assumes 

that interactions between root and micro-flora do not occur, 

the uptake by non-sterile roots being a simple summation of the 
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individual microbial and root components. This is unlikely 

since Bowen and Rovira (1966a) have evidence that the 

metabolism of the root itself is altered in the presence of 

micro-organisms. Also the work of Brian (1957), Katznelson 

and Sirous (1961) and MacDonald (1967) indicates that micro-

organisms can produce compounds which may influence the growth 

and metabolism of the root. If microbial products are produced 

which stimulate nutrient uptake by the root the method of 

Barber and Frankenburg (1971) w~11 tend to over-estimate the 

microbial component of the total uptake of non-sterile roots, 

and vice versa. Disregarding this objection,these workers 

found the relationship between microbial phosphate absorption 

and substrate-concentration followed the kinetics of a first 

order reversible reaction. The characteristics of this 

reaction; a rapid saturation at low phosphate concentrations. 

-6 and a Km constant of 13xlo M appear to be similar to those of 

the 11 b 11 reaction of phosphate absorption identified in non-

sterile roots by Hagen and HopkinE; (1955). However, no sim.ilar 

kinetic relationship could be derived by Barber and Frankenburg 

(1971) to describe the experimental uptake of phosphate by 

sterile barley roots. Despite the criticism mentioned above, 

this study strongly suggests that the low concentration, high 

affinity 11 b 11 reaction of phosphate uptake, identified in l'l:On-

sterile roots, is due to a microbial component associated with 

these roots. By elimination, the 11 a 11 reaction would therefore 

be associated with the root tissue itself. 

In contrast to the results of Barber and Frankenburg 

(1971), Cartwright (1972) has been able to kinetically analyse 

his data for phosphate uptake by sterile, excised barley roots 

and has been able to show that the two first order reactions 
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of the dual absorption isotherm 'Were present in sterile roots 

(i.e. both uptake mechanisms were of plant origin and not only 

one as suggest~~ by Barber and Frankenburg, 1971). 

Although the sterile roots used in the studies of Barber 

and Frankenburg (loc. cit.) and Cartwright (1972) were grown 

under different cultural conditions, this is unlikely to 

explain the direct conflict in the interpretation and the 

results of these studies. Obviously further investigation is. 

required to distinguish and clarify the microbial and plant 

components of phosphate absorption. 
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II C REPORTED DIFFERENCES BETWEEN PLANT 

SPECIES IN RESPONSES TO PHOSPHATE 

II C 1 INTRODUCTION 

Thomas (1930) was one of the first to review the subject 

of nutrient variation between species. Even at that time 

considerable literature on the subject had accumulated and he 

reviewed the various hypotheses that had been advanced to 

explain differences in the "feeding power of plants", including 

ideas that differences in root membrane permeability, root 

exudates and the extensiveness of the root system may account 

for the variation. Alth.ough none of these hypotheses could 

be substantiated at that time th~.se factors are now known to 

influence nutrient uptake. 

Many workers have since found that plant species respond 

differently to additions of phosphate to soil or sand cultures. 

However, until recently few workers had made follow-up studies 

to critically evaluate the mechanisms behind these differences. 

Lilliland, Brown and Conrad (1942), for example, tested the 

responses of a large number of annual and fruit tree crops to 

superphosphate additions to a phosphorus deficient soil. 

Squash, lettuce and cucumbers grew poorly in control plots and 

gave the greatest yield responses to added phosphate. These 
. ' 

were_ followed in order of decreasing response by cereal crops, 

legume crops and finally fruit tree crops which gave either 

very small responses or.no response to applied phosphat~. In 

sand culture experiments.with vegetables, Woodman (1944) also 

found large differences between species in the response to 

so~uble phosphate. Lettuce and carrots produced response 

curves different from, and obtained maximum yields at -phosphate 

levels many times greater than those found for the other 



vegetables which included turnips, peas and cabbage. In a 

similar way, Bradshaw et al. (1960) found the yield response 

curves of eight grasses to soluble phosphate varied widely 

depending upon the particular species. 

Plant species have also been reported to differ in their 

abilities to utilize insoluble phosphates, such as rock 

phosphate. Qualitative experiments have ranked members of 

four plant families in the order; Leguminosa~ :>Cruciferae )> 
Gramine~e _)>Solanaceae as regards their utilization of 

·~ 

sparingly soluble phosphates (Marais, 1922). Recently, 

Johnston, Warren and Penny (1969) have reported swede and kale 

to be more efficient than cereals, sug~r beet and potatoes in 

utilizing phosphorus from residues of old_ phosphate fertilizer 

applications. 
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In general terms differences between plant species in their 

response to phosphorus applications may be due to differences 

in the absorption of phosphate or due- to differences in the 

utilization of the absorbed phosphate within the plant. 

II C 2 DIFFERENTIAL PHOSPHATE ABSORPTION BETWEEN SPECIES 

Differences between plant species in absorption of phosphate 

may be due to a differential utilization of phosphate from 

sources of different availability or alternatively may be due 

to differences between species in their rate of uptake from 

the same phosphate source. 

II C 2.1 Differential utilization of soil phosphates 

Because of gross differences between plant species in 
"• 

their physiological processes or in their microbial populations 

the availability of adsorbed phosphate or insoluble phosphate 



compounds in the soil system may be expected to vary with the 

particular plant species involved. The L-value concept of 

Larsen (1952) or the A-value concept of Fried and Dean (1952) 

have been widely used to obtain evidence of this occurrence. 

The A-value and L-value, although conceptually different, 
·~r.J 

are both based on the same mathematical treatment and can be 

determined using radio-active phosphate and tracer techniques. 

The L or A-value (the quantity of soil phosphate available to 

the plant) is calculated from the isotopic dilution equation 

SF 
Lor A= B(Sp - 1) 

where B = amount of fertilizer phosphate added to the soil and 

SF and Sp =specific activity of phosphate in the' fertilizer 

and plant material respectively. 

The advantage of using this technique is that the value 

does not depend upon the extent or size of the root system 

nor on the total amount of phosphate absorbed. Thus when L-

values determined for a number of plant species on the same 

soil type are found to be different it can be concluded that 

phosphate absorption has occurred in these species from 

different forms of phosphate. 

Fried (1953) using monocalcium phosphate as the fertilizer 

found little difference between species in A-values obtained 

from untreated soils, however, where the soil had been 
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previously enriched with rock phosphate he found up to two fold 

differences in the A-values of different plant species. 

Phosphate from rock phosphate was utilized most efficiently by 

buckwheat and was more available to legumes than grasses or 

cereals, a result confirmed by later work of McLean and Hoelsher 



(1954) and McLean (1956). Russell, Russell and Marais (1958) 

found higher L-values for cabbage and rye than for barley when 

grown on a basaltic soil having large quantities of isotopic-

ally exchangeable· phosphate. These differences were attributed 

to the greater ability of cabbage and rye to lower the free 

energy of phosphate in the soil solution (i.e. labile phosphate 

at low potential was believed to be inaccessible to barley) . 

Nye and Foster (1958) conducted a number of experiments on 

different soil types and measured the L-values of a wide range 

of plant species from the families, Leguminoseae, Cruciferae, 

Gramineae and Solonaceae. Although marked differences occurred 

in' the total phosphate absorbed by the different' species only 

small and agriculturally insignificant differences were found 

. .31 32 b d h . irt the ratio of P: P absor ed by these plants an t ey 

concluded that all species obtained their phosphate from the 

same pool of labile soil phosphate. Similar conclusions were 

drawn by Jenkins (196 2). with per'ennial ryegrass and clover and 

by Keay., Biddiscombe and Ozanne (1970) working with a range of 

annual pasture species. 
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Results contrary to these have also been reported recently. 
. ' 

Ozbek (1967) found A-values of corn and oats to be 300% greater 

than that for millet while Kalra and Soper (1968) reported 

d.ifferences of up to 200% between A-values for soy beans, rape, 

oats and flax. Very large differences were found between 

twelve species examined by Kalra (1971). The A-values decreased 

in the or.der soybeans >flax >peas >wheat >rape >mustard 

with a ten fold difference occurring between soybeans and mustard. 

It should be noted, however, that A-values reported by Ozbek 

(1967) , Kalra and Soper (1968) and Kalra (1971) were all 

calculated from analysis of plant tops only, no corrections 



being made for the presence of seed-borne phosphate in the 

shoots. This practice tends to overestimate the A-values for 

all species, being greatest for the large seeded species such 

as peas and soybeans. This would partially explain the large 

differences in A-values between species, especially in the 

case of Kalra (1971). 

Marais et al. (1970) calculated L-values for twelve plant 

species in eight soils from analysis of 'both root and shoot 

tissue- with a correction for seed-borne phosphate. In contrast 

to the results of Kalra (1971), in most soils no difference or 

differences of less than 10% were recorded for L-values of 
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different plants. An exception occurred in two soils containing 
' I 

'I 
•/ I -

rock phosphate where cabbages showed) a 39% highe~ L-value than 

that found for rye. The· relatively small differences reported 

in this study were concluded to be due to the corrections made 

for seed phosphate .. Mara~s et al. (1970) did in fact calculate 

the-L-values using the shoot tissue data. only and found that 

the differe~ces observed with rye and cabbage were not apparent 

in L-va1ues calculated in this way. L-values for maize 

exceeded those of rye by 50% when calculated on shoot data, 

but from whole plant data no difference could be shown. Although 

obvious difficulties in this method have been shown to produce 

erronous results, it can be concluded that certain species 

have an ability to utilize forms· of phosphate unav'ailable to 

others,. rock phosphate appears to be especially important in 

this regard. 

Various mechanisms have been put forward to account for 

differential phosphate availability between species. brake and 

Strekel (1955), Asher and Ozanne (1961) and Fox and Kacar (1964) 

have all correlated the ability of plant species to utilize 
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sparingly soluble calcium phosphates with their root cation 

exchange capacity (C.E.C.). Drake and Strekel (1955) attributed 

the species difference to differences in "the bonding of 

calcium by plant roots resulting in differential dissolution 

of rock phosphate crystals", and this theory was supported by 

the work of Asher and Ozanne (1961) and Fox and Kacar (1964) . 

Additional support has recently come from a study by Crooke 

and Knight (1971) who found distinctly di~ferent cation trans-

location, patterns b~tween monocots (low C.E.C.) and dicots 

(high C.E.C.). The former favour translocation of .monovalent 

ions-·thus leaving their roots richer in divalent cations while 

the opposite was found to occur with the. dicot .9pecies. · Other 

workers, (Broeshart, 1962; Vose, 1963) have found no correl-

ation between root C.E.C. and cation absorption by roots and 

Fried and Broeshart (1967) after reviewing the literature 

were able to conclude that "cation exchange capacity.of roots 

does not appear to be directly related to ion_uptake". _At 

the present time it is generally considered that a specific 

adsorption of ions to carrier sites in the root is the first 

step in 1on uptake but that non-specifi~ adsorption has lit~le 

effect on ion absorption except in the case of anion uptake 

where non-specific adsorption of cations may reduce the net 

negative charge on the.root and enhance anion uptake (see 

Section II B 2.6(b)). 

Production of different types or amounts of chemical 

factors by either the rhizosphere micro-organisms or the 

roots of different plant species may also explain differential 

utilization of sparingly soluble phosphates. It is well known 

that organic acids are very effective in dissolving calcium 

phosphates (Sperber, 1958(b); Johnson, 1959; Louw and Webley, 

1959(b); Duff, Webley and Scott, 1963) and Talibudeen (1957) 
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has found that increasing concentrations of citrat~ ion added 

to soil increases the amount of exchangeable soil phosphate 

by dissolving the very slowly exchangeable solid phase 

phosphates. However, although both micro-organisms (Katznelson, 

Peterson and Rouatt, 1962; Lauw, 1970) and sterile plant roots 

(Riviere, 1960; Vancura, 1964) are known to release organic 

acids into the external medium no direct attempts have been 

made to implicate these substances as one cause of differ-

ential phosphate solubilization between plant species. 

II c 2.2 Differential phosphate absorption from a common 

phosphate source 

Although differences between species in root size have in 

the past (Thomas, 1930; Smith, 1934) been used to explain the 

observed interspecif ic variations in phosphate uptake from a 

soluble phosphate source the recent studies of Russell and 

Sanderson (1967) and Rovira' and Bowen, (1968) showing variation 

in the rate and pattern of phosphate absorption along the 

length of a single.root as well as roots of different types, 

has.made direct correlations of root size and total phosphate 

uptake difficult if ~ot imposs~ble to interpret, especially 

where whole root systems of different species are involved. 

The complexity of the root system in terms of its absorption 

capacity has meant that few recent studies have attributed 

interspecific differences in phosphate absorption to differ-

ences in root size per se. In most cases a combination of 

plant factors has been required to fully explain these 
~ 

differences in phosphate uptake. 



Where available phosphate is restricted within certain 

areas or profiles of the soil, the configuration and 

distribution of the root system becomes an important factor 

in determining the amount of phosphate absorbed. Nye and 

Foster (1961Y, for example, found that short term crops 

such as millet, ·maize and pigeon,,.pea made less use of subsoil 

phosphate than perennial grasses and dicots in the natural 

savanna vegetation which derived more than 30% of their total 

phosphate from this soil layer._ Large differences between 

species. in absorption· of fertilizer phosphate from a 

calcareous soil were conclud~d by Soper and Kalra (1999) to 

be due to differences in the extent of rooting in the 

fertilizer reaction zone. Recently, Baker et al. (1970) 

suggested that differences. in the depth of rooting may explain 

differences between corn hybrids in the accumulation o~ 

phosphate in the ear leaves. Later work by Baker, Wooding 

and Johnson (1971) showed that genetically controlled 

accumulation_ of phosphate by corn was associated with physio-

logical rrocesses within the plant that w~re independent of 

the depth of rooting. 
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Differences in the rate of phosphate absorption, especially 

from sources of low concentration, have been frequently used 

to explain or partially explain interspecif ic differences in 

phosphate absorption from a common soluble phosphate source. 

Solution culture experiments of Tidmore (1930) and Sommer 

(1936) using large volumes of solution at low concentrations 

of phosphate (0.05-13.00ugP/ml) were some of the first to 

show that plant species differed in their response to a 
32 

common source of soluble phosphate. Later studies using P 
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added to soil have indicated that species also differ in their 

ability to absorb phosphate from low concentrations in the 

soil' solution (Nye and Foster, 1958; Jenkins, 1962). The 

study of toneragan and Asher (1967) has emphasized the wide 

differences that occur between species in their rates of 

phosphate absorption from solutions of low concentration. For 

eight annual pasture species the mean rate of phosphate uptake/ 

unit weight of roots was found to vary by as much as 400-500% 

when the phosphate concentration was maintained at 0.04UM. 

However, where phosphate concentrations were maintained at 

24uM the mean rates of phosphate uptake of all species except 

lupins were within a narrow range, varying from 9.8-13.9 ug 

atoms P/g fresh roots/day. Clear differences between species 

in their specific rates of phosphate absorption at both low 

and high concentrations of phosphate in the soil solution have 

been shown by Keay, Biqdiscombe and Ozanne (1970). Relative to 

their maximum rates of phosphate absorption these workers 

found the grasses had higher rates of phosphate uptake/unit 

weight of ro9ts than the clovers at low phosphate concentrations 

in the soil solution. In a series of clever grafting experi-

ments with tomato and datura plants, Otsuka (1968) showed that 

differences in the rate of phosphate uptake between these 

species were due to physiological factors residing in the roots 

and that these remained with the root and were operative even 

when the roots were gra~ted to shoots of the other plant 

species. 

Such interspecif ic differences in the rate of phosphate 

uptake/unit of roots have been explained by some workers on the 

basis of differences in the components of the active uptake 

mechanism determined from kinetic analysis of absorption data 
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assuming a carrier theory of ion uptake (Epstein and Hagen, 

1952; Hagen and Hopkins, 1955). On this assumption a number 

of factors could act as variables and cause differences between 

species in the rate of phosphate absorption. These include 

differences,, in the carrier concentrations in the roots, in 

the affinity of the carriers for phosphate (apparent dissociat-

ion constants) and/or in the rate of turnover of the carrier-

phosphate complex (rate constant) . 

Noggle and Fried (1960) reported that the rate of phosphate 

absorption by excised roots of three species decreased in the 

order millet >barley ) alfalfa. Kinetic analysis of their 

data according to the methods used by Hagen and Hopkins (1955) 

showed that although there were small differences between species 

in their rate constants and apparent dissociation constants the 

rate of uptake for both reactions (a and b) was pr1marily 

controlled by the carrier concentrations, those for millet 

being almost twenty times those found for alfalfa with barley 

having intermediate concentrations. Andrew (1966) made a 

similar study of phosphate uptake by three ,tropical legumes 

plus lucerne and barley as reference species. At both low 

(lxlo-6MP) and high (2xl0- 4MP) substrate concentrations the 

rate of absorption/unit weight of roots was three times greater 

for Townsville lucerne (Stylosanthes humilis) than for the other 

four species, which had similar rates of uptake. Andrew's 

results could not be explained on the basis of differences in 

carrier concentration but were attributed to a much greater 

relative proportion of the tot'al uptake being contributed by 

the low concentration, high affinity, "b" reaction mechanism 

in the case of S. humilis. In line with this the rate constant 

of the "b" reaction of s. humilis was five times greater than 

that of the other species. 



Differences between species in the number of excised 

roots/g weight or in the type and length of root sampled for 

experimentation may explain some of the observed differences 

between species since the pattern and rate of phosphate uptake 

is known to vary along the length of a single root (Russell 

and Sanderson1 1967; Rovira and Bowen, 1968), being highly 

active at the apex and in the zone of lateral root initiation. 

This approach does not explain the results of Noggle and Fried 

(1960), however, since the lengtu of root sampled and the 

number of roots/g sample were approximately th~ same for both 

millet and alf al.fa al th,ough these species- differed in carrier 

concentration. Large di.fferences between species were also 

apparent in the root properties of the samples used by Andrew 

(1966). Townsville lucerne had the greatest number of roots/g 

fresh weight (443) and the shortest length (3.~ cm) while at 

the other extreme barley had the smallest number of roots/g 

fresh weight (44) and the longest length (15.5.cm). Thus the 

high proportion of very actively absorbing root apices in the 

case of S. humilis root s~ples may.have been responsible for 

its higher rate of short term phosphate uptake in comparison 

with the other species. 

Alternatively since these experiments were all carried 

out under non-sterile conditions microbial differences between 

plant species may be involved in the differential rates of 

phosphate absorption observed by these workers. Barber and 

Frankenburg (1971) have presented evidence associating the 

phosphate absorbed by the "b" reaction mechanisms with uptake 

of phosphate by the micro-organisms present on the root surface. 

If this is so then it suggests that the disproportionately 

high rate of phosphate uptake observed for the "b" reaction 

mechanism of s. humilis (Andrew 1966) was the result of greater 
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numbers and/or metabolically more active micro-organisms 

being associated with these roots in comparison with those 

of the other species. Although more research is required on 

the role micro-organisms play in the total phosphate absorption 
I 

of non-sterile roots the concept that differences between 

species in rates of phosphorus uptake may be due to microbial 

differences appears quite feasible especially as Elkan (1962) 

has shown that differences between plants of a single gene are 

sufficient to produce differences in the microbial populations 

around the plant roots. 

From the above appraisal of the literature it is evident 

that many different factors can contribute to the absorption 

of phosphate by non-sterile plant roots. Where comparisons 

between species are to be made the conditions during plant 

growth and the selection of root tissue for experimentation 
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must be rigidly controlled so that the effect of various factors 

can be examined individually and meaningful conclusions can be 

obtained. 

II C 3 DIFFERENTIAL UTILIZATION OF ABSORBED PHOSPHATE WITHIN 

THE PLANT 

In general terms a difference in total phosphate absorption 

within a particular plant species may be expected to produce 

different yields, provided the difference is not due to 

luxury consumption of phosphate. This, however, does not 

usually apply when different plant species are involved since 

responses to phosphate in terms of yield also depend upon the 

species relative efficiency in utilizing the absorbed phosphate 

for growth. Thus, for example, a yield difference between 

species may occur even though the total amount of absorbed 



phosphate is identical if either, the species differ in their 

distribution of phosphate between roots and shoots or differ 

in their phosphate utilization quotients (i.e. units of dry 

plant material produced per unit of absorbed phosphate). 

Differences be'tween species in their relative yield 

responses to applied ~hosphate have been shown to be associated 

with differences .in the distribution of absorbed phosphate 

1between roots and shoots. Keay, Biddiscombe and Ozanne (1970) 

found the species having the greatest yield response at low 

levels of applied phosphate also tended to translocate a 

higher percentage of the ~bsorbed phosphate to the shoots. 

Clovers were relatively inefficient in translocating absorbed 

phosphate to the shoots (less than 50% was translocated to the 

shoots by three clover species) while grasses and other species· 

tr_ansloca ted an average of· 79% to the shootS' when gr.own at the 

lowest level of applied phosphate f o~ a period of four weeks. 

Tropical grasses grown under l.qw levels of ni trogep and 

phosphate were shown by Wilson and Haydock (1971) ~o produce 

proportionately. higher yields of sho·ots than did the temperat·e 

grasses. They associated this with the relatively larger 

root systems of the temp~ra1te 'grasses which immobilized a 

greater proportion of the absorbed nutrients in the root system 

allowing less for tran~location to the shoot in compa~ison with 

the tropi~al specie~. This conclusion highlights.the inaccur-

acies that are inherent in experiments where total nutrient 

absorption of different ,species is inferred and comparisons 
' 

bet~een species are made on the b~sis of shoot an?lysis alone. 

White (1972) has also found significant differences 

between species in the r'etention of phosphate by the roots of 

three tropical legumes. Although these were associated with 

the root weight ratios (root weight as % of total plant 
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w~ight) of each species (as suggested by Wilson and Haydock, 

1971), the correlation was not exact and following the 

suggestion of Williams (1948), White (1972) found that the 

nitrogen status of the plant influenced phosphate retention 

in the roots. In each case,both within and between species, 

comparatively less of the total phosphate was immobilized in 

the roots as the nitrogen concentration in the plants declined. 

This relationship was attributed to the fact that under 

nitrogen stress, breakdown of protoplasm in older root tissues 

and translocation of nitrogen to the deficient shoot also 

produced an accompanied mobilization and transport of phosphate 

from the roots. Indirect support for this theory comes from 

the studies of Baker et al. (1970, 1971) who attribute high 

accumulation of phosphate in the ear leaves of some maize 

hybrids to high levels of nitrogen and sulphur (leaf protein) 

which has a high bonding energy for othophosphate. This effect 

of nitrogen on phosphorus nutrition of plants is a further 

factor that must be considered when comparing the response of 

plant species to applied phosphate. 

Diff ererices between species in their phosphate utilization 

quotients have also been reported by a number of workers. 

Substantial differences were found to occur (Loneragan and 

Asher, 1967) when phosphate supply restricted plant growth but 

where the phosphate level allowed maximum yield to be attained 

all eight species utilized the absorbed phosphate with similar 

efficiencies. A similar conclusion was reached by Keay, 

Biddiscombe and Ozanne (1970). In both cases the results 

showed that clovers were approximately twice as efficient as 

annual grasses and pasture herbs in the amount of dry matter 

produced per unit of absorbed phosphate during the first four 

weeks of growth. Wuenscher and Gerloff (1971) noted differences 

93 
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between two grasses in th~ir utilization of phosphate when 

grown in sand culture but when these species were grown in 

soil the phosphate utilization quotients of both species 

were identical. They concluded that the considerably greater 

phosphorus stress imposed on the plants in sand culture 

than those in the soil was responsible for the results they 

obtained. 

The correspondence in the results of these three studies 

using a range of pasture plants suggests that in general inter-

specific differences in phosphate utilization quotients only 

occur where plants are grown under conditions of phosphorus 

stress. 

Nassery (1970) has suggested that plants with slow 

relative growth rates are the most efficient in the utilization 
I 

of accumulated phosphate because of the greater time period 

available for remobilization and retranslocation of phosphate 

from senescing tissues to the young actively growing merist-

ematic tissues. white (1972) has obtained results supporting 

this hypothesis through his finding that the relative growth 

rates and phosphate utilizatioQ quotients of three tropical 

legumes were inversely correlated, the species with the highe~t 

growth rate having the lowest utilization quotient for 

phosphate. 



95 

III GENERAL MATERIALS AND METHODS 



A 

B 

c 

D 

E 

TABLE OF CONTENTS 

SOIL AND SOIL PREPARATION 

PLANT SPECIES AND SEED 

NUTRIENT SOLUTIONS 

ENVIRONMENTAL CONDITIONS DURING PLANT GROWTH 

1. Glasshouse conditions 

2. Growth cabinet conditions 

TISSUE PREPARATION AND CHEMICAL ANALYSIS 

Page 

97 

97 

99 

99 

99 

100 

100 

1. Preparation of plant tissue for analysis 100 

2. Digestion of tissue 100 

3. Determination of phosphorus 101 

4. Determination of nitrogen 101 

96 

/-



In this section the techniques and experimental materials 

corrunon to experiments in more than one o[ the following 

sections will be discussed. 

III A SOIL AND SOIL PREPARATION 
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Unless otherwise stated the soil used in all experiments 

was the surface 15 cm (A horizon) of a "red loam" or krasnozem 

soil developed on basalt on the North West Coast of Tasmania. 

Soils of this area have been surveyed and described by Stephens 

(1937) and Loveday and Farquhar (1958) and chemical and 

morphological data for some of these have been presented by 

Graley and Loveday (1961). The soil was sampled from an un­

cultivated area set aside on the Tasmanian Department of 

Agriculture's Forthside Vegetable Research Farm at Forth. Alth­

ough not in its virgin state this soil had remained unfertilized 

and uncultivated since the establishment of the research farm 

(at least seven years) and had a plant cover of mixed pasture 

species and weeds at the time of sampling. The soil was trucked 

to Hobart in moist condition where it was passed through a 5 mm 

mesh sieve to remove large stones and plant remains before 

being air-dried and stored. Several physical and chemical 

properties of this air-dried soil were determined and the results 

together with the method of analyses are given in Table III A. 

This particular soil was selected because of its low level of 

"available phosphate". 

III B PLANT SPECIES AND SEED 

The four plant species grown throughout this study were 

cabbage, Brassica oleracea v. capitata L. cultivar Ballhead 

Hybrid; lettuce, Lactuca sativa L. cultivar Pennlake; 

perennial ryegrass, Lolium perenne L. cultivar Tasmanian No. l; 

and phalaris, Phalaris tuberosa L. cultivar Australian. 



TABLE III A 

CHEMICAL AND PHYSICAL PROPERTIES OF 

FORTHSIDE KRASNOZEM SOIL 
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Determination Mean 
Value 

Replication Method 

Total P 2044ug/g 5 Tandon, Cescas and 
Tyner (1968) 

"Available 11 P 7 ug/g 

647 ug/g 

3 

3 

Colwell (19 63) 

Organic P 

Sorbed P 

Total N 

N03 N 

Moisture 
Content 

pF 2 

15 atmos. 

pH 

pH 

950 ug/g 2 
(to give 0.3 ug/ml in 
supernatant) 

2733 ug/g 3 

43 ug/g 3 

451 mg/g 4 

240 mg/g 4 

4.7 2 

5.3 2 

TABLE III C 

NaOH extraction 
method of Saunders 
and Williams (1955) 

Fox and Kamprath (1970) 

Kjeldahl-Markham (1942) 

Mack and Sanderson 
(1971) 

O.OlMCaCl2 White 
H20 (1969) 

COMPOSITION OF NUTRIENT SOLUTION 

(FULL STRENGTH) 

Salt Concentration 

KH 2P04 lmM 

KN03 5mM 

CaN0 3 4H 2o 5mM 

Mgso 4 7H20 2mM 

H3B03 46.2uM 

MnCl2 4H20 9.luM 

ZnS04 7H20 0.76uM 

CuS04 5H20 0.32uM 

Na2Mo04 2H20 O.lluM 
Sequestrene NaFe 8.9UM 
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All plants in all experiments were grown from one batch of 

seed/species, the vegetable seed being obtained from Arthur 

Yates & Co. Pty. Ltd., Sydney, and the grass seed from 

Roberts, Stewart and Co. Ltd., Hobart. 

III C NUTRIENT SOLUTIONS 

A nutrient solution based on that given by Hoagland and 

Arnon (1950) was used at full strength or at fractional 

dilutions for all solution and sand culture experiments. The 

salts used and their concentration in full strength solution 

are given in Table III c. Apart from Sequestrene Na Fe all the 

salts used were reagent grade chemicals. Solutions were made 

up with deionized water (less than lOumhosconductance) produced 

in a Twin Bed Deionizer Unit (Commando Products Aust., St. 

Mary's, South Australia) and subsequently stored in a 450 litre 
. r 

black polythene res~oir. Cation and anion beds were recharged 

whenever water conductance rose above lOumhos. 

III D ENVIRONMENTAL CONDITIONS DURING PLANT GROWTH 

III D 1 GLASSHOUSE CONDITIONS 

Plants grown under glasshouse conditions were all grown in 

an air conditioned glasshouse at the University of Tasmania, 

Hobart. The flow of air within the glasshouse and the rate 

of change were controlled to provide a minimum of 20 changes/hr. 

The air stream was heated by an oil fired furnace or cooled by 

refrigeration as required, the control being automatic so that 

temperatures were maintained above lo0 c at night and below 27°c 

during the day. Relative humidity was automatically controlled 

above 50% by injection of water sprays into the air stream. No 

artificial lighting was provided and the day length varied from 

a maximum of 15 hours in summer to a minimum of 9 hours in 

winter. 
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III D 2 GROWTH CABINET CONDITIONS 

Where environmental conditions during plant growth were 

required to be more rigorously controlled,plants were placed 

in growth cabinets ("Controlled Environments", Model No. EF7H -

Winnipeg, Canada). Plants were grown in these cabinets at a 

0 constant temperature of 20 C, a relative humidity of 65% and a 

light intensity of 16000 lux during the daily 12 hour photo-

period. Nutrient solutions in these cabinets were continuously 

aerated using small pumps, ("Hy-Flo", Model C, Medcalf Brothers 

Ltd., Herts., England). 

III E TISSUE PREPARATION AND CHEMICAL ANALYSIS 

III E 1 PREPARATION OF PLANT TISSUE FOR ANALYSIS 

Harvested plant material was dried in a forced draft oven 

at 65°c for 48 hours. After cooling to room temperature in a 

desiccator the oven dry weight of each sample was determined. 

Large samples were then ground in a "Culatti 11 hanuner-mill but 

small samples were ground by hand in a glass mortar to avoid 

loss of tissue. Each finely ground sample was thoroughly 

mixed and stored in closed glass vials. Immediately before 

0 chemical analysis the ground samples were redried at 65 C and 

cooled in a desiccator. 

III E 2 DIGESTION OF TISSUE 

Approximately 0.2 g of ground, oven-dry plant tissue was 

accurately weighed out and transferred to "Pyrex" test tubes 

(1.5 cm diameter) marked to hold a volume of 20 ml. These 

tissue samples were wet digested in 5 ml of 1:5 perchloric 

acid (70%) - nitric acid (70%) mixture and the final clear 

digestate was diluted to a total volume of 20 ml. Where less 

than 0.2 g of tissue was available for analysis the volume of 

acid mixture used for digestion was reduced proportionately and 



the aliquot of diluted·digestate required for phosphorus 

determination was increased. 

III E 3 DETERMINATION OF PHOSPHORUS 

Plant phosphorus was determined on an aliquot of the 

diluted digestate after reaction with ammonium molybdate -

ammonium metavanadate reagent (Chapman and Pratt, 1961). A 

2.5 ml aliquot of test solution was usually taken and after 

further dilution, 5 ml of vanado-molybdate reagent were added. 

The mixture was diluted to a final volume of 25 ml with 

distilled water and after a thorough mixing was allowed to 

develop colour for 30 min., before the optical density of the 

solution was measured at 400 nm against a phosphorus free 

digest on a Hitachi 101 Spectrophotometer fitted with a flow­

through cell. Phosphorus in solution was determined from a 

standard curve constructed in the range 0-lOppmP. 

III E 4 DETERMINATION OF NITROGEN 

Plant tissue samples were analysed for total nitrogen 

(excluding nitrates) using the micro-Kjeldahl method of 

Markham (1942), a mixture of K2so 4 and cuso 4 .SH 2o being used 

as a catalyst. 
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IV PLANT GROWTH AND PHOSPHATE ABSORPTION FROM SOIL 
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IV A RESPONSE TO PHOSPHATE WHEN ALL PLANTS 

ARE HARVESTED AT THE SAME CHRONOLOGICAL AGE 

IV A 1 INTRODUCTION 
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The aim of this experiment was to compare the utilization 

of soil phosphorus by the four species, cabbage, lettuce, rye-. 

grass and phalaris, and to compare their response, in terms of 

growth and phosphate uptake, to levels of fertilizer phosphate 

applied to the krasnozem soil. From the results of this 

experiment it was anticipated that a measure of the plant 

tissue phosphorus levels and soil phosphate levels required for 

maximum growth of each species could be obtained. 

IV A 2 MATERIALS AND METHODS 

IV A 2.1 Design and treatments 

A 5x4 factorial design in a randomized block layout of 

three replicates was used in this experiment. Treatments 

consisted of the four plant, species and five levels of 

phosphate applied to the krasnozem soil; O, 100, 200, 400 and 

800 ug P/g soil. The phosphate was added as calcium phosphate 

monobasic, Ca(H2P04)2H20. In addition, basal nutrients consist­

ing of 200 ug N and 558 ug K/g soil as KN03, 25 ug S/g soil as 

MgS04.7H20 and 4.24 mg CaC03/g soil were added to each treat­

ment, all chemicals used being of A.R. grade. Pots were 

randomized within replicates according to tables of random 

numbers (Fisher and Yates, 1948) and re-randomization was 

carried out every two weeks. 

IV A 2.2 Potting and seeding technique 

Plants were grown in No. 10 tin cans (17.8 cm high by 

15.2 cm diameter) lined with polythene bags and containing the 

equivalent of 2700 g oven dry (lo6°c) krasnozem soil/pot. 



Calcium carbonate was mixed with the air dry soil one month 

before seed sowing and after incubation at field capacity for 

three weeks in the glasshouse the soil was allowed to air dry. 

To facilitate this process the soil was removed from each pot 

and placed on polythene sheeting. The pH of this soil was 

found to be 5.7, measured in 0.01 M cacl 2 solution at a soil: 

solution ratio of 1:2 (White 1969). The basal nutrients and 

.the five levels of monobasic calcium phosphate were added to 

the limed,air dry soil as fine powders (less than 100 mesh) 

using the following procedure. The air dry soil from each 

pot was spread thinly on a 1 metre square of polythene sheet­

ing and the powdered chemicals were individually sprinkled as 

evenly as possible over the entire soil surface. Between 

applications of each chemical, the soil was thoroughly mixed 

in a uniform manner by consecutively lifting each side of the 

sheet and rolling the soil to the opposite side. After 

addition of all nutrients the treated, air dry soil was packed 

uniformly into the polythene lined, tin cans. 

A weighed amount of air dry soil. equivalent to the top 

1 cm of soil -was removed from each pot and the seeds were 

sown on the top of the remaining soil. After addition of the 

1 cm depth of air dry soil previously removed, the soil in each 

pot was carefully watered to field capacity (pF 2). Black 

polythene sheeting was used to cover the pots to prevent 

drying of the surface soil thus ensuring an even germination. 

Most seed of all four species germinated during the period 

24-72 hours after sowing and seedlings appearing after this 

period were removed. One week after sowing the seedlings were 

thinned to 6 plants/pot for lettuce and cabbage and 12 plants/ 

pot for the grasses. All plants were also sprayed with 0.1% 
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(w/v) armnonium molybdate solution to prevent molybdenum 

deficiency and this was followed up with two further sprays 

at weekly intervals. Two weeks after sowing the number of 

plants/pot was further reduced to four for the vegetables and 

eight for the grasses. Throughout the period of growth the 

soil was maintained at field capacity by watering each pot to 

weight. For the first three weeks of growth, pots were watered 

~very two days but later, daily and in some cases twice daily 
I ~ 

watering was required. 

IV A 2.3 Harvest technique 

Both shoots and roots of all species were harvested at 

the same chronological age (i.e. a set time period after 

sowing), a complete replicate being completed each day. 

Replicate 1 was harvested sixty days after sowing and the other 

two replicates were harvested on the following two days. At 

the time of harvest the plants had attained the growth stages 

shown in Plates IV A 2.3. Shoots were removed close to 

soil level and after determination of.fresh weight were quickly 

rinsed in deionized water to remove dust contamination and 

placed in brown paper bags in a forced draught oven to dry. 

With the grasses, the tillers were lifted slightly before 

separation from the roots so that the bulbous tiller bases 

in the soil could be included in the shoot sample. The roqts 

were separated from the soil by sieving on a 0.3 cm mesh 

screen. Small roots and root fragments passing through the 

screen were recovered from the soil using fine forceps. Once 

separated the roots were placed in an empty bucket and washed 

under a stream of cold tap water. The clean washed roots were 

collected on a fine mesh screen (O.l cm aperture) and given a 

final rinse in deionized water before oven drying. In most 
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PLATE IV A 2.3 

Top to bottom:- Cabbage, Lettuce, Ryegrass and Phalaris grown 
in krasnozem soil with no applied phosphate (Pl) and 100, 200, 
400 and 800 ug applied P/g soil (P2, 3, 4 and P5 respectively) . 
Photographed at time of harvest, 60 days after sowing. 



cases 1-2 minutes washing was sufficient but for the grasses, 

especially the nodal roots of phalaris, a further more 

vigorous washing period was required as rhizosphere soil 

particles were strongly adhered to the root surface. 

IV A 3 RESULTS 

IV A 3.1 Dry matter yields 

The average dry weight yields of shoots and roots of the 

four plant species are shown in Table IV A 3.l(i). Because of 

inherent differences between species in seed size and rate of 
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growth the total dry matter produced during the sixty day 

growth period varied widely (Table IV A 3.l(i)) and comparisons 

between species were therefore made on the basis of relative 

dry weight yields (Figure IV A 3.l(i)). The basic form of the 

response curve for each species was similar although the curve 

for lettuce tended towards a more sigmoid type. At the three 

lowest levels of applied phosphate the relative dry weight 

yields of cabbage and lettuce were significantly different 

(P = 0.001) with cabbage having the greater response per incre­

ment of phosphate. No significant differences were found 

between the relative yields of ryegrass and phalaris at each 

level of phosphate. In general, the relative yield responses 

to_ applied phosphate were in th~ order, cabbage)> grasses~ 

lettuce. Cabbage achieved 90% of maximum dry weight with an 

application of 200 ug P/g soil but this did not occur for the 

other species until almost double this level, 350-400 ug P/g 

soil. Cabbage also achieved the highest relative yield when 

comparisons were made between species grown without added 

phosphate. 



TABLE IV A 3.1 (i) 

Average Dry Weight Yields of Four Plant Species 

(g/plant - mean of three replicates) 

Species Plant Applied Phosphate (ug P/g soil) 
Part 0 100 200 400 

Cabbage Shoot 2.22 6.06 6.84 7.26 
Root 0.33 0.67 0.86 0.82 

Lettuce Shoot 0.10 o. 74 1. 52 3.26 
Root 0.03 0.13 0.30 0.55 

Ryegrass Shoot 0.36 1.04 1. 38 1. 79 
Root 0.14 0.35 0.37 0.43 

Phalaris Shoot 0.17 0.61 0.86 1.22 
Root 0.09 o. 30 0.32 0.39 

TABLE IV A 3.l(ii) 

Average Root Weight Ratios of Four Plant Species 

(Root dry weight as a % of total dry weight -
mean of three replicates) 

Species Applied Phosphate (ug P/g soil) 

0 100 200 400 800 

Cabbage 12.9 11.1 11.2 10. 2 10. 6 

Lettuce 23.1 14.9 16.5 14.4 11.0 

Rye grass 28.0 25.2 21.l 19.4 17.4 

Phalaris 34.6 33.0 27.1 24.2 18.8 

no 

800 

7.76 
0.92 

3.72 
o. 41 

1.80 
0.38 

1.17 
0. 27 



FIGURE IV A 3 .1 (1) 

Relative dry weight yield responses of cabbage, lettuce, ryegrass 

and phalaris to phosphate applied to a krasnozem soil. 

(All treatments harvested at the same chronological age.) (Values 

with the same letter are not significantly different (P = 0.05) by 

Duncan's multiple range test.) 
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The distribution of the total dry weight between roots 

and shoots is presented in Table IV A 3.l(i.O as root weight 

ratios (the root dry weight expressed as a percentage of total 

dry weight). For all species the root weight ratio decreased 

with increasing applications of phosphate, the values for the 

grasses being higher than those for lettuce and cabbage at each 

phosphate level. Cabbage, especially at the lower levels of 

applied phosphate had much lower root weight ratio than those 

of the other plant species. 

IV A 3.2 Relative growth rates 

The large differences between species in absolute yields 

(Table IV A 3.l(i)) indicated that differences in relative 

growth rates may also occur. Using seed weight as a measure 

of initial yield the mean relative growth rates over the total 

growth period were calculated using the formula:-

R.G.R. = log e W2 - log e Wl x 100 
t2 - tl 

(Williams 1948) 

where W2 = plant dry weight yield at harvest, Wl = seed weight 

and t2 - tl = growth period, sowing to harvest (days). 

Although use of this formula may introduce errors because 

of changes in relative growth rates over long time periods the 

mean values obtained (Table IV A 3.2) indicate that, with the 

exception of the zero phosphate treatment for lettuce, the 

relative growth rates of both grasses were lower than those of 
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lettuce and cabbage at all levels of applied phosphate. Ryegrass 

had a slightly higher value than phalaris at the zero phosphate 

level but at all other levels the values for both grasses were 

identical. At the zero treatment level the relative growth rate 

of cabbage was 25% higher than that of lettuce. This trend also 



TABLE IV A 3.2 

Average Relative Growth Rates of Four Plant Species 

(g dry matter/lOOg dry matter/day) 

Species 

Cabbage 

Lettuce 

Ryegrass 

Phalaris 

Applied phosphate 
0 100 200 

10.9 12.5 12.7 

8.1 11.3 12. 5 

9.2 10.9 11. 3 

8.8 10.9 11. 3 

TABLE IV A 3.3(i) 

(ug P/g soil) 
400 800 

12. 8 12.9 

13.7 13.9 

11.7 11.7 

11.8 11. 6 

Average Tissue Phosphorus Concentrations of 

Four Plant Species 

(ug P/g dry weight - mean of three replicates) 

Species Plant Applied Phosphate (ug P/g soil) 
Part 0 100 200 400 800 

Cabbage Shoot 911 a* 1717 b 2512 c 3292 d 4099 e 
Root 2217 a 2525 b 3154 c 4154 d 5125 e 

Lettuce Shoot 3062 a 3205 a 3208 a 3674 b 5006 c 
Root 3397 a 3391 ab 2950 b 3167 b 4175 c 

Ryegrass Shoot 3420 a 3200 a '3427 a 4299 b 5614 c 
Root 2138 a 2054 a 2196 a 2759 b 3988 c 

Phalaris Shoot 3003 a 2493 ab 2753 b 3578 c 4761 e 
Root 1828 a 1604 a 1663 a 1863 a 3200 b 

*Values, within a row, followed by the same letter are not 

significantly different (p = 0.05) by Duncan's Multiple Range 

Test. 
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continued, but to a lesser extent, at the 100 and 200 ug P/g 

soil treatments while at the highest levels of applied 

phosphate the position was reversed, the value for lettuce 

being slightly greater than that of cabbage. 

IV A 3.3 Phosphorus concentration and total phosphorus 

absorbed r 
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For lettuce, ryegrass and phalaris the phosphorus 

concentrations of both roots and shoots remained relatively 

constant as the level of applied phosphate was increased from 

0-200 ug P/g soil {Table IV A 3.3{i)). Thereafter these 

concentrations increased {significant at P = 0.05) as further 

increments of phosphate were added to the soil. With cabbage, 

however, the tissue phosphorus concentrations were significantly 

different at each level of applied phosphate, the increase 

resulting from the first and second increments of phosphate 

being large compared with those of the other species. Cabbage 

also differed from the other species in having higher concentr­

ations of phosphate in the root than in the shoot tissue. The 

slight increase in root and shoot phosphorus concentrations of 

grasses and root concentration of lettuce at the zero phosphate 

treatment is probably the result of high levels of tissue 

nitrogen. This was not observed in cabbage because the greater 

dry matter production diluted plant nitrogen to a lower level 

than found in the other species. Total nitrogen analyses of 

the remaining bulked shoot tissue showed that the highest 

nitrogen levels were associated with plants grown without 

added phosphate {Table IV A 3.3{ii)). 

Root tissue of lettuce and cabbage plants producing 90% of 

the maximum yield had similar phosphorus concentrations {3650 

ug/g) but the shoot phosphorus concentrations of these plants 

were significantly different, cabbage having the lower value 
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TABLE IV A 3.3(ii) 

Average Total Shoot Nitrogen Content 

(excluding nitrates) 

(% dry weight - each value mean of 

duplicate determinations on a bulked 

sample of the three replicates) 

Species Applied Phosphate (ug P/g soil) 

0 100 200 400 800 

Cabbage 3.97 2.50 2.42 2.22 2.09 

Lettuce 4.91 4.24 4.20 4.21 4.10 

Ryegrass 5.03 4.76 4.58 4.41 3.96 

Phalaris 5.58 4.91 5.24 5.42 5.33 

TABLE IV A 3.3(iii) 

Average, Phosphorus Uptake (mg/plant) (a) and 

Relative Phosphorus Uptake (as a % of the maximum) 

(b) of Four Plant Species 

(Each value is the mean of three replicates) 

Species Applied Phosphate (ug P/g soil) 

0 100 200 400 800 

Cabbage (a) 2.76 12.08 19.92 27.25 36.43 
(b) 7.6 33.2 54.7 74.8 100 

Lettuce (a) 0.38 2.80 5.76 13.75 20. 37 
(b) 1.9 13.8 28.3 67.5 100 

Ryegrass (a) 1. 51 4.03 5.53 8.82 11.63 
(b) 13.0 34.7 47.6 75.8 100 

Phalaris (a) 0.67 2.01 2.90 5.08 6. 40 
(b) 10. 5 31. 4 45.3 79.4 100 



(Figure IV A 3.3). For the grasses the shoot and root tissue 

phosphorus concentrations of phalaris were significantly lower 

than those of ryegrass at each phosphate level. 

As expected from the yield data the total amount of 

phosphate absorbed during the growth period was greatest for 

cabbage and, with the exception of the zero phosphate level 

of lettuce, was least for phalaris at each level of applied 

phosphate (Table IV A 3.3 (iii)). Because of the great 

variability in the morphology of the root systems, both 

between treatments within a species and between species at 
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one phosphate treatment, the phosphate uptake data were not 

expressed in terms of root parameters. Instead, phosphate 

absorption at each level was expressed as a percentage of the 

maximum absorbed by the species concerned. On this basis the 

values for the lettuce plants at the three lowest. levels of 

applied phosphate were disproportionately low in comparison with 

those for cabbage and the grasses. (Table IV A 3.3(iii)) 

The proportion of the total plant phosphorus that was 

present in the roots, termed the root phosphorus ratio is 

shown for each species at each phosphate level (Table IV A 3.3 

(iv)). With few exceptions these values parallel the respective 

root weight ratios, being greatest under phosphate deficiency 

and decreasing as each increment of phosphate is applied to the 

soil. Differences between species are small at each phosphate 

level and comparisons made with plants of each species attain­

ing 90% of the maximum yield show that the root phosphorus 

ratios vary in the narrow range of 12.7-14.4%. 
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FIGURE IV A 3.3 

Relationship between shoot phosphate concentrations and 

shoot dry weight of cabbage, lettuce, ryegrass and phalaris 

grown in krasnozem soil. 

(All treatments harvested at the same chronological age.) 

Note the greater shoot yields and lower shoot phosphate 

concentrations of cabbage, in comparison with the other 

species. 
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TABLE IV A 3.3(iv) 

Average Root PhosQhorus Ratios of Four Plant S12ecies 

(Root P as a % of total plant P - each value mean of 
three replicates) 

Species Applied Phosphate (ug P/g soil) 
0 100 200 ,400 800 

Cabbage 26.5 14.0 ·13. 6 12. 5 12. 9 

Lettuce 23.7 15.7 15.5 12.7 8.4 

Ryegrass 19.2 17.6 15.0 13.3 13.0 

Phalaris 23.9 24.4 18.3 14.4 13.6 

TABLE IV A 3.4 

Average Phos2horus Utilizqtion Quotients 

(g total plant dry matter/mg atom P) 

Species Applied Phosphate (ug P/g soil) 
0 100 200 400 800 

Cabbage 28.6 17.3 12.0 9.2 7.4 

Lettuce ·10.6' 9.6 9.8 8.6 6.3 

Ryegrass 10. 3 10. 7 9.8 7.8 5.8 

Phalaris 12.0 14.0 12.6 9.8 7.0 



IV A 3.4 Utilization quotients 

The efficiency with which absorbed phosphate is utilized 

in plant growth is given by the reciprocal of the tissue 

phosphorus concentration and this value, called the phosphorus 

utilization quotient, provides a clearer and more useful index 

of utilization efficiency than do tissue concentrations. The 

average phosphorus utilization quotients for each treatment 
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were calculated from the mean dry weight yields and the mean 

tissue concentrations and these values appear in Table IV A 3.4. 

With few exceptions the greatest dry matter production per unit 

of phosphorus occurred in plants grown without added phosphate. 

Each increment of applied phosphate reduced the value of the 

utilization quotients and the lowest values were obtained at 

the highest level of applied phosphate. The utilization 

quotients of lettuce, ryegrass and phalaris were within a 

similar range of values at each level of applied phosphate but 

for cabbage at the zero and 100 ug P/g soil levels the efficiency 

of utilization was two to three times that of any other species. 



IV B RESPONSE TO PHOSPHATE WHEN ALL PLANTS 

ARE HARVESTED AT THE SAME PHYSIOLOGICAL AGE 

IV B 1 INTRODUCTION 

All plants in the previous experiment were harvested at 

the same chronological age (i.e. a specified number of days 

after sowing) with the result that plants, of any one species 

grown at different phosphate levels or different species at 

the same phosphate level were harvested at different physio­

logical ages (i.e. different stages of growth). This was 

especially marked with lettuce due to its very slow growth 
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rate at the low phosphate levels and comparisons between lettuce 

and cabbage over the range of phosphate levels were, therefore, 

made with plants varying widely in physiological age. Since 

the physiological age of tissue is one of the most important 

factors affecting the mineral composition of plant species 

(Smith, 1962), in the following experiment the response of 

lettuce and cabbage to applied phosphate was compared for 

plants harvested at the same physiological age, determined on 

the basis of leaf number. Because ryegrass and phalaris 

responded similarly to applications of phosphate in experiment 

IV A and because of the greater difficulty in determining the 

physiological age of the grasses compared with the vegetables, 

the grass species were not included in this experiment. 

IV B 2 MATERIALS AND METHODS 

IV B 2.1 Design and treatments 

Rather than have a limited number of replicated treatments 

it was thought more desirable in this experiment to increase 

the number of treatments at the expense of replication and 

compare the response surfaces obtained on the basis of fitted 



curves. With this in mind plants of lettuce and cabbage 

were grown at twenty levels of phosphate applied as 

Ca(H 2Po4) 2 .H 20. These were O, 25, 50, 75, 100, 125, 150, 175, 

200, 225, 250, 275, 300, 350, 400, 450, 500, 600, 800, 1000 ug 

P/g soil. All treatments were unreplicated except the zero 

level (i.e. the treatment indicating utilization of "natural" 

soil phosphate) which was set up in triplicate. To avoid the 

problem of high soil nitrogen levels at low phosphate levels 

as occurred in experiment IV A, nitrate nitrogen was added in 

strict proportion to the amount of phosphorus applied. Each 

pot received a basal dressing of KN03 equivalent to 50 ug N/g 

soil to prevent nitrogen deficiency at low levels of added 

phosphate, plus a further dressing of nitrogen, at the same 

time, equivalent numerically to one quarter of the phosphorus 
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applied/pot (e.g. if P treatment = 250 ug P/g soil the 

corresponding nitrogen level was 50 (basal) + 2 ~0 = 112.5 ug 

N/g soil). At high levels of phosphate the nitrogen applied by 

this formula was equivalent to that supplied in experiment IV A 

where tissue levels of nitrogen were found to be adequate. 

Other basal nutrients were applied to each pot at the same rates 

used in the previous experiment. 

The pots were set out on glasshouse benches in two closely 

adjacent rows parallel to the long axis of the glasshouse (i.e. 

N-S orientation) and were completely randomized, re-randomiz­

ation being carried out at weekly intervals. In addition to 

these "experimental pots", twelve additional "observation pots" 

were set up for each species, for determination of leaf 

numbers during the experiment and before harvesting of the 

"experimental pots". One pot of each species was set up at 

each of the following phosphate levels, O, 50, 100, 150, 200, 
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250, 300, 400, 500, 600, BOO and 1000 ug P/g soil. These 

pots were treated in the same manner as the "experimental pots" 

throughout the experiment. 

IV B 2.2 Potting and seeding technique 

Soil preparation, addition of fertilizers and the method 

of seed sowing were the same as previously described (Section 

IV A 2.1). One week after germination each pot was thinned to 

12 plants/pot and all pots were sprayed to incipient run-off 

with 0.1% ammonium molybdate solution. One week later the 

seedlings were sprayed again and thinned to a final number of 

eight lettuce or cabbage plants/pot. Water was applied through­

out the experiment as described previously. 

IV B 2.3 Harvest technique 

Both lettuce and cabbage plants at all phosphate levels 

were harvested when fifteen true leaves had been produced. 

This included all the young leaves at the shoot apex visible 

under a stereoscopic microscope. The correct harvest time 

for each species at each phosphate level was determined by 

destructive dissection of plants from the "observation pots 11
• 

When these plants had produced the required number of leaves 

the corresponding treatment among the "experimental pots" was 

harvested. Times of harvest for each treatment are given in 

Appendix II . Shoots and roots were harvested from each pot 

using the same technique as in experiment IV A but before 

washing and oven drying, the shoots from each pot were dissected 

under the microscope and the leaf number was counted. 



IV B.3 RESULTS 

Plants of both lettuce and cabbage grown at the higher 

levels of applied phosphate reached the growth stage required 

for harvest 4-5 weeks after sowing. However, plants grown 

without added phosphate, which had the slowest growth rates, 

were the last to reach the 15 leaf stage and were not ready 
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for harvesting until nine weeks after sowing (see Appendix II ) . 

In general lettuce plants reached the required growth stage 

a few days before cabbage plants grown at' the same level of 

applied phosphate. In most cases all plants in a single 

treatment were at the same growth stage and were harvested at 

the correct leaf number but in a few cases slight variations 

in specified leaf number did occur (see Appendix II ) . In 

these. cases the treatments were analysed and the results were 

collected but they were not included in the analyses and inter­

pretation of the overall results. 

IV B 3.1 Dry matter yields 

Root and shoot dry weight yields of cabbage were from 

3-6 times those of lettuce at each phosphate level in the range 

0-1000 ug P/g soil, (Table IV B 3.1). Total plant dry weight 

yields ranged from 1.8 - 4.4 g/plant for cabbage but from only 

0.38 - 1.0 g/plant for lettuce. However, the relative total 

dry weight yield response to phosphate was similar for both 

lettuce and cabbage (Figure IV B 3.1), the maximum plant dry 

weight occurring in each case when about 250 ug P/g soil had 

been applied. Attempts were made to fit the total dry weight 

yield data of each species to theoretical curves so that a 

more reliable comparison of the maximum yield points could be 

obtained. However, the great variability between adjacent 
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TABLE IV B 3.1 

Tissue Dry Weights and Phosehorus 
Concentrations of Cabbage and Lettuce 

Applied Tissue Dry Weight (g/plant) Tissue PhosQhorus Concentration 
Phosphate (ug P/g plant dry weight) 
(ug P/g soil) Shoot Root Shoot Root 

C* L* c L c L c L 

01 1.470 0.331 0.331 0.095 588 2175 1738 3450 

02 1.645 0.289 0.360 0.098 600 2225 1588 3488 

03 1. 746 0.294 0.375 0.086 619 2013 1438 3363 

25 2.254 o.323 0.383 0.100 762 2288 1850 3338 

so 2.464 o.461 0.389 0.114 800 2363 1988 3513 

75 2.693 o.625 0.373 0.136 738 2513 2288 3300 

100 3.123 o.739 0.433 0.201 857 2150 2225 2825 

125 2.380 o.614 0.275 0.109 675 2363 2138 3425 

150 3.189 0.760 0.410 0.158 1025 1700 2013 2288 

175 3.423 o.756 o.478 0.138 1188 2075 2738 2750 

200 3.035 0.764 0.324 0.128 1051 2213 3013 2475 

225 3.613 o.738 o.528 o.144 1431 2013 2800 2325 

250 3.865 o.863 0.534 0.128 1382 2375 2975 2550 

275 2.978 0.861 0.148 0.119 807 2863 3313 3275 

300 3.346 0.800 0.419 0.113 1619 2825 3050 3250 

350 3.666 1.070 0.403 0.159 1563 2800 3700 3000 

400 3.299 1.168 0.416 0.140 2125 3188 4300 3075 

450 3.229 o.798 0.358 0.093 1988 3888 4,550 3888 

500 3.484 o.824 0.376 0.096 2238 4100 4550 4038 

600 3.460 o.598 0.388 0.068 2306 4725 4400 4575 

800 3.194 0.743 0.429 0.081 2688 5188 4550 5300 

1000 3.215 o.649 0.388 0.066 333l 5863 5338 6338 

* c = cabbage, L = lettuce 



FIGURE IV B 3.1 

Relative dry weight yield response curves of cabbage and lettuce 

grown at a range of phosphate levels applied to krasnozem soil. 

(All treatments harvested at the same physiological age). 
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points was a major problem, making the fitting process and 

therefore the point of maximum yield rather arbitrary. Under 

these conditions it was considered unreasonable to use and 

draw conclusions from such fitted curves. For the relative 

yield response curves the line of best fit was drawn through 

the points by eye and as there was no marked difference 

between the set of points for each species this approach was 

considered satisfactory. 

The distribution of total dry weight between root and 

shoot as given by the root weight ratios (Table IV B 3.2) shows 

a variation with applied phosphate of from 9.2 - 25.3% for 

lettuce and from 9.6 - 18.4% for cabbage. These follow the 

same trend and were similar in value to those found in 

experiment IV A. In both cases root weight ratios increased 

as applied phosphate decreased and the phosphorus stress on 

the plant increased. 

IV B 3.2 Phosphorus concentrations 

126 

The shoot and root phosphorus concentrations of lettuce 

plants at all levels of applied phosphate were approximately 

double those of cabbage and for both species the root phosphorus 

concentrations were generally greater than those found in the 

shoot (see Table IV B 3.1). Cabbage was found to have low to 

extremely low levels of phosphorus in the shoot tissue and this 

was so even at the point of maximum plant yield (Figure IV B 

3.2). These low tissue phosphorus concentrations were found 

to be associated with low concentrations of nitrogen in the 

shoots (Table IV B 3.2). Whereas the levels of nitrogen in 

lettuce shoots ranged from 3.2% at the point of maximum yield 
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TABLE IV B 3.2 

Root weight and Root PhosEhorus Ratios 1 PhosEhorus Utilization 

Quotients and Shoot Nitrogen Content of Cabbage and Lettuce 

Applied Root Weight Root Phosphorus Phosphorus Utiliz- Total Nitrogen 
Phosphate Ratio Ratio ation Quotients Content of Shoot 
(ug P/g (%Dry Weight) (% Plant Phosph- (g dry matter/mg (excluding nitrates) 
soil) orus) atom P) (% N, Dry Weight) 

C* L* c L c L c L 

01 18. 4 22.3 40.0 31.3 38.8 12.6 2.30 3.66 

02 18.0 25.3 36.7 34. 7 39.8 12. 2 2.03 3.78 

03 17.7 22.6 33.3 32.8 40.6 13.4 1.92 3.65 

25 14.5 23.6 29.2 31.l 33.7 12. 2 1. 35 3.82 

50 13.6 19.8 28. 2 26.9 32.2 12.0 1. 31 3.95 

75 12.2 17.9 30.0 22.2 33.4 11. 7 1.05 3.72 

100 12.2 21. 4 26. 5 26.3 30.3 13.5 1.01 3.32 

125 10.4 15.1 26.8 20.4 37.5 12.3 1. 24 3.70 

150 11. 4 17.2 20. 2 21.9 27. 2 17.3 1.15 3.20 

175 12.2 15.4 24.3 19.5 22.5 14.2 1.10 3.61 

200 9.6 14.3 23.4 15.8 25.o 13.8 1. 22 3. 72 

225 12.7 16.3 22.2 18.4 19.3 15.0 1.14 3.63 

250 12.l 12.9 22.9 13.7 19.7 12.9 1.07 3.74 

275 4.7 12. l 16.9 13. 7 33.5 10.6 1. 50 4.08 

300 11.1 12.4 19.1 14.0 17.4 10.8 1. 38 4.34 

350 9.9 12.9 20.6 13.7 17.5 11.0 1. 55 4.04 

400 11. 2 10.7 20. 3 10.4 13.1 9.8 1. 69 4.19 

450 10.0 10.4 20. 2 10.4 13.8 8.0 1.83 4.80 

500 9.8 11.6 18.0 10.3 12.6 7.6 1.82 4.89 

600 10.l 10.2 17.6 9.9 12.3 6.6 2.08 5.08 

800 11.8 9.8 18.5 10.0 10.7 6.0 2.62 5.09 

1000 10.8 9.2 16.2 9.9 8.7 5.2 2.98 5.19 

* c cabbage, L lettuce 
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FIGURE IV B 3.2 

Relationship between shoot phosphate concentration 

and shoot dry weight of cabbage and lettuce plants 

grown in krasnozem soil and harvested at the same 

physiological age. 
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to 5.~/a at the lowest levels of applied phosphate the 

corresponding values for cabbage were only 1.1 - 3.0% N. The 

nitrogen:phosphorus ratios for cabbage shoots at maximum 

yield were also low, being only half those of the correspond­

ing lettuce shoots despite the much lower tissue phosphorus 

levels in cabbage. 

The proportion of the total plant phosphorus present in 

the roots was in most cases and especially at the low levels 
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of applied phosphate, greater than the corresponding values 

found in experiment IV A. However, in contrast to the previous 

experiment the root phosphorus ratios of lettuce were lower 

than those of cabbage at each phosphorus level (Table IV B 

3. 2) • 

IV B 3.3 Utilization quotients 

Phosphorus utilization quotients calculated from the 

average total plant dry weight and average total phosphorus 

content are present in Table IV B 3.2. These values reveal a 

. major difference between lettuce and cabbage in the efficiency 

of phosphorus utilization, the quotients for cabbage being 

from 1.7 - 3.0 times those for lettuce, depending upon the 

level of applied phosphate added to the soil. 



IV C PHOSPHORUS FRACTIONS IN PLANT SHOOT TISSUE 

IV C 1 INTRODUCTION 

The ability of cabbage to produce high shoot yields at 

low levels of phosphorus in the tissue is in direct contrast 

to the performance of lettu_ce (see experiments IV A and IV B) 

and it appears that the internal utilization of the absorbed 

phosphate differs between these two species. The following 

experiment was, therefore, performed to study the concentra­

tion of each form of phosphate within the shoot. 

IV C 2 MATERIALS AND METHODS 

Lettuce and cabbage plants were grown at two levels of 

added phosphate, O and 100 ug P/g soil, applied as Ca(H2P04)2 

H20· There were six replicates of each combination. The 

phosphate levels selected were both in the deficiency range 

where differences in the efficiency of utilization were 

expected to be maximal. Three replicates of each species 

were required for "whole shoot 11 sampling while the remaining 

three replicates were used for sampling young and old leaf 

tissue. For comparison with the vegetables, three replicates 

of ryeg~ass and phalaris were grown at the zero level of 

added phosphate and whole shoots were sampled from these pots. 

The addition of fertilizers and the potting and seeding 

technique were identical to those used in experiment IV A. 

Seedlings were thinned to 8 plants/pot for the vegetables and 

16 plants/pot for the grasses. All plants were harvested 
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after seven weeks growth. Half of the shoots in each pot of 

three replicates of vegetable and grass treatments were 

harvested, fresh weights were recorded and the shoots were oven 

dried and prepared for total phosphorus analysis. The other 



half of the shoots in each pot were harvested and after fresh 

weight determinations the sample was placed in a polythene 
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bag and immediately frozen at -lo0 c for later analysis of their 

orthophosphate and total trichloroacetic acid (T.C.A.) -

soluble phosphate contents. From the remaining three replicates 

of each cabbage and lettuce treatment, samples of old and young 

leaf tissue were obtained. Laminar tissue cut from each side 

of the mid-vein was removed, in all cases half the leaf was 

placed in one sample for oven drying, after fresh weights were 

recorded, while the other half comprised part of the sample 

which was frozen (-lo0 c) . , Young leaf samples were composed 

of leaf tissue from the youngest fully expanded leaf of eight 

plants while the old leaf samples were from the second and 

third oldest leaves of each of eight plants. 

Inorganic orthophosphate and T.C.A. - soluble phosphorus 

was extracted from the frozen plant tissue by homogenising 

the tissue in an appropriate volume of cold (2°c) 2% T.C.A. 

The volume used depended on the tissue weight and varied from 

75-200 ml. The extraction procedure was carried out in an 

11 0mni-mixer 11 (I. Sorvall Inc., Connecticut, U.S.A.), the 

temperature being maintained at 2°c by immersion of the mixing 

vessel in an ice bath. After a 2 min. extraction period the 

slurry was filtered using a buchner funnel maintained at 2°c 

in a cool room and the residue was washed with two 10 ml. 

portions of cold 2% T.C.A. The filtrate was made to volume 

(100-250 ml) and stored at 2°c until the inorganic ortho­

phosphate content was determined. This was always performed 

within 24 hours of extraction. Ten millilitre aliquots of 

each filtrate were taken for determination of inorganic ortho­

phosphate and total T.C.A. - soluble phosphate using the 



method of Allen (1940). Some of the T.C.A. filtrates were 

pink in colour due to the presence of anthocyanin pigments, 

however, recovery studies with added KH2Po 4 showed that these 

did not interfere with the analysis of phosphate by this 

method. Absorbance readings of the coloured solutions were 

made on a Unicam SPBOO Ultraviolet Spectrophotometer at a 

wavelength of 730 nm using either 10 or 40 mm pathlength 
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curvettes depending upon the concentration of phosphorus in 

solution. Total phosphorus content of oven dried tissue was 

also determined using the method of Allen (1940) and the amount 

of residual phosphorus was determined by difference. 

The phosphorus concentrations of each tissue fraction 

were expressed on a dry weight basis, by conversion from a 

fresh weight basis, using the percentage dry matter values 

obtained from the fresh and dry weight determinations of the 

tissue used for total phosphorus analysis. Inorganic ortho­

phosphate was expressed as a percentage of the total phosphorus 

content of each treatment and these values were subjected to 

an analysis of variance. Both the arcsine ~ra~sfor~ed values 

and untransformed values were analysed but as the overall 

results were the same for each analysis only the results using 

the untransformed values are presented. 

IV C 3 RESULTS 

The concentrations of inorganic orthophosphate, total 

T.C.A. - soluble phosphate and residual phosphate in whole 

shoot tissue and in young and old leaf tissue of plants grown 

in krasnozem soil with and without added phosphate are given in 

Table IV C 3.1. Without applied phosphate whole shoot tissue 

of ryegrass and phalaris had higher concentrations of total 



133 

TABLE IV C 3.1 

·Phos12horus Concentrations in various Phos~hate Fractions 

of Four Plant S12ecies (ug P/g dry matter) 

(Each value is the mean of three replicates) 

Applied Plant Phosphorus Forms 
Species Phosphate Part 

(ug P/g Inorganic 'r.C.A. - Residual Total 
soil) Ortho- Soluble Phosphate Phosphate 

Phosphate Phosphate 

Whole Shoot 242 280 618 898 

0 Young Leaf 405 462 972 1434 

Cabbage 
Old Leaf 178 178 515 693 

Whole Shoot 558 617 796 1413 

100 Young Leaf 861 927 1245 2172 

Old Leaf 222 262 468 730 

Whole Shoot 835 924 1009 1933 

0 Young Leaf 1148 1212 1569 2781 

Lettuce 
Old Leaf 713 782 389 1171 

Whole Shoot 1265 1349 1200 2549 

100 Young Leaf 1862 2071 1349 3420 

I Old Leaf 692 774 606 1380 

Ryegrass 0 Whole Shoot 710 765 1568 2333 

Phalaris 0 Whole Shoot 863 893 1492 2385 
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and residual phosphate than that found for lettuce and cabbage. 

Cabbage had much lower tissue phosphorus levels than lettuce 

which is in agre~ment with the results of previous experiments 

(IV A and IV B) . As expected, the concentration of phosphorus 

in each fraction, for both lettuce and cabbage tissue, was 

highest for young leaf tissue and lowest for old leaves, the 

concentration in whole shoot tissue being intermediate between 

these values. In general the concentrations of phosphorus in 

young leaves were 2 to 4 times those found in old leaves 

(Table IV C 3.1). 

Inorganic orthophosphate expressed as a proportion of the 

total tissue phosphate varied from 27-50% when whole shoots 

were analysed and from 26-61% when old and young leaves were 

analysed separately (Figure IV C 3.1). The percentage of 

inorganic orthophosphate in shoot tissue also varied markedly 

between species and between soil treatments. When comparisons 

between species were made at each level of added phosphate, 

inorganic orthophosphate expressed as a percentage of the total 

phosphate in both whole shoots and in young and old leaf 

tissue was found to be significantly different (P = 0.05) for 

lettuce and cabbage. In all cases cabbage tissue had lower 

percentages of inorganic orthophosphate and consequently higher 

percentages of residual phosphate than the corresponding values 

found for lettuce. T.C.A. - soluble organic phosphate (i.e. 

total T.C.A. - soluble phosphate minus inorganic orthophosphate) 

made up less than 10% of the total phosphate content of each 

tissue sample and was, therefore, a relatively minor component 

of the phosphate in shoot tissue grown under these conditions 

of phosphorus deficiency. 



FIGURE IV C 3.1 

Orthophosphate content (expressed as a percentage of the total phosphorus) 

of whole shoots and leaf tissues of vegetables and grasses grown under 

phosphate deficient conditions in krasnozem soil. 

C = Cabbage, L = Lettuce, R = Ryegrass and P = Phalaris. 

Horizontal bars indicate plants grown without applied 

phosphate, the other column of each pair denoting plants 

grown with 100 ug applied P/g soil. 
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IV D PHOSPHATE DEPLETION ZONE STUDY 

IV D.l INTRODUCTION 

The work of Lewis and Quirk (1967) has shown that in a soil 

of high phosphate fixing capacity wheat roots remove phosphate 

from only a limited volume of soil around each root; the size 

of this zone of depletion being largely controlled, at least in 

these types· of soil, by the length of the root hairs. This 

result implies that phosphate uptake from such soils, per unit 

length of root, would be expected to be greatest for plants 

having the longest root hairs and therefore a larger volume of 

soil available for phosphorus exploitation by the plant. Since 

the Forthside krasnozem soil has a high capacity to adsorb 

phosphate from solution (Table III A) differences between plant 

species in phosphate absorption from this soil may be due to 

differences ih the zone of phosphate depletion around the roots. 

Lewis and Quirk (1967) found that for one soil and one plant 

species the size of the depletion zone was independent of soil 

phosphate level but they concluded that between soils the 

depletion zone size would be expected to vary du~- to differences 

in the rate of phosphate diffusion in the soil. 

In this study the phosphorus depletion zones around roots 

of the four species, lettuce, cabbage, ryegrass and phalaris 

were measured in two soils of different sorption capacity but 

at only one level of applied phosphate. 

IV D 2 MATERIALS AND METHODS 

A modification of the technique of Lewis and Quirk (1967) 

was used since in an initia+ experiment, using narrow boxes 

similar to those of Lewis and Quirk's, difficulties were 

encountered in maintaining soil moisture at the required levelA 



even when water was applied daily. In addition frequent 

watering should be avoided since it tends to cause movement 

of radio-a~tive soil particles. To avoid this problem wider 
I 

boxes, 17.8 x 12.7 cm x 4.4 cm wide, with removeable front 

sections were constructed from 0.5 cm thick perspex. Soil 

blocks, 17.0 x 12.4 cm x 3.8-4.0 cm thick, at a bulk density 

of 1.5 and at field capacity were placed in these perspex 

boxes to provide a moisture reservoir for the thin layer of 

32P -labelled soil later added to the front of the box. The 

high bulk density of these blocks restricted root growth to 

the less dense, thin layer of labelled soil. Soil blocks were 

made by hydraulically compressing into a specially constructed 

steel mould (17.0 x 12.4 x 7.6 cm) a weighed quantity of soil, 

held at field capacity, so that a bulk density of 1.5 was 
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achieved when the block was compressed to a thickness of 3.8 cm. 

The 32P- labelled soil was prepared by adding, to a weighed 

quantity of air-dry soil passing a 1 mm sieve, the required 

amounts of KN03, Ca(H2P04)2H20 and 32P (as orthophosphate in 

dilute HCl, Australian Atomic Energy Commission, Lucas Heights, 

N.S.W.) in a sufficient volume of water to form an immediate 

soil slurry. This was thoroughly mixed, equilibrated for 24 

hours, dried at 45°c and finally reground, in a closed container, 

to pass a 1 mm mesh sieve. This soil, containing 2.5uCi32P, 

200 ug N and 150 ug P/g soil, was packed uniformly over the 

unlabelled soil block contained in the perspex box. A thin film 

of polythene was secured across the front of the box using 

plastic cement and the front_section was replaced. Gentle 

tapping of the entire perspex box, in a vertical position, 

consolidated the soil particles as the remaining 32P labelled 

soil was added, producing a uniformly packed soil layer of bulk 
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density about 1.0. Two series of these boxes were set up, one 

using the Forthside kr''asnozem soil already described and a 

second series using the A horizon of a grey-brown podzolic soil 

developed on dolerite on an unimproved site on Mount Nelson, 

near Hobart. It was anticipated that the latter soil, having a 

lower phosphate sorption capacity than the krasnozem and 

consequently a greater degree of phosphate mobility within the 

soil, would allow plant roots to develop larger zones of 

phosphate depletion than those occurring in krasnozem soil. 

After watering each box to field capacity 2 or 3 germinated 

seeds of either cabbage, lettuce, ryegrass or phalaris were 

planted in the labelled soil close to the polythene film. The 

boxes were inclined at a slight angle encouraging root growth 

to occur along the soil-polythene film interface. The plants 

were grown in the glasshouse and watered to weight twice a 

week initially and more frequently at later stages of growth. 

Autoradiographs of the soil surf ace and plant roots were 

taken in a photographic dark room by placing a sheet of 17.8 x 

12.5 cm (7 11 x 5 11
) 

11Kodirex 11 x-ray film, plus some foam rubber 

backing material, between the polythene film and the perspex 

front of the box. Good contact between the x-ray film and the 

polythene was obtained by applying light pressure in the form 

of weights to the front of the box. Initially an exposure 

period of one hour was sufficient, but this was continually 

increased with time from sowing to allow for the loss in 

activity as decay of 32P occurred. Exposed x-ray film was 

processed in Kodak Type II x-ray Developer and Kodak x-ray 

Fixer and Replenisher according to the manufacturer 1 s 

recommendations. 



All plant species were grown for thirty-two days and 

autoradiographs of each box were taken every three days for 
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the first eighteen days and finally at thirty-two days after 

planting. At the end of this period the box fronts and 

polythene film were removed, with the box in a horizontal 

position and the soil surface was allowed to air dry before 

root diameter and root hair lengths were detexmined under a 

stereoscopic m~croscope. Air drying allowed the soil particles 

to be gently brushed from the roots and root hairs facilitating 

microscopic examination and root measurement. 11Mean 11 root 

hair length was obtained by visually estimating the line 

where the majority of root hairs terminated and then measuring 

the distance between this line and the root surface. 

IV D 3 RESULTS 

Zones of phosphorus depletion around primary roots of 

both lettuce and cabbage were evident on autoradiographs from 

both podzolic and krasnozem soil three days after planting the 

pregerminated seeds. The depletion zones at this stage were 

rather diffuse because of the small quantities of phosphorus 

absorbed, but even at this time a difference was detected 

between the depletion zones in podzolic and krasnozem soils. 

In the krasnozem soil the depletion zone diameter was approx­

imately 0.4 - 0.6 mm which corresponds closely with the 

measured root diameter, while in the podzolic soil the diameter 

of this zone was about three times greater ranging from 1.5 -

1.9 mm. There was no obvious difference between species in the 

size of the depletion zone when comparisons were made within 

the one soil type. Growth of the grasses was much slower than 

that of lettuce and cabbage and although very diffuse depletion 



140 

zones were observed after six days, well defined depletion 

zones around the grass roots were not apparent until nine days 

after planting. At this time the depleted areas around grass 

roots in krasnozem soil were approximately 0.5 mm, and in the 

podzolic soil 2.0 - 2.5 mm, with little if any difference 

between ryegrass and phalari9. 

As further growth and phosphorus absorption of all four 

species occurred the zone of phosphorus depletion and the 

boundary of this zone became better defined, particularly in 

the podzolic soil where these zones extended further from the 

root axes than in the krasnozem. Increases in the diameter of 

the depletion zones occurred in both soils until 8-12 days 

after planting, depending on the species, but subsequent 

autoradiographs showed little if any further increase with time. 

The maximum diameter of the phosphorus depletion zones was 

approximately 3.0 - 3.5 mm in the podzolic soil and approximately 

0.7 - 0.8 mm in the krasnozem soil for each species. Plate 

IV D 3.1 shows the depletion zones of cabbage and lettuce in 

both podzol.ic and krasnozem soils after nine days growth. In 

both soils cabbage reached its maximum depletion zone diameter 

three days earlier than did lettuce. 

After six days growth of the vegetables and nine days 

growth of the grasses the root apices of plants growing in the 

podzolic soil were sufficiently radio-active to appear as dots 

on the x-ray film. This did not occur with plants growing in 

the krasnozem soil treatments. Eight to twelve days after 

planting, the entire root systems of cabbage, ryegrass and 

phalaris in the podzolic soil had accumulated radio-active 

phosphate and these root systems appeared on the x-ray film 

as black lines (Plate IV D 3.1 and 3.2). 











PLATE IV D 3 • 1 

Autoradiographs of cabbage and lettuce roots grown 

podzolic 

Right:-

kr.asnozem and podzolic soils (~) . Top:-

Bottom:- krasnozem soil. Left:- lettu'Ce. 
' 

9 days in 

soil. 

cabbage. 

Similar autoradiographs were obtained for the grasses. 
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Root systems of lettuce, however, were not detected in this 

manner until 32 days after sowing. With krasnozem soil some 

root apices of all species eventually became sufficiently 

labelled to appear on auto-radiographs, but at no stage did 

the entire root system or large lengths of roots appear on 

the x-ray film. where roots did appear as black areas on the 

x-ray film the diameter of these lines was in all cases 

equivalent to the measureq root diameter. This was also 

checked using auto-radiographs of boxes in which only the 

bottom half of the soil layer was radio-actively labelled. 

In these cases the roots eventually· became radio-active along 

their length and were detected on the auto-radiographs as black 

lines against a clear unexposed background produced by the 

non-radio-active soil (Plate IV D 3.2). 

In the podzolic soil where plant growth was more vigorous 

and phosphorus more mobile than in the krasnozem, the production 

of numerous roots and the frequent applications of water in the 

later stages of growth resulted in the obliteration of the 

phosphorus depletion zones. In the krasnozem soil, however, 

plants of all species did not develop so rapidly and clear 

depletion zones were still apparent thirty-two days after 

planting. 

Root diameter and root hair lengths measured at the end 

of the experiment were found to be within the same range for 

each plant species. In addition, these measurements were found 

to be the same for plants growh in both podzolic and krasnozem 

'soils. These values are presented in Table IV D 3. Root 

diameter varied slightly within any one species depending upon 

the root type examined and the stage of development. In general 



PLATE IV D 3.2 

Autoradiograph (X~) of phalaris roots grown for 32 days in 

podzolic soil. Note that only the bottom half of the soil in 

the box was radio-actively labelled with 32P. The roots have 

become radio-actively labelled along their entire length, the 

intensity of 32P accumulation being greatest at the root tips, 

including lateral apices. 
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TABLE IV D 3 

Mean Roo~ Diameter and Root Hair Length of 

32 Plants Grown in P-labelled Krasnozem and 

Podzolic Soils. 
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(Each measurement the mean of five observations) 

Species 
I 

Cabbage 

Lettuce 

Ryegrass 

Ppalaris 

Primary Roots 

Root Diameter 
(mm) 

0.3-0.6 

l.0-1.5* 

0.3-0.6 

0.8-1.0* 

0. 3-0. 5 

0.5-0.8 

Root Hair 
Length (mm) 

11 Mean 11 Max. 

1. 3 2.3 

No functional 
root hairs 

1.2 2.0 

No functional 
root hairs 

1. 3 2.1 

1.0 2.0 

* Oldest basal root sections 

Lateral Roots 

Root Diameter 
(mm) 

O.l-0.3 

0. 2-0. 4 

0.1-0.3 

0. 2-0. 4 

Root Hair 
Length (mm) 

11 Mean 11 Max. 

1.0 2.1 

1.0 2.0 

0.8 1. 3 

0.9 1. 5 



the diameter of ryegrass roots were less than those of 

phalaris but the root hair lengths were similar for both 

species. The root diameters and root hair lengths of cabbage 

and lettuce were also similar and these varied within the 

same range of values. The extent of root hair development 

and the relative sizes of the roots and root hairs are shown 

in Plate IV D 3.3. 

Qualitative observations of root growth in this experiment 

indicated that the rate of root extension varied widely 

between species. Initial rates of root extension decreased 

in the order cabbage ) lettuce ) grasses, so that initially, 

the total root length of cabbage seedlings exceeded those of 

lettuce and the grasses. At later growth stages (Plate IV D 

3. 4)' the total root length of cabbage plants remained greater 

than those of lettuce partly because of greater production 

of long, bran9hed laterals. However, total root length of 

the grasses at this time probably exceeded that of cabbage 

because of the extensive and highly ramified nature of the 

grass root system. 
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PLATE IV D 3. 3 

Photomicrographs (X480) of vegetable and grass roots and root 

' 
hairs grown in 32P labelled krasnozem soil for the depletion 

zone study. Top: left, cabbage; right, lettuce. Bottom: left, 

phalaris; right, ryegrass. 
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PLATE IV D 3.4 

Rooting patterns of vegetables and grasses observed during 

the depletion zone study. Top: left, lettuce; right, cabbage. 

Bottom: left, phalaris; right, ryegrass. 

Note the more extensive root branching of cabbage and ryegrass 

in comparison with lettuce and phalaris respectively. 



IV E DISCUSSION 

The relative responses of a wide· range of plant species 

to applications of phosphate are known to depend broadly upon 

two factors~ internal or plant factors governing the absorption 

and subsequent utilization of phosphate and-external factors. 

controlling the availability of pho"sphate to the plant root. 

The indirect effects of phosphate treatment on growth and 

hence on the demand for phosphate have been considered by 

Williams (1948) to be more important than the direct effects of 

external phosphate concentration on the rate of phosphate 

absorption#although more +ecently Loneragan and Asher (1967) 

have shown that the concentration of phosphate can in_some cases 

become the dominant factor. 

" ' 

In the present study the four specie~ exhibited marked 

differences in the yield responses to applied phosphate and also 

ih phosphate uptake. These differences can be attributed to 

variation between species in' the plant factors which influence rate 

of growth and total phosphate absorption. Compared with the 

other species cabbage achieved higher relative growth rates and 

relative yields at each of the three lowest ~evels of applied 

phosphate. This was largely the result of the much lower levels 

of phosphorus in shoot tissue and to a lesser extent root tissue 

of cab~age,in comparison with the other species (i.e. higher 

·J?hosphorus utilization quotients than the oth_er species) and 

also to a higher proportion of shoot to r,opt (i.e. lower root 

weight ratios) in cabbage than in 'the other species. In contrast, 

lettuce, with the lowest relative dry weight yields at the low 

levels of applied phosphate, had the lowest root phosphorus 

utilization quotients and had higher root weight ratios and 



lower shoot phosphorus utilization quotients than cabbage. 

All of these would tend to reduce the dry matter production 

of lettuce per unit of absorbed phosphate in comparison with 

that for cabbage and the grasses. 
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Differences between species and also between cultivars in 

phosphorus utilization quotients have been reported in the past 

by Lipsett (1964), Loneragan and Asher (1967), Keay, Biddiscombe 

and Ozanne (1970) and ~uenscher and Gerlof£ (1971) . These 

workers found up to three fold differences in phosphorus 

utilization quotients between species, when grown under phos­

phorus deficient conditions and harvested at the same chrono­

logical age. However, with adequate phosphorus supply all 

species were tound to utilize phosphorus for dry matter produc­

tion with similar efficiencies. A similar pattern occurred in 

this study where the phosphorus utilization quotients of the 

four species harvested at the same chronological age ranged 

from 28.6 - 10.3 g dry matter per mg-atom P at the zero level 

of applied phosphate but were grouped in a much narrower range 

(7.4 - 5.8 g dry matter per mg-atom P) at the highest level of 

applied phosphate. 

Apart from the zero phosphate treatment the relative growth 

rates of ryegrass and phalaris were identical at each phosphate 

level and this is reflected in the similarity of their relative 

dry weight response curves. At the three lowest levels of 

applied phosphate the relative dry weight yields of the four 

species decreased in the order cabbage:> grasses)> lettuce which 

corresponds with the order of decreasing seed weights of these 

species. This suggests that large seed reserves may confer an 

advantage to a species during early seedling growth that is 

maintained during later growth stages. Black (1957) and Scaife 

and Japes (1970) have shown, for a single species, that 



differences in plant si'ze arising from seeds of different 

sizes are maintained throughout ontogeny of the pl~nts and a 

similar situation,could occur between species. The differences 

between cabbage and lettuce in early phosphate absorption by 

seedling roots, noted in the depletion zone study' (Section 

IV D), lend support:;, to the conclusion that, the size of 'the seed 

may at least partly control the rate of seedling growth and 
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ultimately the- final yield. However, when more than one species 

is compared,espec~ally under phosphorus deficient conditions, 

such factors as seed phosphorus content, root weight ratios and 

phosphorus utilization quotients must also play a part in 

deter~ining a species absolute and relative yield response. In 

the present study it is clear that differenc~s between -species 

in both root weight ratios and phosphorus utilization quotients 

have had a major role in determining the relative yields 

obtained, especially at the 'low levels of applied ph9sphate. 

The low root weight ratios and high ph~sphorus utilization 

quotients of cabbage, coupled with its high seed phosphorus 

content, have enabled this species to ,produce higher absolute 

and relative yields than lettuce and the grasses at the low 

phosphate treatment levels. 

In terms of total pho~phorus absorption per plant the 

species were r~nked in the' order qabbage)-lettuce::;> ryegras?­

phalaris at the three highest levels of applied-phosphorus, but 

at th~ zero level the species were ranked cabbage~ ryegrass> 

phalaris) lettuce. Because of gross differences in 'root 

morphology between- species at harvest, and since different root 

types have different rates of phosphorus absorption (see Section 

II B 4. 2), the total plant phosphorus content was not expressed 



as a function of root weight. Instead, phosphorus absorption 

was expressed relative to the maximum absorbed by each species. 

These results (Table IV A 3.3(ii)) indicate that the four 

species,ryegrass, phalaris, cabbage and lettuce may differ 

either in their ability to absorb phosphorus from low concen-

trations in the soil solution or that under ·conditions of 

limited, "available phosphorus" supply some species are able 

to utilize sources of soil phosphorus unavailable to other 

species. Differences between species in their rates of 

phosphorus absorption from.solutions of low phosphate concen-

tration have been reported previously, (Sommner, 1936; Nye and 

Foster, 1958; Jenkins, 1962; Loneragan and Asher, 1967; 

Otsuka, 1968; and Keay, Biddiscombe and Ozanne, 1970). 
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However, both Loneragan and Asher (1967) and Keay, et al. (1970) 

have stressed that this factor alone could not fully explain 

the different species response to phosphorus and they implicated 

other physiological and anatomical factors as well. For example, 

Keay et al. (1970) found the species responding most at the low 

levels of applied phosphate were also those tending to trans-

locate a higher proportion of the absorbed phosphorus to the 

shoots. A similar trend was observed in this study where 

cabbage and ryegrass plants harvested from treatments at low 

levels of ?PPlied phosphate had .in most cases a greater 

proportion of their total phosphorus in the shoots than was 

found for the corresponding phalaris and lettuce plants. With 

' lettuce plants in particular, the lo~ mean relative growth rate 

at the zero level of applied phosphate, l'assodated with high root; 

weight ratio and low phosphorus utilizpti9n efficiency, .coupled 
,..~) ~ f) • ' 

with the possibility of an ine.ff icient absorption mechanism at 

low phosphate concentrations, has resulted in a reduced plant 



demand for phosphate and much lower relative phosphorus yields 

of lettuce than was observed for the other species. 
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Results from experiments IV A and IV B indicate that the 

shoot phosphorus concentration required for maximum growth o'f 

lettuce was greater than that of cabbage. The lower value for 

cabbage, however, may be misleading because of the use of whole 

shoots for analysis. It is possible that a greater remobiliz­

ation of plant phosphorus has occurred in cabbage than in 

lettuce, depleting the older leaves of phosphorus in favour of 

the younger tissues and, therefore, reducing the overall shoot 

phosphorus concentration. Williams (1948) suggested that trans­

location of phosphorus from old to young tissues depends in 

part on the nitrogen supply, plants inadequately suppl.ied with 

nitrogen undergoing a senescent break-down of protoplasm in old 

tissue with subsequent translocation of the remobilized nitrogen 

and associated phosphorµs to younger tissues. This process 

would tend to lower the total phosphorus content of the plant 

in comparison with plants adequately supplied with nitrogen 

because the qemand for phosphorus is met from within the plant 

rather than from phosphate absorbed from the external medium. 

White (1972) found this hypothesis held for three legumes and 

he was able to correlate low retention of phosphate in the roots 

with low nitrogen concentrations in the shoot. In the present 

study the nitrogen levels in the shoots of cabbage were low at 

the point of maximum yield (2.2% and 1.1% for experiments IV A 

and IV B respectively) compared with those of lettuce (4.2% and 

3.6% respectively) but in spite of this the root phosphorus 

ratios of cabbage were always equal to or higher than those of 

lettuce. Nevertheless it does appear that the low levels of 
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tissue nitrogen in cabbage have reduced.phosphorus tissue 

levels (i.e. increased the phosphorus utilization quotients} and 

may have affected final yields. 

Fractionation of the total shoot phosphorus in plants 

grown under phosphorus deficient conditions has shown that 

cabbage leaf tissue, with a higher dry matter production per 

mg-atom P than lettuce tissue, had a ~ower percen~age o~. its 

total phosphorus.in the form of inorganic orthophosphate and a 

correspondingly higher percentage as organic phosphate. This 

implies that, for plants grown under phosphate deficient 

conditions, the efficiency of incorporation of phosphate into 

organic compounds required for growth is greater for cabbage 

than for lettuce. This may explain the higher phosphorus 

utilization quotients and partly explain the higher relative 

growth rate of cabbage under phosphate deficient conditions in 

comparison with those of lettuce. In agreement with this, 

Nassery (1970, 1971} has found that 'species containing higher 

proportions of organically combined phosphorus had higher 

re.lative growth rates and also higher rates of phosphate 

absorption than plants containing relativ~ly more of their 

phosphate in the form of iporganic orthophosphate • ... 

Although the.efficiency of. incorporation of phosphorus into 

organic compounds undoubtably depends upon the bio-chemical 

make-up of the particular plant species, be9ause inorganic 

orthophosphate in plant tissue would be almost entirely 

associated with the solution phase present in the cell cytoplasm 

and vacuole there may be an association between plant water 

content and the proportion of phosphorus present as inorganic 

orthophosphate. This may occur if the bio-chemical reactions 

within the cei1 can reduce the concentration of inorganic 

orthophosphate in the root pool to the same level for each 



species. Under these conditions it would follow that plants of 

greater water content would have more phosphorus in the 

inorganic form. The dry matter content of lettuce and cabbage 

leaves are different (about 6-7% and 12-14% for lettuce and 

cabbage respectively) and although it is not possible to 
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implicate this as a factor controlling "incorporation efficiency", 

this difference between the species must be considered in the 

presentation and interpretation of the results. 

Throughout this study the results have been expressed on 

a dry weight b~sis, this being considered a better criterion for 

species comparisons than fresh weight. In the latter case, the 

compartment in mature cells containing the majority of the 

plant's water, the vacuole, would not be expected to contain an 

equivalent proportion of the total phosphorus content, except 

perhaps under conditions of luxury consumption. This state-

ment appears to be supported by the work of L~uchli and Schwander 

(1966) and L~uchli (1967) using the electron probe. They showed 

the highest concentrations of phosphorus were associated with, 

or close to the cell walls, much lower concentrations occurring 

in the vacuoles. From this work it appears there is little 

correlation between phosphorus concentration and cell water thus 

justifying the use of dry weight as a basis for inter-·specific 

comparisons. Despite the presentation of data on a dry weight 

basis it must it must be emphasized that because of the large 

difference in percentage dry matter content between lettuce 

and the other species, comparisons between species of data 

expressed on a fresh weight basis can in some cases be almost 

the complete reverse of those made on a dry weight basis. A 

similar situation was also found by Asher and Loneragan (1967) 



in connection with their data involving the response of eight 

annual pasture, species to phosphorus. 
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The critical tissue concentrations and the yields produced 

in experiments involving a wide range of levels of a particular 

nutrient depend to a large extent on the physiological age-of 

the plan,ts at harvest. Since the phosphor,ti-s concentrat·i-ons of 

plant tissue, determined from analyses of whole shoots ·are 

·known to decrease with increasing physiological age (Smith, 

1962; Bates, 1971) it is possible that the differences between 

species in phosphorus concentration at the point of maximum· 

yield may have resulted from interspecific differences in 

physiological age at harvest. However, in comparison with plants 

harvested after a. certain per.iod of time (i.e. harvested at 

different ~hysiological ages - experiment IV A) plants harvested 

at the' same physiological age had lower tissue phosphorus 

concentrations at the point of maximum yielqs although the 

difference in tissue pho.sphorus concentr(2tion be~ween lettuce 

and cabbage was still present and in the same direction. In 

addition, the maximum yields of lettuce and cabbage appear to -

occur at the same level of applied phosphorus. Unfortunately, 

these results were obtained from plants deficient. in nitrogen, 

especially cabbage,which produced more dry weight than lettuce, 

and this would have the effect of reducing maximum pl~nt yields 

apd the total phosphorus content of the plant tissue. Thus the 

results of this experiment (IV B) cannot be interpreted solely· as 

a plant response to increasing applications ,of phosphate. 

Nevertheless the experiment does indicate once again the large 

difference between lettuce and cabbage in their phosphorus 

utilization quotients. At the zero level of added phosphate where 

the total tissue nitrogen levels were comparatively close (2.1% 



and 3.7% for cabbage and lettuce respectively) the utilization 

quotient of cabbage was more than three times greater than that 

of lettuce. The similarity of the phosphorus utilization 

quotients in experiments IV A and IV B for any one species 

suggests that this value· is pot dependant on the physi~logical 

age of the plant but varies markedly with changes in the 

phosphate status of the growth medium. 

In the depletion zone experiment (IV D), areas of low 32P 

activity around plant ro'ots grown in the podzolic soil were 

observed on autci-radiographs 3-6 days after planting, but 

accumulation in the roots, so that the activity could be 

detected on the x-ray film,did not occur' until some days later. 

Lewis and Quirk (1967) have observed a similar occurren.ce with 

156 

wheat roots and it appears that in both cases the rate of trans-

location from root to shoot in the early period of growth was 

sufficient to accumulate the majority of the absorbed phosphate 

in the shoot. In the krasnozem soil the whole.+oots never 

became sufficiently radio-active to allo~.detection on auto-

radiographs. This reflects the much lower total phosphorus 

content of these plants in comparison with those grown in the 

podzolic soil and indicates that the 11 availability 11 and mobility 

of added phosphorus is restricted more in the krasnozem soil. 

The delayed appearance of activity in the roots of lettuce grown 

in the podzolic soil, in comparison with the other species, 
' ' ' 

indicates that either the rate of phosphorus absorption from 

the soil solution.or the percentage of the absorbed phosphorus 

accumulated in the root is lower for lettuce than for cabbage, 

ryegrass and phalaris. 
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Lewis and Quirk (1967) found the volume of soil depleted 

of phosphorus was only slightly influenced by time; however, 

in the present study the zone of depletion around roots of all 

four species was found to increase with time, in some cases a 

2-fold increase occurring in 6-9 days. Such an increase in the 

size of the depletion zone with time may be expected since it 

may take some days for the root to elongate and to initiate and 

develop root hairs to their full length. In the podzolic soil 

the size of the depletion zone around plant roots of each 

species corresponded with their root hair length (i.e. the 

diameter of the depletion zone approximated the root diameter 

plus twice the root hair length). However, in the krasnozem 

soil the phosphate depleted zone was severely restricted and in 

all cases was iittle more than the root diameter although root 

hair development was similar to that in the podzolic soil. This 

suggests that the root hairs were unable to utilize adsorbed 

phosphate in the krasnozem soil and that only very close to 

the root surface, where the effects of root exudates and micro­

bial activity would be greatest, could phosphate adsorbed to 

soil constituents be effectively utilized. In the podzolic soil 

the soil soiution phosphorus concentration would be higher and 

it is this source of phosphorus that root hairs appear to absorb. 

Even so, it appears from the radio-autographs that the labile 

phosphate pool in the podzolic soil has been almost completely 

depleted. 

Although the auto-radiographic method used in this study was 

able to detect marked differences in the size of the phosphate 

depletion zones between roots in the podzolic and krasnozem soils, 

no differences between plant species were observed when 

comparisons were made in either one of the soil types. This may 
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be due to the failure of the method to detect small changes in 

radio-activity (phosphorus concentration) around roots. However, 

the primary cause appears to be due to the lack of any signif ic­

ant difference between species in their root dimensions, the 

root diameters and root hair lengths of all species being 

within a similar range (Table IV D 3). 

The depletion zone study has shown that the differential 

species response to phosphorus applied to a krasnozem soil are 

not due to differences between species in the volume of soil 

around individual roots that can be exploited of phosphorus. 

However, there were indications that differences in either the 

rate of phosphorus absorption or in the utilization of phos­

phorus in the roots did exist between lettuce plants and those 

of the other three species, thus supporting the conclusions 

made from the results of the previous experiments. 



V PLANT UTILIZATION OF ORGANIC AND 

INORGANIC PHOSPHATE SOURCES 
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V A PHOSPHATASE ENZYME ACTIVITY OF 

PLANT ROOTS 

V A 1 INTRODUCTION 

Chemical analysis of the krasnozem soil (Table III A) 

has revealed that more than 30% of the total soil phosphorus 

is present in the organic form. From this data it seemed 

reasonable to speculate that differences between species in 

phosphorus uptake from the unf ertilized soil may have been 

due to interspecific differences in the utilization of organic 

phosphorus compounds. The following experiments were 

designed to measure the extra-cellular phosphatase activity 

of roots of each species (i.e. their capacity to hydrolyse 

organic phosphates) and also to determine the contribution 
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of tpe rhizosphere micro-organisms to the total root phosphatase 

activity. 

V A 2 MATERIALS AND METHODS 

V A 2.1 Production of root material 

VA 2.l(a) Soil-grown roots (non-sterile) 

Root material for this experiment was obtained-from 

plants grown in the 11 50 ug P/g soil treatment" of the 

"observation pots" from experiment IV B. Plants of each 

species were harvested twice, four and six weeks after 

sowing and in each case three replicate root samples of 

either four or six 2 cm tip sections/sample were obtained 

from each species. The apices were excised from the 

seminal roots of the grasses and the primary roots of the 

vegetables after the entire root systems had been washed 

carefully under running tap water and aerated in o.5 mM 

CaS04 solution at room temperature ( 20°c) for two to 

three hours after harvesting. 



VA 2.l(b) Solution-grown roots (non-sterile and sterile) 

Seeds of the four species were surf ace sterilized as 

follows; a two minute treatment in ethanol followed by 

one hour in 7% calcium hypochlorite filtrate at room 

temperature. One hundred ml of filtrate was used for 

each gram of seed and the flasks were initially partially 

·evacuated and then hand shaken intermittently during 

sterilization. After washing for 15 min. in four changes 
.. 

of sterile distilled water the seeds were plated onto 

nutrient agar (log glucose, lg yeast extract (Oxoid) , lg 

neutralized bacteriological peptone (Oxoid) and 15g agar 

in 1 1 water). Forty-eight hours later two sterile 
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germinated ·seeqs (radicles 0.3-1.0 cm long) were aseptically 

transferred to each of 24 sterile, cotton-wool plugged 

tubes (6 tubes of each plant species) • The seedlings were 

placed on a disc of 2 rrun aperture, stainless steel mesh 

supported 8 cm from the base of 3 cm x 20 cm glass boiling 

tubes and immediately above 40 ml of half strength 

Hoagland's solution (Hoagland and Arnon, 1950). Tubes 

plus nutrient solution were sterilized for 20 min. at 121°c 

prior to the transplantation of the sterile, germinated 

seeds. Non-sterile treatments were produced in three 

tubes of each plant species by adding 0.1 ml of a 1% 

aqueous suspension of krasnozem soil to the appropriate 

tubes. All tubes were placed in a specially des,igned 

wooden box to shield the root systems from the light and 

the plants were grown for 21 days in the growth cabinet. 

Prior to harvest 0.5 ml of solution from each tube was 

aseptically removed and plated onto sterile nutrient agar. 

After three days incubation at 2s0 c the plates were 

inspected for microbial growth and those without micro-



organisms were concluded to be solution aliquots from 

sterile tubes. At harvest the plants were -removed from 

the tubes, rinsed in sterile distilled water and the 

two·2 cm apical root sections per tube were excised and 

placed in sterile 0.5 mM CaS04 solution prior to 

phosphatase analysis. 

VA 2.2 Assay of root phosphatase activity 

The assay procedure was adapted from that described by 

Woolhouse (1969). Two excised root tips/sample were placed 

into a small glass vial containing 1 ml of 1 mM sodium 

citrate buffer, pH 4.5. A 1 ml aliquot of 3 mM p-nitrophenyl 

phosphate was added and the tubes were incubated for 1 hour 

at 25°c in polystyrene racks which were hand shaken at about 

5 minute intervals. The enzyme substrate, 4-nitrophenyl 

di-sodium orthophosphate (B.D.H.) was dissolved in distilled 

water to form a 3 mM solution and this was stored at 2°c until 

required. After the incubation period, 1.5 ml of each 
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reaction solution was removed from the vials containing the 

roots and pipetted into another series of vials each of which 

contained 4.5 ml O.l M NaOH. Under alkaline conditions the 

nitrophenol released from the substrate forms the yellow 

coloured phenolate ion which has an absorption peak at 410 nm. 

Absorbance readings of the solutions were made at that wave­

length using 1 cm pathlength cuvettes fitted to a Unicam SP 800 

Ultraviolet spectrophotometer. For the solution-grown roots 

a Scale Expansion Accessory (xlO) was used to measure the small 

amounts qf nitrophenol released. Standard solutions contain­

ing 4.5 ml O.l M NaOH, 0.75 ml 1 mM sodium citrate buffer and 

known quantities of p-nitrophenol were prepared to give a 

calibration curve in the concentration range 0-50 ugs p-nitro-



phenol/6 ml aliquot. Readings obtained from solutions 

containing root samples were converted to ugs p-nitro­

phenol released, by referen~e to the standard curve. 

The mean diameter of each root tip section was measured 

under a microscope using an eyepiece micrometer and from 

these total surface area/root sample was calculated assuming 

the root to be a perfect cylinder of length 2 cm. The 

results were expressed as ugs p-nitrophenol released per unit 

surface area per hour and these were ~tatistically analysed 

by an analysis of variance and by Duncan's multiple range 

test. 

V A 3 RESULTS 

V A 3.1 Soil grown roots 

Root tip sections of all species were found to have root 

hairs present at their basal ends, but the difficulties in 

accurately measuring the root hair surf ace area of each 

sample prevented its inclusion in the total root surface 

area values which were determined ignoring the contribution 

of the root hairs. Since the root hairs of the grasses 

appeared to be more nwnerous than those of the vegetables 

the error associated with such values would be greater in the 

case of the grasses. 

The mean phosphatase activities of apical root sections 

of the four plant species are presented in Table V A 3.1. 

Significant differences (P = 0.01) were found to occur 

between species, lettuce having the lowest phosphatase 

activity/unit surface area of root while those of cabbage and 

phalaris had the highest values. The phosphatase activity was 

similar for both harvest times in the case of lettuce and 

cabbage but there was a significant increase in phosphatase 
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TABLE VA 3.1 

Mean PhosEhatase Activities for 2 cm Root Tip 

Sections of Soil-grown Roots (Non-sterile) of 

Four Plant Species 

2 (ug p-nitrophenol released/cm root surface 

0 area/hr at 25 C) 

Harvest 

Lettuce Cabbage 

Species 

Ryegrass Phalaris 

1 11.2* a 21.l b 14.2 a 19.7 b 

2 ,11.7 a 22.2 be 19.5 b 25.5 c 

*Each value is the mean of three replicates; values followed 

by the same letter are not significantly different (P = 0.05) 

by Duncan's Multiple Range Test. 

TABLE VA 3.2 

Mean Phosphatase Activities for 2 cm Root Tip 

Sections of Sterile and Non-sterile Solution-

grown Roots of Four Plant Species 

Microbial 
Treatment 

Sterile 

Non-sterile 

Lettuce 

9.4* b 

11.7 a 

*same meaning as above. 

Species 

Cabbage Ryegrass 

19.0 c 3.3 a 

20.9 b 9.6 a 

Phalaris 

12.3 b 

18.4 b 
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activity of both grasses between the first and second 

harvests. The greater variability in phosphatase activity 

of the roots of grass th~n of those of the vegetables is 

probably the result of soil contamination of the grass roots. 

Soil particles were quickly and easily removed from root 

tips of lettuce and cabbage by washing gently under Tunning 
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tap water but with the grasses, especially phalaris, this 

procedure was not completely effective and some soil particles 

still remained firmly adhered to the roots after washing. 

Rather than damage the roots by a more severe washing technique 

these remnants of soil were allowed to remain on the roots. 

To get some idea of the phosphatase activity of the soil 

itself the activity of air dried krasnozem soil samples 

were determined, in duplicate, using the method of Tabatabai 

and Bremner (1969), with and without added toluene to suppress 

microbial activity. With no toluene a mean phosphatase 

activity of 274 ug nitrophenol/g air dry soil/hour was 

obtained but this dropped to 181 ug nitrophenol when toluene 

was added. 

VA 3.2 Solution-grown roots 

Sterility checks made on the nutrient solutions prior to 

harvest showed that all tubes of the sterile series were 

sterile and that a wide range of micro-organisms were present 

in those of the non-sterile series. At harvest there was 

little visible difference between sterile and non-sterile 

plants apart from a tendency for grasses grown under non­

sterile conditions to have a greater number of lateral roots 

than those grown aseptically. As with the soil-grown roots, 

root hairs were present on the basal ends of the root tips of 

all species, although these were shorter and fewer in number 

than those found on soil-grown roots. Phosphatase activity/ 



unit qf root surface area (Table VA 3.2) was again calculated 

ignoring the contribution made by the root hairs. 

Comparisons of root phosphatase activities between 

sterile and non-sterile series within any one species were 

found to be significantly different (P = 0.05) for both rye-

grass and phalaris but there was no significant difference 

between microbial treatments for lettuce and cabbage. In both 

sterile and non-sterile series the mean phosphatase activity 

of cabbage roots was significantly greater than those of other 

species and was approximately double that of lettuce in both 

cases. The phosphatase activity of phalaris was also double 

or more than double that of ryegrass when grown under both 

sterile and non-sterile conditions. Except in the case of 

ryegrass, comparisons of phosphatase activities for non­

sterile, solution-grown roots of each species with those of 

the soil-grown roots determined previously (see Section V A 

3.1), show that the mean values agree closely. This is 
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especially so with the two vegetables where virtually no 

difference was recorded between the differently cultured roots. 
' 
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V B UTILIZATION OF I~OSITOL HEXAPHOSPHATES 

V B 1 INTRODUCTION 

As a result of the consistent differences between plant 

species in p-nitrophenyl phosphatase activity of the roots it 

became necessary to determine if more complex organic phosphates 

were also utilised by these species in a similar pattern. 

Inositol hexaphosphate was chosen as the more complex organic 

phosphate since it is widely accepted as the most important 

single organic phosphate occurring in soils. Because it was 
-

of interest to perform these experiments under steri~e and non-

sterile conditions, sand culture techniques were used in 

preference to plant growth in soil. 

V B 2 MATERIALS AND METHODS 

V B 2.1 Utilization of sodium inositol hexaphosphate 

This e~periment was a 4 x 3 factorial in a completely 

randomized design with three phosphorus treatments and the 

usual four plant species. Two of the phosphorus treatments, 

no added phosphate and 250 ug P/tube as sodium inositol hexa-

phosphate (Sigma Type V from corn) were replicated six times 

while the third treatment, 250 ug P/tube as disodium ortho-

phosphate was replicated three times only. This latter treat­

ment was included to Qonf irm that plants grown under the 

experimental conditions imposed, were able to utilize inorganic 

orthophosphate present in the sand culture system. Sodium 

sulphate was added to the zero phosphate treatment so. that the 

sodium concentrations in the sand culture of all three 

phosphorus treatments were identical. 



Basal nutrients and phosphate treatments were added in 

solution to 80 g air dry acid washed sand (see Section V C 

2.2) in 3 x 20 cm boiling tubes. Each tube received 15 ml of 

solution containing the phosphate treatment and a basal 
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nutrient level equivalent to half strength Hoagland's solution 

minus phosphorus. The cotton wool plugged tubes containing 

sand plus nutrients in solution,was sterilized by aptoclaving 

(1 hour at 121°c) and two seedlings of each species, sterilized 

and germinated as previously described (see Section VA 2.l(b)), 

were aseptically transferred to appropriate tubes. The tubes 

were placed in the specially constructed rack and the plants 

were grown in a growth cabinet for six weeks (see Plate V B 

2.1). Prior to harvest the sterility of each tube was tested 

by plating some of the sand medium onto nutrient agar. Shoots 

and roots were harvested together, washed in disti~led water, 

oven dried at 65°c and weighed. After dry weight determination, 

the plant sample from each tube was wet digested and an 

aliquot of the diluted digest was taken for phosphorus 

analysis using the method of Watanabe and Olsen (1965) . This 

was used in preference to the vanado-molybdate method (Chapman 

and Pratt, 1961) because of its greater sensitivity. 

To account for any 11 natural 11 hydrolysis of the organic 

phosphate during autoclaving or during the growth period' a 

number of sterile culture tubes were set up for analysis at 

the end of the experiment. At the time of plant harvest the 

sand in each tube was shaken for 30 minutes with 50 ml of 

distilled water, the solution was centrifuged to remove sus-

pended material and an aliquot of the supernatant was taken for 
I 

phosphorus analysis by the method of Watanabe and Olsen (1965). 



PLATE V B 2.1 

Cabbage, lettuce and grass seedlings growing in sterile 

sand culture tubes in the growth cabinet. Note the 

specially constructed, enclosed rack to allow root develop­

ment to occur in the dark. 

, 71 
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Duplicate batches of 100 or 50 seeds of each species were also 

wet digested and their phosphorus contents were determined by 

the v~nado-molybdate method (see Section III E 3). Subtraction 

of seed phosphorus and inorganic phosphorus in the unplanted 

tubes at the end of the experiment from the total plant 

phosphorus content at harvest allowed the amount of organi'c 

phosphorus hydrolysed and subsequently absorbed,by the plant 

to be calculated. 

VB 2.2 Utilization of calcium inositol hexaphosphate 

A 4 x 2 x 2 factorial combination in a randomized complete 

block design was used for this experiment each treatment being 

replicated four times. Four plant species were grown in sand 

culture at two phosphorus treatments; no added phosphate and 

5000 ug P/tube as calcium inositol hexaphosphate. This was 

produced from the sodium form (Sigma Type-v from corn) using 

the method of Greaves and Webley (1969) • Two microbial, treat­

ments were also established by addition of o.l ml of a 1% 

aqueous suspension of krasnozem soil to half the sterile culture 

tubes of each species and each phosphorus treatment. Four 

replicated tubes without plants were also set up for each 

phosphorus treatment so that orthophosphate contents of these 

tubes could be determined at the end of the growth period. 

Calcium inositol hexaphosphate (31 mg/tube) in the form of 

a fine powder passing a 60 mesh sieve was thoroughly mixe~ with 

80 g of air dry acid washed sand and the mixture was placed in 

a boiling tube with 16 ml of Hoagland's solution minus phos­

phorus. Apart from the seed sterilization technique all sub­

sequent operations were the same as those described in Section 

V B 2.1. Vegetable seeds were sterilized using a 7% filtrate 



of calcium hypochlorite as before but because of a fungal 

contamination problem the grass seeds were surf ace sterilized 

using mercuric chloride and hydroxylamine hydrochloride as 

described by Kylin (1950). 
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Plants were_ harvested after six weeks growth. Sterility 

checks and orthophosphate analyses _of the plant tissue and the·. 

unplanted culture tubes were performed as described previously 

(see Section V B 2.1). 

V B 3 RESULTS 

V B 3.1 Utilization of sodium inositol hexaphosphate 

The mean dry weights and phosphorus contents of seedlings 

of each species grown in sand culture with three sources of 

phosphorus are shown in Table V B 3.1. Sterility tests of the 

sand medium prior to harvest showed that all lettuce, cabbage 

and phalaris seedlings were growing aseptically but that the 

tubes containing ryegrass were in most cases non-sterile, fungi 

being the major contaminants. As a result of this and also 

because of an apparent lack of utilization of organic phosphorus 

the results of this experiment were not statistically analysed. 

Except for the non-sterile ryegrass seedlings there was little 

if any difference in the phosphorus content and dry weight of 

plants grown with inositol hexaphosphate as the phosphorus 

source and those grown without added phosphate. However, with 

sodium orthophosphate as the phosphorus source there was a 

large increase in the phosphorus content of all plant species 

indicating that orthophosphate,when present in the sand culture, 

was readily absorbed by all plant species. In contrast there 

was not a corresponding increase in plant dry weight. 
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TABLE V B 3.1 

Mean Plant Dry Weights and Total Phosphorus 

Content of Four Plant Species Grown on Three 

Phosphate Sources 

Species* 
Phosphate Source 

Control Sodium Inositol* Pi-sodium+ 
(NOP)* Hexaphosphate Orthophosphate 

Mean Plant Dry Weight (mg/tube) 

Cabbage 33 31 30 

Lettuce 33 26 22 

Ryegrass 15 18 19 

Phalaris 18 21 26 

Mean Plant Phosphorus Content (ugs/tube) 

Cabbage 79 79 126 

Lettuce 27 28 93 

Ryegrass 7 14 112 

Phalaris 12 12 83 

*Each value in these columns is the mean of six replicates 

+Each value in this column is the mean of three replicates 

:#=All species except ryegrass were grown under sterile 

conditions 



VB 3.2 Utilization of calcium inositol hexaphosphate 

Full experimental results, together with statistical 

analysis of the data of the total phosphorus contents of each 

species, are given in Appendix IVB2. Average values of the 

plant dry weight and total plant phosphorus content for each 

treatment at harvest are presented in Table VB 3.2 

Within species comparisons of plants in both the ,sterii'e 
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and non-sterile series showed that there was significantly less 

phosphorus (P = 0.01) in plants grown without added phosphorus 

than in those grown with added calcium inositol hexaphosphate. 

Even when allowances were made for the seed phosphorus contents 

and the inorgani~ phosphorus released from the organic form 

during the experiment (i.e. inorganic phosphorus content of sand 

cultures without plants) it is obvious that all species were 

able to hydrolyse calcium inositol hexaphosphate and utilize 

the inorganic phosphorus released as a source of phosphorus for 

plant gro~th. This occurred whether the plants were grown 

under sterile or non-sterile conditions and within any. one 

species and any one phosphorus treatment there was no significant 

difference (P = 0.05) between the total phosphorus content of 

sterile and non-sterile plants although there was a tendency for 

plants from the non-sterile series to have slightly lower 

phosphorus contents than those from the sterile series. 

Phosphorus in seedlings from the "no added phosphorus" 

treatment was approximately equivalent to the phosphorus present 

in the seed. In these treatments the phosphorus content of 

cabbage seedlings was significantly greater (P = 0.01) than 

those of the other three species reflecting the much greater 

reserve of phosphorus in the seed of cabbage. In the calcium 

inositol hexaphosphate treatments the phosphorus content of 



Species 

Cabbage 

Lettuce 

Ryegrass 

Phalaris 

Cabbage 

Lettuce 

Ryegrass 

Phalaris 

Blanks -
No Plants 

TABLE VB 3.2 

Mean Plant Dry Weights and Total Phosphorus Content of 

Four Plant Species Grown Under Sterile and Non-sterile 

Conditions on Two Phosphate Sources 

(Each value is the mean of four replicates) 

Phosphate Source 

Control 

Sterile Non-sterile 

and Microbial Treatment 
Calcium Inositol 

Hexaphosphate 
Sterile Non-sterile 

Mean Plant Dry Weight ( mg/tube 

53 56 67 63 

28 24 27 29 

20 14 35 27 

24 16 30 23 

Mean Plant Phosphorus Content ( ugs/tube ) 

57 42 167 154 

25 21 75 75 

10 7 45 39 

13 11 34 30 

1 2 13 9 
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Seed Phosphorus 
Content (ugs P/ 

tube) 

57 

19 

8 

11 
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the seedlings also fell in the order cabbage:,) lettuce:> grasses 

which is the order of decreasing seed phosphorus contents. 



V C KRASNOZEM-PHOSPHORUS REACTION PRODUCTS 

AND THEIR UTILIZATION BY PLANTS 

V C 1 INTRODUCTION 

Although there are many reports in the literature compar­

ing the abilities of a wide range of soil-phosphorus reaction 

products to supply phosphorus to the plant most of these have 

been concerned with only a single plant species. Few workers 

have considered the possibility that interspecific differences 

in the availability of phosphorus in these products may occur. 

The following experiment was conducted in an attempt to detect 

differences between species in th~ir ability to utilize 

phosphorus from a range of artificially produced reaction 

products. Initially an attempt was made to isolate and 

identify the reaction products produced from mono-calcium 

phosphate in the krasnozem soil so that artificially prepared 

compounds identical to those actually found in soil could be 

used for the later pot-study. 

V C 2 MATERIALS AND METHODS 

V C 2.1 Reaction products from krasnozem soil 

The technique of Lindsay and Stephenson (1959b).which 

simulates the movement of fertilizer phosphate solution from 

i?s 

a dissolving fertilizer granule into successive layers of 

surrounding soil was used to produce fertilizer-soil reaction 

products by reaction of saturated mono-calcium phosphate solution 

with krasnozem soil. 

A saturated solution of mono-calcium phosphate was prepared 

by shaking 1600 g Ca(H2P04)2H20 (Lab. grade) in 2 1 of distilled 

water at 2s0 c. After 10 days the suspension was removed from 
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the shaker, centrifuged and the clear supernatant was decanted 

and stored in plastic bottles. This solution had a pH of 1.43 

and a phosphorus concentration of 4.16M. One kg of air dry 

krasnozem soil was shaken for 2 hours at 2s0 c with 2 1 of the 

saturated mono-calcium,phosphate solution. - After centrifugation, 

the clear filtrate obtained was filtered (Whatman No. 41) to 

remove floating organic debris and was shaken with a fresh 

sample of krasnozem soil for a further 2 hours at 2s0 c, the 

soil:solution ratio being maintained at 1:2. Centrifugation 

and filtration were carried out as before and the supernatant 

was retained for further reaction. This process was repeated 

a total of six times at the end of which the volume of clear 

filtrate was approximately 200 mls. This was stored in a well 

stoppered plastic bottle_ and left for a period of twelve weeks 

at room temperature for precipitation reactions to occur. At 

the end of this period the insoluble precipitate was washed 

into a centrifuge tube with distilled water and was then washed 

four times with distilled water by centrifugation and decantation 

before being finally wa~hed in acetone. After drying in a 

desiccator the product was stored in a stoppered bottle for 

chemical and x-ray diffraction analyses. The x-ray diffraction 

analyses were made on a Phillips Diffractometer fitted with a 

Li F monochromator, a curved focussing specimen holder and a 4° 

divergent slit. It was operated at a scan rate of !.:i. 0 2 e , a 

ratemeter setting of 16 and a time constant of two. The 

phosphorus content of the reaction product was determined in 

duplicate using the method of Tandon, Cescas and Tyner (1968) • 
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V C 2.2 Utilization of artificially produced reaction products 

From the results obtained using the methods outlined above 

(Section V C 2.1) together with a study of published data a 

number of phosphate reaction products were selected as those 

most likely to occur in the krasnozem soil. These reaction 

products with their method of preparation were, colloidal· ferric 

phosphate (Cate, Huffman and Deming, 1959), colloidal aluminium 

phosphate, potassium iron phosphate and potassium taranakite 

(Taylor, Gurney and Lindsay, 1960) and strengite (Juo and Ellis, 

1968). Analytical grade reagents (Ajax) were used as sources 

of mono-calcium phosphate and dicalcium phosphate dihydrate. 

Calcium phytate was also included as a source of phosphate and 

this was prepared as described previously (VB 2.2). ''No phos­

phorus" treatments were al90 included as control pots. All the 

prepared reaction products were characterized by x-ray dif f­

raction analysis and their phosphorus contents were determined 

in duplicate usin~ the methods described in Section V C 2.1. 

Because of the differences between species in yield and 

phosphorus uptake known to occur when grown on unfertilized 

krasnozem soil and to prevent the confounding of this effect 

with those of the sp~cies responses to the reaction products, it 

was decided to conduct the experiment in a sand culture system 

where phosphorus-free controls could be established. Phosphorus­

free sand was obtained by washing a local grade of river sand 

three times with tap water, both before and after treatment with 

5% HCl for two weeks in 45 1 plastic bins. Washing was carried 

out in a concrete mixer lined internally with fibre-glass. After 

washing in deionized water the sand was leached with Hoagland's 

solution minus phosphorus (pH 5.5) until the pH no longer 



decreased upon standing. The sand was finally leached with 

deionized water and air dried. Processed sand had a water 

holding capacity of 19% and had the following particle size 

analysis, expressed as a percentage of the total sample; 1 mrn, 

6.6; 1.0-0.5 mm, 32.l; 0.5-0.25 mrn, 45.7; and (_ 0.25 mm, 16.6. 

Sand of similar grading has been found satisfactory for the 

vigorous growth of a wide range of crop plants (Hewitt, 1966). 

Plastic pots (10 cm, surface diameter) lined with polythene 

bags were filled with 750 g air dry sand/pot. The phosphate 

sources we~e added as finely divided powders passing a 100 mesh 

sieve and were mi~ed throughout the sand at the rate of 150 mg 

P/pot. The phosphate compounds were lightly ground with a 

small amount of fine sand prior to application to prevent 

aggregate formation of the material during the adding and mixing 

operations which were carried out on a polythene sheet. All pots 

were watered to 80% of water holding capacity after first 

adding loo mls of H9agland 1 s solution minus phosphate (pH 5.5) 

to each pot. To provide a wide spectrum of soil micro-organisms 

in the sand culture each pot received a 1 ml aliquot of a 1% 

aqueous suspension of krasnozem soil. Seeds of each species 

were germinated on cheese cloth supported on stainless steel 

screens over 6 1 0.5 m M Caso 4 and four pregerminated seeds of 

either ryeg~ass or phalaris or three of cabbage or lettuce 

were planted per pot. The pots were randomized within replicate 

blocks and re-randomized each fortnight. Pots were watered to 

weight each day with deionized water and during the first three 

weeks of qrowth 50 ml of nutrient solution was added per pot 

each week. Thereafter 100 mls of nutrient solution was added 

per pot each week except where growth was limited because of 

acute phosphorus deficiency where the volume was reduced to 25 

ml per week. 



Plant shoots were harvested after seven weeks growth by 

cutting the stems at ground level. Tissue weights were 

recorded after oven drying and the total phosphorus content 

of the shoots from each treatment were determined using the 

methods described in Section III E. 

V C 3 RESULTS 

V c 3.1 Reaction products from krasnozem soil 

X-ray diffraction analysis of the crystalline material 

obtained from the reaction filtrate after a three month storage 

period gave reflections at 7.60, 4.23, 3.04, 2.93, 2.62, 2.42 

1%2 

and 2.17 °A etc, this being the' diagnostic pattern of brushite, 

Ca.HP042H20. This was the oply compound identified as the result 

of x-ray diffraction analyses. Chemical analyses of the reaction 

product showed a phosphorus content of 16.82% which is lower 

than the theoretical figure for brushite of 18.21%. This 

suggests that. other compounds of lower phosphorus content may 

also have been present in the reaction precipitate. Compounds 

such as colloidal iron and aluminium phosphates were suspected 

as being involved qince these compounds give no x-ray diffraction 

patterns and in addition have lower phosphorus contents than 

brushite. 

V C 3.2 Utilization of artificially produced reaction products 

V C 3.2(a) Characterization of the compounds 

All of the laboratory prepared reaction products gave the 

predicted diagnostic patterns when analysed by x-ray diffraction 

methods. As expected no peaks were detected for the colloidal 

ferric and aluminium phosphates. The patte~ns determined for 

the remaining products are given in Table V C 3.2(a) together 

with the phosphorus analyses of all compounds. In general the 
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TABLE V C 3. 2 (a) 

X-ray Diffraction Patterns of Laboratory Prepared 

Reaction Products 

Strengite Potassium Potassium iron 
taranakite phosphate 

Intensity* d (A) Intensity d (A) Intensity d (A) 

s 5.50 VS ;1.5.84 s 7.17 

w 4.95 s 7.92 s 5.77 

vs 4.38 rn 7 0 45 s 4.57 

m 3.99 rn 5.94 w 4.01 

w 3.28 w 5 .02 rn 3.58 

s 3.ll w 4.66 s 3.23 

m 3.oo rn 4.31 vs 3.09 

rn 2.95 s 3.81 w 2.98 

w 2.54 rn 3.74 w 2.94 

m 2.53 rn 2.88 

w 2.44 rn 2.81 

*Intensity of peaks:- vs = very stronq, s = strong, m = moderate, 

w = weak. 

Phosphate Content of Laboratory Prepared Reaction Products 

Compound Phosphate Contents Theoretical, 
Determined (3P) Value (3P) 

Rep. 1 Rep. 2 Mean 

Colloidal c;i.;tuminium 15.13 15.03 15.08 15.6 
phosphate 

Colloidal ferric 17.21 17.31 17.26 14. 8 
phosphate 

Potassium taranakite 18.56 18.47 18.52 18.6 

Potassium iron 20.87 20. 32 20.59 21.0 
phosphate 

Strengite 14.15 14.69 14.42 16.6 
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measured phosphqrus content of these compounds closely 

approach the theoretical values although the value for 

colloidal aluminium phos~hate is higher than the figure 

published by Taylor, Gurney and Lindsay (1960) for a compound 

with .a P:Al molar ratio of 1.19. 

V C 3.2(b) .Plant response to the reaction products 

Mean shoot dry weight yields (Table V C 3.2(b) (i)) and 

mean shoot phosphorus contents (Figure V C 3.2(b)) of all 

plant species were severely depressed when plants were grown 

with no added phosphate or with strengite as the phosphorus 

source. Maximum dry weight yields of lettuce _and cabbage 

were obtained using dicalcium phosphate dihydrate (brushite) 

and calcium phytate as the phosphate sources but for th~ 

grasses the colloiqal aluminium and iron phosphates produced 

the gr~~test dry weight yields. In most cases the shoot 

phosphorus concentrations of each species (Table V c 3.2(b) 

(ii)) followed the trend in dry weight yields for each 

phosphate source_ with the exception that for all four spec~es 

the highest shoot phosphorus concentrations occurred in plants 

of depressed dry weig~t yield grown with mono-calcium 

phosphate as the sourc~ of phosphorus. Because of this 

abnormal response, plants from pots fertilized with mono­

calcium phosph~te could not be used as a reference for 

estimating the response of the plants to the reaction products 

and the data from plants grown with mono-calcium phosphate 

were not included in the subsequent analyses of the results. 



TABLE V C 3.2 b(i) 

Mean Shoot Dry Weight Yields (g/pot) of Four Plant 

Species Grown on Nine Different Phosphate Sources 

(Each value the mean of two replicates) 

Phosphate Source Cabbage 

Control , (no P) 0.130 

Strengite 0.295 

Pot. iron phosphate 3.824 

Pot. taranakite 4.960 

Col. ferric 
phosphate 

Col. al\,lminium 
phosphate 

Calcium phytate 

D.C.P.D. 

M.C.P. 

6.414 

4.871 

8.310 

8.554 

5.464 

Lettuce 

0.021 

0.152 

1.366 

4.814 

3. 505 

4.669 

8.899 

8.105 

5.525 

TABLE V C 3 • 2 b (ii) 

Ryegrass 

0.014 

o. 226 

2.042 

3.783 

4.095 

4. 206 

3.756 

3.809 

2.911 

Phalaris 

0.016 

0.133 

1.087 

1.836 

2.975 

2.772 

2.227 

2.055 

1.357 

Mean Shoot Phosphate Content (ug P/g dry tissue) of 

Four Plant Species Grown on Nine Different Phosphate 

Sources. (Each value the mean of two replicates) 

Phosphate Source Cabbage 

Control (no P) 414 
Strengite 563 

Pot. iron phosphate 1759 

Pot. taranakite 2459 

Col. ferric 
phosphate 

Col. aluminium 
phosphate 

Calcium phytate 

D.C.P.D. 

M.C.P. 

2562 

4627 

3608 

3734 

9578 

Lettuce 

822 

718 

3000 

2389 

3329 

3987 

2824 

4219 

9527 

Ryegrass 

579 

1211 

-1093 

3037 

3349 

4786 

3114 

5857 

5967 

Phalaris 

611 

1097 

1176 

3304 

3736 

5367 

3099 

6769 

7022 

1~5 



FIGURE V C 3.2(b) 

Shoot phosphate content (expressed as a percentage.of the· 

maximum shoot phosphate content) of cabbage (C), lettuce 

(L), ryegrass (R) and phalaris (P) grown in sand culture 

with eight different phosphate sources. 

(For each source, species with the same letter are not 

significantly di.fferent (P = O .05) 1 in shoot phosphate 

.content, when' determined using Duncan's multiple range 

test.) 

-tS) 
CJ' 



•• 
80 1 111 ··~ •• •• 

~ 
•• 

•• 
• • 

I •• •• 
MEAN- SHOOT-

•' I V A• a •• 
PHO.SPHATE • 

60 -f •• al I r /I• a 

CONT&;NT •• \ I •al. I I al' /I I I/ I• a 

as a •1. of the •• •• ::I II l•:rJS a 
I I/ I• a 

menu mum •• •• •• •• I I/ A•• 
0 0 

40 -l 
-( arcsineftrans-) •• •• •• •·I I .I/ J• •I• I I v A•• •• 

formed -values •• •• •• •• I aV/l••l•I I r /I a• 

•• •• • • •• I .f/l••l•I I I /I•• 

~ •• •• •• ., I .1/1••1•1 I I/ I•• 

20 -I I 0 0 

•• •• •• • • I al/J••l•I I I/ J • • 

a •I l!il I I •I' /I• a •• •• I .V A• •I• I I V A•• 

•• •• ., I .I' /I• •I• I I r /I a a 
a 0 0 a 

•• ... • • 0 c L R p c c R c L R p R p L p L p 

t!.Q..:.E Strengite Potassium Iron PQtassium Colloidal Iron Col, Aluminjum ~ D. C.P.D. 
PhosQ!']gte Tgranak1fe PhosP.hate ~Rhate etiytate 



187 
From shoot dry weight yields and shoot phosphorus concen-

trations the totai phosphorus content'of the shoots was 

calculated. · These values for each phosphorus source were 

expressed as a percentage of the maximum for each species 

and the a~csine ,~ransformations of these were subjected to 

statistic&l analyses, (Appendix IV c 2). Figure V c 3.2(b) 

show9 the mean of these values plotted for all species and 

each phosphorus source. For the vegetables the shoot 

phosphorus content increased in the order no P ( strengite < 
potassium iron phosphate (potassium taranakite < colloidal 

iron phosphate < colloidal aluminium pho~phate < calcium 
// 

phytate ·~ dical~ium phosphate dihydrate. The ranking for 

the grasses was similar except that calcium phytate produced 

' 
shoots of lower phosphate content than did both the colloidal 

phosphate sources. Comparison of the shoot phosphorus content 

of plants grown with no added phosphate and with strengite 

showed that these were not significantly different (P = 0.05) 

for both ~ettuce and cabbage. However, for both ryegrass and 

phalaris the shoot pho9phorus contents of plants grown with 

strengite were significantly greater than those grown without 

added pl'}o$phatE;). Between species comparisons made for each 

phosphate sourc~ showed there was no significant difference· 

between speGies when plants were grown without phosphate or 

with ptrengite at the phosphorus source. However, large 

differ~nC$S between species were found for plants grown with 

coll9idal a~um~nium and iron phosphates and calcium phytate 

as the phosphate sources. In all cases the values for cabbage 

were significantly greater (P = 0.05) than those for lettuce, 

and for the vegetaples as a group the values were significantly 

different from those of the grasses being greater with 

calcium phytate and less with the colloidal phosphates as the 

sources of plant phosphorus. 



V D DISCUSSION 

Although thi~ section of the study suffers somewhat from 

a lack of direct positive results the experiments have helped 

to eliminate a number of factors concerned with plant utiliz­

ation of phosphates that conceivably could have been important 

in determining the relative responses of these species to 

phosphate appiied to a krasnozem soil. 

Determination of the phosphatase activity of excised 

1SS 

root tips showed up to two-fold differences between species in 

their ability to hydrolyse p-nitrophenol phosphate. The use of 

excised root tips in these experiments may be criticized because 

of the possibility of phosphatase enzyme leakage from the cut 

root surfaces. However, during a half hour incubation period 

the C1JllOµnt of phosphatase released into solution was found to 

be negligiple in comparison with the activity associated with 

the root surface. The close correlation between the amount of. 

p-nitrophe~ol released and the root surface area of the sample 

for any one species and for roots of different sizes is further 

evidenc~ qf the surf~ce charact~r of this enzyme. The relatively 

clpse agreeme~t between the phosphatase activities of non-sterile 

soil-grown root9 and roots grown in nutrient sol~tion receiving 

soil inocul~ was probabiy due to the analytical technique 

employed (i.e. phosphatase activities of both root types were 

measured in solution) rather than to a similarity in microbial 

root populations and root physiological condition. As pointed 

out by Ridge and Rovira (1971) the phosphatase activity of soil-

grown roots measured in situ, if that were possible, is likely 

to be totally different from that measured in solution because of 

the presence of factors such as root-soil contact, aeration 
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and the rhizosphere which are peculiar to the soil situation.· 

Comparison of the phosphatase activity of sterile and non­

sterile roots reveals that the rhizosphere populations of 

cabbage and lettuce roots have little influence on the total 

phosphatase activity of the root whereas for both grasses· the 

activity of non-sterile roots was greater than their sterile 

counterparts. This suggests that the rhizosphere populations. 

of the grasses have different properties or have different . 

effects on the roots than; do those of the vegetabl·es, at least 

under these culture conditions. The increase in phosphatase 

activity after microbial inoculation of grass roots is contrary 

to the reports of Gilliam (1970) and Ridge and Rovira (1971) • 

The incre~se is probaJ:;>ly .due to phy,siological changes in the · 

roots produced by the. prese~ce of micro-organisms rather than to 

a direct effect, due to the phosphatase activity of the 

rhizosphere micro flora. Ridge and Rovira (1971) have found 

that a suspension of 109 viable micro-organisms of high. 

phosphat~se activity made a negligible contribution to the total 

phosphatase activity of a root sample. 

Although up to two-fold differences between species in p­

nitrophenol activity of excised root tips was observed in these 

experiments it does not necessarily follow that similar results 

would apply to the hydrolysis of more complex organic phosphates 

that occur in the soil situation. Ikaya, Nisizawa and Miwa 

(1964) found the phosphatase activity of three different plant 

tissues was due to the presence of mor'e than one isozyme, each 

with a different specificity range. Some were capable of 

attacking a wide range of esterphosphates including aryl 

phosphates, phosphomonoesters and phytin while others were 



restricted to only a few substrates. In general where the 

specificity of the isozyme was broad, the rate of hydrolysis of 

a substrate decreased as the structure of the organic phosphate 

became more complex. Greaves and Webley (1965) and Ridge and 

Rovira (1971) have all cautioned the practice of extrapolating 
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the results from hydrolysis of simple organic compounds to those 

situations involving hydrolysis of more complex organic 

phosphates such as occur in soil. Under these circumstances 

more detailed work is required in order to establish the 

significance of phosphatases in a natural situation. 

The results of experiment V B 2.1 involving utilization of 

sodium inositol hexaphosphate were disappointing. The low dry 

weight yields and the apparent inability of all plant species to 

utilize this form of phosphate may be attributed to the presence 

of sodium and to the low levels of phosphorus applied. In the 

second experiment (VB 2.2) these deficiencies were rectified 

by increasing the amount of phosphorus and basal nutrients 

applied and by adding the organic phosphate in the form of a 

calcium salt. Under these conditions sterile and non-sterile 

plants of all species were able to hydrolyse inositol hexa-

phosphate and utilize the phosphate released for plant growth. 

This agrees with the results of Wild and Oke (1966) for clover 

plants grown in solution culture and also those of Szember (1960) 

and Martin and Cartwright (1971) working with radish and rye-

grass plants respectively in sand culture. As observed in 

experiment V A the presence of micro-organisms appeared to have 

little effect on the hydrolysis and utilization of inositol 

hexaphosphate by each plant species although there was a 

tendency for sterile plants in both the calcium inositol hexa­

c 
phosphate and no phosphate treatments to have a slightly greater 



total phosphorus content than their non-sterile counterparts. 

Irrunobilization of some of the available inorganic phosphate 

within cells of the microflora as shown by Menzel (1971) may 

explain this phenomenon although other changes such as subtle 

'biochemical or physiological alterations of the plant,induced 

by the presence of micro-organism~may also be involved. 
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Despite the known ability of these and other plant species 

to hydrolyse inositol hexaphosphate in sand and solution culture 

the recent reports of Greaves and Webley (1969) and Martin and 

Cartwright (1971) have shown that in soil or sand~soil mixtures 

no hydrolysis of this organic phosphate could be detected even 

though phosphatases of microbial and plant origin were known to 

be present. Ap~arently in the soil situation the formation of 

insoluble salts of inositol hexaphosphate and its adsorption to 

soil colloids together with adsorption and inactivation of the 

phosphatase enzyme effectively prevents the hydrolysis of this 

compound. For these reasons it would appear that inorganic 

phosphate reaction products are more important in the phosphate 

nutrition of soil-grown plants, than are organic phosphates, at 

least in the short-term. 

In the present study only one reaction product, brushite 

(CaHP04.2H20), was. positively identified in the precipitate 

resulting from reaction of krasnozem soil with saturated mono­

calcium phosphate solution. However, a number of other products 

were probably present in trace amounts and remained undetected. 

Longer reaction times may have been an advantage in this regard 

by increasing the amounts of these products so that identification 

was possible. Das and Datta (1968) found similar results; 

brushite being one of the major component of the precipitates 
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obtained after reaction of mono-calcium phosphate with a red 

sandy-clay loam for half, 5 and 72 hours. The amount of 

brushite tended to decrease with time whilst that of other 

products increased. 

The availability of a selected range of phosphate reaction 

products to the four species, lettuce, cabbage, ryegrass and 

phalaris was determined on the basis of the plant's total 

shoot phosphorus content at harvest. Root phosphorus was not 

determined because of the problem of root surf ace contamination 

with particulate and adsorbed phosphate present in high 

concentration in the sand culture. Phosphorus adsorbed to 

root cell walls may be expected to vary with the particular 

source of phosphate present and would be of major importance 

with aluminium phosphate sources (see Section II B 2.2(b)). 

Nevertheless, the use of shoot phosphorus as the criteria of 

availability may be criticized because of the differences in 

root phosphorus ratio that occur between plants of different 

phosphorus status (see Tables IV A 3.3(iii) and IV B 3.2). 

Thus the use of shoot phosphorus only, tends to underestimate 

the availabi~~ty of the poor phosphate sources, such as 

strengite and acid potassium iron phosphate, relative to the more 

available sources such as brushite. 

Relative to the maximum shoot phosphorus contents the 

availability of the various phosphate sources, averaged for 

the four plant species decreased in the order brushite :> 
colloidal aluminium phosphate)> colloidal iron phosphate_)> 

potassium taranakite.)> potassium iron phosphate)> strengite. 

This is similar to the ranking given these phosphate compounds 
I 

by Lindsay and Taylor (1960) for corn grown on neutral soils 

and is also similar to the relative initial rates of solution 
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of these compounds in water, as given by Huffman (1962). ·The 

correlation of availability ranking with the relative initial 

rates of solution of these compounds suggests that their effect­

iveness as sources of phosphorus to plants depends directly 

upon their relative reactivities in the medium in which they 

are placed. Since changes in pH of the medium or changes in 

surface area of the reaction product will alter the rate of 

phosphorus dissolution from such compounds these factors will 

also effect the availability of the reaction products to plants. 

Comparisons between species of the relative shoot phosphorus 

content of plants grown on each phosphate source (Figure V C 

3.2(b)) show that the relative availability of some sources 

depends upon the plant species involved. Thus with colloidal 

aluminium and iron phosphates as phosphorus sources, the relative 

shoot phosphorus content of the grasses were greater than those 

of the vegetables, an approximate two-fold difference occurring 

between the extreme values of lettuce and phalaris. With the 

calcium phosphate sources, however, the position was reversed, 

the vegetables having the higher phosphorus contents. Of the 

vegetable species, cabbage in all cases had higher relative 

phosphorus contents than lettuce. This was most marked with 

potassium iron phosphate, colloidal iron and aluminium phos­

phates and calcium phytate as the phosphorus sources. 

The differences between species groups also occurred with 

the yield data; grasses achieving maximum yields when grown 

on colloidal aluminium and iron phosphates while the vegetables 

produced their maximum yields where calcium phosphates were 

used as the phosphorus sources. Since an increase in pH would 
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make the iron and aluminium phosphates more available (i.e. 

increase th~ rate of phosphate dissolution) and calcium · 

phosphates less available the different responses of the grasses 

and vegetables may be the result of differential rhizosphere 

pH's between the two plant groups. Plant species have been 

found by Barber (see Riley and Barber, 1971) to differ in the 

pH change induced in the rhizocylinder by different nitrogen 

treatments and it is possible that in the present study the 

rhizocylinder pH of the grasses is higher than that of the 

vegetables. The experimental results, however, (Tables V C 3.2 

(b) (i) and (ii)), indicate that other factors are involved 

since the reductions in plant yield are not always accompanied 

by reduced shoot phosphorus concentrations suggesting that 

nutrient toxicity problems or an imbalance of nutrients may 

have developed in some treatments. 



VI PLANT GROWTH AND PHOSPHATE ABSORPTION 

FROM NUTRIENT SOLUTION 
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VI A CONTINUOUS-FLOW NUTRIENT SOLUTION EXPERIMENTS 

VI A 1 INTRODUCTION 

It was suggested (Section IV E) that the differential 

response of cabbage, lettuce, ryegrass and phalaris to low 

levels of phosphate applied to a krasnozem soil may be at 

least partly explained by species differences in the ability 

to absorb phosphate from the soil solution. However, in soil 

experiments, other factors such as the amount of root 

extension and soil exploitation and the effects of rhizosphere 

micro-organisms and root exudates on the solubility and plant 

utilization of insoluble organic and inorganic soil phosphates 

also operate simultaneoµsly, so that the importance of each 

factor becomes impossible to determine. In addition the 

fluctuation in phosphate concentration around the root with 

time, as shown in SectioR IV D, means that all species grown 

at the same treatment· level were not subjected to equal and 

constant phosphate concentrations around their roots. Because 

of this difficulty it was not possible to make accurate 

measurement and species comparisons of the rate of phosphate 

absorption. 
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In the following experiments the mean rate of phosphate 

absorption and the growth characteristics of the four plant 

species have been measured under controlled solution culture 

conditions. Unlike the soil situation, the phosphate concen­

tration of each treatment was maintained relatively constant 

throughout the growth period so that all roots of a single 

treatment whether developing or senescing absorbed phosphate 

from a medium of constant phosphate concentration. In addition 



results from solution culture experiments can be interpreted 

without reference to the factors, menti,oned above, which 

complicate the interpretation of results in soil experiments. 

VI A 2 MATERIALS AND METHODS 

VI A 2.1 Apparatus 

The continuous-flow nutrient system constructed for these 

experiments was an adaption of the design described by Asher, 
< 
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Ozanne and Loneragan (1965). Eight individual units were built, 

each unit consisting of a storage tank ( a 450 1 galvanized 

iron water tank painted internally with three coats of Epoxy-4 

High Gloss Enamel - Eritish paints Ltd.), a poly-vinyl chloride 

(P.V.C.) or polythene head tank, a small capacity centrifugal 

water pump with a pl~stic impeller (Eilbeck and Co. Pty. Ltd., 

Sydney), six 3 1 plastic pots and various P.V.C. connecting 

pipes. 

Nutrient solution, pumped from storage tanks below the 

glasshouse benches to head tanks above these benches, was 

allowed to flow unqer gravity through the six pots of each unit 

and back into the storage tanks. Solution was pumped into the 

head tank at a rate slightly exceeding the total flow rate 

through the six pots, the excess solution being returned to 

the storage tank via a rigid P.V.C. overflow pipe (2.25 cm, 

diameter). This system provided a constant head of nutrient 

solution above the pots. From the head tank solution flowed 

into a rigid P.V.C. manifold (2.25 cm diameter pipe) and then 

via a 10 cm length of 0.4 cm diameter flexible P.V.C. t~bing 

and a narrow bore, rigid P.v.c. connecting tube into each of 

the six pots per unit,which were arranged in parallel with 

respect to solution flow. Solution entered each pot near the 



base and left via a 0.6 cm diameter, flexible P.V.C. tube 

situated near the top of each pot on the opposite side. To 

prevent plant roots blocking the outlet tubes fine stainless 

steel mesh (O.l cm aperture and 3.5 cm square) was hung from 

the lip of each pot to cover· the outlet. 

The flow rate through each pot was controlled by the head 

of water above the pots and the length and internal diameter 

of the rigid P.V.C. connecting tubes. Using a 60 cm head of 

water and P.V.C. connecting tubes, 5.2 cm long and 0.25 cm 

internal diameter, a mean flow rate of 704 ~ 18 ml/min 

(approximately 1000 l/pot/day) was recorded by mea~urement 

of flow rates in 32 pots (4 pots/unit). The top of each pot 

was covered with a 20 cm square of "Darvic" P.V.C. sheeting 
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(0.4 cm thick) and plants were supported, in. 1 cm diameter holes 

drilled in the sheet, by means of a plug of crimped "Terylene" 

fibre (Fibremak~rs Ltd., Bayswater, Victoria). Nutrient 

solution in each pot was aerated via a glass tube passing 

through tbe centre of each "Darvic" square. Air was supplied 

from a compressor which automatically provided aeration for 

five minutes in every twenty, the air being reticulated through­

out the glasshouse in overhead polythene pipes. The eight units 

constructed were set up on two metal and lathe glasshouse 

benches (2 m square) in the air-conditioned glasshouse (see 

Plate VI A 2.1). All external surfaces of the units were painted 

with aluminium paint to reflect radiant heat and to prevent 

light entering the system through the P.V.C. and plastic 

components. The top surface of the "Darvic" pot covers were 

paint~d with a white plastic paint to avoid the possibility of 

plant aluminium toxicity. Although no provision was made for 

controlling the temperature of the nutrient solution, the 



PLATE VI A 2.1 

Eight continuous-flow, nutrient solution culture units, each 

of six pots, set up on two metal and lathe benches in the 

glasshouse. Note the 450 1 storage tanks below the benches, 

the head tanks to the right and the centrifugal pumps beneath 

these tanks. Nutrient solution flows under gravity from the 

head tank to the six pots via the P.V.C. manifold seen in the 

foreground and air is supplied via the yellow P.V.C. tubing 

above the pots. 
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circulation of the solution, the reflective external surfaces, 

the air-flow in the glasshouse and the fact that the storage 

tanks were shaded by the benches meant that the nutrient 

solution temperature rarely exceeded the air temperature. 

VI A 2.2 Experiment l· 

VI A 2.2(a) Design and treatments 

A split plot design with phosphate concentration in 

solution as the main effect (unreplicated) and species as sub­

plots within each mqinplot was used in this experiment. As 

comparisons within vegetable species and within grass species 

were considered more important than comparisons between 

vegetables and grasses the two groups were grown in separate 

units. ·Four levels of phosphate in solution were established, 

the nominal values of these being 0.1, 0.3, 0.9 and 2.7u MP. 

One bench of four ~nits was used for the vegetables (3 pots 

of lettuce and 3 pots of cabbage/unit), each unit being 

maintained at a different phosphate concentration. This gave 

three replicates of each species within each mainplot. A 

second bench of four units was set up in a similar manner for 

the grasses. Phosphate concentrations were randomly assigned 

to the four units of each bench and the six pots within each 

unit were also randomly assigned to the two plant species 

concerned. To reduce variations in growth and phosphate 

absorption,resulting from slight differences in solution flow 

rates between pots of any one phosphate level, the 11 Darvic 11 pot 

covers with their plants were systematically moved to the 

adjacent pot every three days throughout the growth period. 

2 02 



VI A 2.2(b) Plant culture and harvest 

Seedlings w~re raised in conventional nutrient solution 

cultures in growth cabinets. Seeds were germinated on cheese­

cloth squares s~pported on stainless steel mesh screen~ (0.2 

cm aperture) over six litres of aerated Hoagland's solution 

minus phosphorus., During germination no phosphorus was added 

to the vegetable cultures but 2 mg P/culture vessel was added 

203 

to the nutrient solutions of th~ grass cultures as the grasses 

had lower seed reserves of phosphorus than the vegetables. All 

solutions were replaced after one week. 'After two weeks the 

young seedlings were transferred to the continuous-flow nutrient 

solutio'n units. Four seedlings of the vegetable species or 

eight grass seedlings were transplanted into the appropriate pots, 

one species being used for each individual pot. At the same 

time a subsample of 20 lettuce or cabbage plants and 40 ryegrass 

or phalaris seedlings were harvested, oven dried and kept for 

chemical analysis. 

Each continuous-flow nutrient unit held a total volume of 

450 1 of solution consisting of a basal nutrient solution of 
' 

l;s Hoagland's solution minus phosphorus to which the required 

concentration of phosphate was added as a buff er mixture of 

KH 2Po4 and K2HP04 having a pH of 5.6. The solution in.each 

unit was drain~d and replaced at weekly intervals to ensure an 

adequate supply of basal nutrients. The solution in each unit 

was sampled each day and analysed for phosphate using the 

ascorbic acid reduction method of Watanabe and Olsen (1965) • 

The optical density of the reduced phosphomolybdate ~omplex was 

determined. on a Unicam. SP800 Ultraviolet Spectrophotometer 

fitted with a scale expansion accessory. The solutions were 

read at a wavelength of 710 n m against a distilled water blank 

in 4 cm pathlength cuvettes. Using the scale expansion 
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accessory at xlO or x20 even the lowest phosphate concentration 

could be determined directly and alcohol extraction to 

concentrate the phosphomolybdate complex was not required. 

Where necessary, as indicated by the daily analyses, the 

solution in each unit was readjusted to the correst phosphate 

concentration by additions of phosphate buffer at pH 5.6. The 

pH of each solution was measured daily using a Radiometer (Type 

PHM26) pH Meter and was readjusted to pH 5.6 with either dilute 

KOH or H2S04. To help maintain the phosphate concentration and 

pH constant during the period between the daily analyses, 24 hr 

drip-feed systems (300 ml Mariotte's resevoirs, Hewitt (1966)) 

were constructed for each unit. These continually supplied 

phosphate buffer and dilute acid to the nutrient solution of 

each unit at rates approximately equivalent to their rates of 

removal from solution by the growing plants. Drip-feed systems 

were refilled each day, the amount of phosphate or H2S04 added 

being determined by extrapolation from requirements of the 

preceeding two or three days. 

All plants were harvested after 25 days growth in the 

continuous-flow nutrient units. Shoots were removed and after 

fresh weight determination were rinsed in deionized water and 

oven dried. Roots were rinsed in two changes of deionized water, 

hand shaken in fine terylene mesh 11 teabags 11 to remove free 

water and oven dried after recording fresh weights. 

VI A 2.3 Experiment 2 

VI A 2.3(a) Design and treatments 

This was a split plot design of two species, cabbage and 

lettuce, set up as subplots within mainplots which consisted 

of eight phosphate concentrations, 0.06, 0.12, 0.24, 0.48, 0.96, 



:((see App_e_nd{v VI:.; __ Dl 
-----~. .,1 

3.84, 7.68 and 30.72 UMP/\ Ma1riprots were not replicated but 

each species was replicated three times at each phosphate 

concentration, four plants of either lettuce or cabbage ,per 

pot comprising one replicate. Eight continuous-flow nutrient 

unj_ts were used, each unit being maintained at a different 
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phosphate concentration. The randomization procedures employed 
-
in experiment 1 (Section VI A 2.2) were used to determine the 

arrangement of the various treatments and to minimize variations 

in growth and nutrient uptake between plants in different pots 

of the one unit. 

VI A 2.3(b) Plant culture and harvest 

Lettuce anq cabbage seeds were germinated as previously 

described (Section VI A 2.2(b)) but after one week the seed-

lings were placed on modified Hoagland's solution in which 

phosphorus was 1/10 of full strength ._·( iooµMP)', and the other 

macro- and micro-nutrients were at full strength. Twelve days 

after germination the seedlings were transferred, four per pot, 

to the continuous-flow nutrient units. Three subsamples of 

each species (20 and 25 plants/subsample for cabbage and 

lettuce respectively) were also harvested at the same time and 

kept for chemical analysis. 

From the experience gained in experiment 1 the basal 

nutrient solution was modified so that macro-nutrients apart 

from phosphorus were at a concentration equivalent to 1/5 

Hoagland's solution while micro-nutrients and iron were 

adjusted to 2/s Hoagland's solution. Apart from this change 

the units were operated in an i~entical manner to that described 

earlier (Section VI A 2.2(b)). 



After 35 days growth in the continuous-flow units all 

plants were harvested. Shoots were removed from the roots, 

fresh weights were recorded and after rinsing in deionized 

water the shoot samples were oven dried. Roots were rinsed 
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in two changes of deionized water, centrifuged at approximately 

300 g in an M.S.E. Super Minor bench centrifuge to remove 

free water and fresh weights were recorded prior to oven 

drying. 

VI A 3 RESULTS 

VI A 3.1 Experiment 1 

(a) General plant growth and conditions during growth 

This experiment was conducted in mid-summer when the mean 

daylength during the growth period was 14.7 hours and the mean 

maximum and mean minimum daily temperatures in the glasshouse 

were 2s0 c and l6°c respectively. Under these conditions plant 

growth was rapid, where phosphate levels were adequat~ and visual 

differences in plant size and colour between treatments were 

apparent after seven days' growth. After ten days' growth in 

the nutrient system an interveinal chlorosis appeared on young 

leaves of cabbage and to a lesser extent on young lettuc~ 

leaves. Grass plants at the highest level of phosphate were 

also slightly chlorotic. The symptom appeared on vegetable 

leaves at all phosphate concentrations except the lowest and 

was most marked at the highest phosphate concentration. The 

chlorotic symptom was diagnosed as iron deficiency and all 

plants were immediately sprayed with a solution of 11 sequestrene 

NaFe". In addition the iron concentration of the nutrient 

solution of all treatments was adjusted to 2/Sth of normal 

Hoagland's concentration. These measures corrected the chlorosis 



and the higher ir~n concentration was, therefore, maintained 

for the remainder of the experiment. 

The mean phosphate concentration and the mean pH of the 

nutrient solution of each treatment were calculated from the 

daily determinations made over the growth period and these 
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are given in Table VI A 3.l(a). The mean phosphate concen­

trations were in all cases slightly lower than the nominal 

values. The greater phosphate absorption by vegetables in 

comparison with grasses resulted in slightly lower mean values 

and greater va+iation of phosphate concentration for treatments 

containing vegetables than for the grasses. 



TABLE VI A 3.l(a) 

Mean Phosphate Concentration and pH (x ! to.OS sx) 

of Nutrient Solutions Containing Vegetables and 

Grasses 

Solution 
Number 

1 

2 

3 

4 

1 

2 

3 

4 

Nominal 
Value 

Solution 

O.l 

o. 3 

0.9 

2.7 

Solution 

5.6 

5.6 

5.6 

5.6 

(Each value the Mean of 22 readings) 

Measured Value 
Vegetables Grasses 

PhosEhate Concentration (uMP) 

0.08±0.02 o.o9± 0.02 

0. 25 ± 0 .06 0. 28 .±: 0. 01 

o. 79± 0.12 0.89±0.07 

2. 56 + 0 .09 0.27±0.09 

EH Value 

-1--5.66 __ 0.22 5.64+0.21 

5. 70+ o. 23 5.67+0.24 

5.71+0.27 + 5.6~_0.24 

5.58+o.14 5. 62 + o. 20 
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VI A 3.l(b) Dry weight yields and tissue phosphorus 

concentrations 

The mean plant dry weights and the mean phosphorus 

concentration in root and shoot tissues are presented in Table 
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VI A 3.l(b). Both dry weight yields and tissue phosphorus 

concentrations of all species increased with increasing phosphate 

concentration in solution but at the highest level, 2.7uMP, 

there was in most cases a depression of dry weight yield while 

the level of phosphorus in the tissue increased in comparison 

with lower treatment concentrations. The data for dry weight 

and tissue phosphorus concentrations were statistically 

analysed using analysis of variance (Appendix VA). No valid 

comparisons could be made between the grasses and the vegetables 

because these two groups of plants were grown in different 

continuous-flow units. However, it was possible to make ortho­

gonal comparisons between lettuce and cabbage at each phosphate 

concentration and a separate comparison between ryegrass and 

phalaris at each phosphate concentration using the least 

significant difference (lsd) test, ~Steel and Torrie, 1960). 

Due to th~ large differences between species in dry weight 

yields, the total dry weight yield (shoot plus root) of each 

species, at each treatment, was expressed as a percentage of 

the maximum yield of that species and the arcsine ~trans­

formed values of these were analysed. On this basis the dry 

weight yields of cabbage were significantly greater (p = 0.001) 

than those of lettuce at the two lowest levels of phosphate. 

In addition the root and shoot phosphorus concentrations of 

cabbage at the lowest level of phosphate (O.luMP) were signific­

antly greater (p = 0.001) than those of lettuce. For the 

grasses there was no significant difference between the two 
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TABLE VI A 3. IQ?) 

Mean Dry Weight Yields and Tissue Phosphorus 

Concentrations of Vegetables and Grasses. 

(Each value the mean of three replicates) 

Phosphate Shoot Dry Root Dry Shoot p Root P 
Concen- Weight Weight Concen- Concen-
tration tration tration 
(uM) (g/plant) (ug/g dry tissue) 

Cabbage 

O.l 1.364 0.306 1956 3040 

0.3 2.343 0.461 2349 3273 

0.9 3.869 0.434 4032 4451 

2.7 2.265 o. 280 4931 5560 

Lettuce 

0.1 0.035 0.021 1452 1992' 

0.3 o. 203 0.094 2617 3372 

0.9 1.010 o. 204 4826 5032 

2.7 0.721 0.186 5284 5335 

Rye grass 

0.1 0.136 0.084 3582 3297 

0.3 o. 262 0.138 3841 3679 

0.9 0.257 0.125 5161 4693 

2.7 o. 266 0.138 6958 6301 

Phalaris 

0.1 0.077 0.047 3501 2758 

0.3 0.117 0.61 3513 3082 

0.9 0.125 0.61 4805 4240 

2.7 0.103 0.54 8136 6898 
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species when comparisons of total yields, as a percentage of 

the maximum, were made at each phosphate 1evel. This occurred 

despite the fact that at the three lowest levels of phosphate 

the root tissue phosphorus concentrations of ryegrass were 

higher (p = 0.05) than those of phalaris. There was no 

significant difference between the shoot phosphorus concen­

trations of the grasses at the three lowest levels of, phosphate. 

VI A 3.l(c) Mean relative growth rates and rates of phosphate 

absorption 

These figures (Table VI A 3.l(c)) were calculated from the 

mean values of dry weight and phosphorus concentration given in 

Table VI A 3.l(b) and were not statistically analysed. At all 

phosphate concentrations in solution the rate of phosphate 

absorption by cabbage was from two to three times that of 

lettuce and the relative growth rate of cabbage was always 

greater thqn that of lettuce, this being especially marked at 

the lowest level of phosphate where the species differed by 

a factor of 2.7. On the other hand, the rates of phosphate 

absorption and the relative growth rates of ryegrass and 

phalaris w~re similar when comparisons were made at each treat­

ment level. In comparison to the vegetables the rate of 

phosphate absorption by the grasses was greater at the lowest 

9oncentration of phqsphate in solution while at the higher 

phosphate concentrations the rate of uptake decreased in the 

order· cabbage ) grasses ) lettuce. 

VI A 3.l(d) Plant utilization of phosphorus 

The distribution of both the absorbed phosphate and the 

plant dry weight between root and shoot components is given in 

Table VI~ 3.l(c) as the mean values for root phosphorus ratio and 
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TABLE VI A 3.l(c) 

Mean Values of the Following Parameters of Cabbage, Lettuce, Ryegrass 

and Phalaris Grown at Four Phos12hate Levels 

Solution Root Root Phosphorus Relative Rate of 
Phosphate Weight Phosphorus Utilization Growth Phosphorus 
Concentration Ratio Ratio Quotient Rate* Absorption + 
(uM) (% D.W.) (')(. Plant P) (g D.M./mg (g D.M./100 g (ug atoms P/g 

atom P) D.M./day) F.W. root/day) 

VEGETABLES 

c L c L c L c L c L 

0.1 18.4 38.2 25.9 44.9 14.3 18.7 18.8 7.0 2.2 0.7 

0.3 16.4 31.6 21. 5 37.3 12.4 10.8 20.9 13.7 7.2 2.2 

0.9 10.l 16.8 11.0 17.3 7.6 6.4 22.6 19.3 18.4 7.5 

2.7 11.0 20. 5 12. 2 20. 7 6.2 5.9 20. 5 18. 2 18.2 6.7 

GRASSES 

R p R p R p R p R p 

0.1 38.0 37.9 36.2 33.7 9.0 9.9 16.0 15.4 5.1 4.2 

0.3 34.5 34.3 33.6 31. 2 8.2 9.2 18.4 16.9 6.6 5.2 

0.9 32.7 32.6 30. 7 30. 2 6.4 6.7 18.2 17.1 9.6 7.3 

2.7 34.2 34.4 32.0 30.6 4.8 4.0 18.5 16.4 11.3 10.8 

* R.G.R. loge D.w. 2 log e D.W.1 x 100 where D.W.2 and D.W.1 =Plant dry weight at harvest 
t2 tl 

and transplanting respectively. 

t2 - tl = period of growth (25 days) 

+Williams (1948) 



root weight ratio (i.e. the mean root value expressed as a 

percentage of the mean total plant value). These values for 

ryegrass and phalaris are remarkably similar at each phosphate 

concentration but large differences in both root phosphorus 

and root weight ratios were found between lettuce and cabbage. 

In both Cqses and at each phosphate concentration cabbage had 

the lower value, the differences between the two species being 

greatest at the lowest solution phosphate level. 

The mean phosphorus utilization quotients (g dry plant 

material/unit of phosphorus) of ryegrass and phalaris were 

similar when comparisons were made at each treatment level and 

compared with the values for the vegetables, the grasses 

produced less plant dry weight/unit of absorbed phosphate at 

all four concentrations of phosphate. In contrast to the 

earlier soil experiments (Sections IV A and B), cabbage had a 

smaller utilization quotient than lettuce at the lowest level 

of phosphate but had slightly higher values than lettuce at 

the other levels of phosphate. 
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VI A 3.2 Experiment 2 

(a) General plant growth and conditions during growth 

Unlike the previous experiment carried out in mid-summer, 

this experiment was conducted in late autumn and the shorter 

day length (9.6 hours) and lower temperatures (mean daily 

maximum and minimum being 19°c and i2°c respectively) together 

with lower light intensities necessitated a longer growing 

period (35 days v~ 25. days) so that sufficient plant tissue 

could be obtained for analysis. Even so, the total plant dry 

weights were le~s than those obtained for cabbage and lettuce 

in the previous experiment. Despite the higher concentrations 

of micro-nutrients an~ iron in the nutrient solutions (see 

Sectio~ VI A 2.3(b)) slight chlorosis of, cabbage and lettuce 

leaves occurred at· the higher concentrations of phosphate. To 

alleviate the p+oblem iron and micro-nutrients were added to 

these treatments midway between the weekly change of solutions 
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to give an increase in ~oncentr~tion equivalent. to that in 

l/Sth Hoagland's 'solution. "Phosphorus deficiency at the lower 

phosphate concentrations produced a marked stunting of both 

lettuce and cabbage plants and resulted .in pink picjmentation of 

cabbage leaves and stems and the death of cotyledo~s on ~oth 

species (Plate VI A 3.2(a)). At the two highest phosphate 

concentrations .(7. 7 and ~o. 7 uMP) plant size appea~ed to be 

depressed, plants in these treatments having a general chlorosis 

of the older leaves. 

The mean of the daily determinations of phosphate concen-

tration and pH of each nutrient solution are presented in Table 

VI A 3.2(a). These values are close to the nominal values,· the 

greatest departure occurring at the highest phosphate concen-
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PLATE VI A 3. 2 (a) 

Cabbage and lettuce plants grown at eight levels of phosphate 

in the continuous-flow nutrient units. Photographed at harvest 

after 35 days growth · in the units. Numbers 1-8 are plants 

grown in solutions of 0.06, 0.12, 0.24, 0.48, 0.96, 3.84, 

7.68 and 30.72 uMP respectively. Note the relatively better 

growth of cabbage than of lettuce at the lower solution 

phosphate concentrations. 
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TABLE VI A 3 • 2 ( a) 

+ Mean Phosphate Concentration and pH (x _ t 0 •05 sx) 

of Nutrient Solutions Containing Lettuce and Cabbage 

(Each value the mean of 30 readings) 

Nominal Phosphate 
Concentration (uMP) 

Measured Phosphate 
Concentration (uMP) 

Measured pH 
(Nominal pH = 5.6) 

o.o~ 0.07±0.01 5.55+o.o9 

0.12 0.12.±0.01 + 5.52_0.13 

0.24 -+ 0.23_0.02 
I 

5.55:::1::°0.13 

0.48 + 0. 45 _ 0.02 5.57:±0.11 

o.96 + 0.96_0.03 --+ 5. 48 __ 0 .13 

3.84 3.95±0.08 5_47+0.11 

7.68 8.,08 i 0 .09 5.54-+o.11 

30. 72 28.33-=l-o.37 5.49+0.09 



tration. However, the standard error of the means were less 

than those of the corresponding phosphate concentrations in 

experiment 1 (Table VI A 3.l(a)). 

VI A 3.2(b) Dry weight yields and relative plant growth rates 

As in experiment 1 (Section VI A 3.l(b)) the total plant 
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dry weight yields at each phosphate concentration were expressed 

as a percentage of the maximum dry weight of each species and 

the arcsine ;---transformations of these values were subjected 

to an analysis of variance. The means of these values are 

presented in Figure VI A 3.2(b). Because the phosphorus treat­

ments were not replicated the main effect of phosphorus could 

not be tested, however, for species and species x phosphorus 

interaction components a significant result was obtained (p = 

0.001). At four of the five lowest phosphate treatments the 

relative dry weight yields of cabbage were significantly greater 

than those of lettuce. In addition the maximum plant dry w~ight 

for cabbage was achieved at a solution concentration of 0.45 

uMP whereas for lettuce a concentration almost nine times that 

(3.95 uMP) was required to achieve maximum yield. At all 

phosphate concentrations lettuce had a higher percentage of 

its total dry weight present in the root component, 29.7 - 18.4% 

for lettuce compared with 20.5 - 12.1% for cabbage (Table VI A 

3.2(b)). 

The mean relative growth rates for cabbage were also higher 

than those for lettuce at each phosphate level (Table VI A 3.2 

(b)). However, when comparisons were made at the point of 

maximum yield the relative growth r'ates of lettuce and cabbage 

were much closer being 14.0 and 14.4 g dry matter/100 g dry 

matter/day, respectively. 
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FIGURE VI A 3.2(b) 

Relative dry weight yields of lettuce and cabbage 

expressed as a percentage of the maximum yields 

(arcsine J---- transformed values), when grown at 

eight phosphate concentrations in solution culture. 

Note difference between cabbage and lettuce in the 

solution phosphate concentration required for 

maximum yield. 

FIGURE VI A 3.2(c) 

Relative total plant phosphate content of cabbage 

and lettuce grown at eight levels of phosphate in 

solution culture (values expressed as a percentage 

of the maximum phosphate content). 
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TABLE VI A 3.2(b) 

Mean Values of the Following Parameters of Cabbage and Lettuce Grown at 

Eight Phosphate Levels 

Solution Root Root Phosphorus Relative Rate of 
Phosphate Weight Phosphorus Utilization Growth Phosphorus 
Concentration Ratio Ratio Qll'Otient Rate Absorption 
(uM) (% D.W.) (% Plant P) (g D.M./mg (g D.M./100 g (ug atoms P/g 

atom P) D.M./day) F.W. root/day) 

c L c L c L c L c L 

0.06 20.0 25.7 34.3 41. 5 21. 2 38.4 8.3 7.9 1.3 I 0.6 

0.12 20.5 24.5 27.5 45.4 11.9 34.5 11.6 9.0 3.4 o.a 

0.24 15.9 28. 7 19.1 44.3 8.7 19.6 12. 9 10.0 5.8 1. 3 

o.48 14.0 29.7 16.3 33.6 8.1 8.8 14.4 11.8 7.4 2.7 

o.96 13.7 24.7 14.4 24.2 6.6 6.4 14.0 12.9 9.4 4.1 

3.84 12.5 18.4 15.o 17.5 5.9 4.3 14.l 14.0 11. 3 8.4 

7.68 13.0 21.0 16.i 21.8 5.7 4.6 14.2 13.6 11. 2 6.8 

30. 72 12.l 22.7 14.5 26.6 5.9 5.2 14.3 12.8 13.7 6.9 



VI A 3.2(c) Tissue phosphorus concentrations, total phosphate 

absorbed and rates of absorption 
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The average shoot and root phosphorus concentrations of 

both species are presented in Table VI A 3.2{c). In both cases 

there was a significant phosphate x species interaction (see 

Appendix VB2), the root and shoot phosphorus concentrations of 

cabbage being significantly greater (p = 0.001 for roots and 

p = 0.05 for shoots) than those of lettuce at the four lowest 

levels of solutiqn phosphate while at the.three highest levels, 

the values for lettuce were significantly greater (p = o.oS) 

than those of cabbage. However, at the point of maximum yield 

the root and shoot tissue concentrations of cabbage (4484 ppmP 

and 3741 ppmP for roots and shoots) were much lower than those 

of lettuce, (6886 ppmP and 7373 ppmP for roots and shoots). 

The total plant phosphorus contents of both species were 

determined from the dry weight and phosphorus concentration 

data for roots and shoots and the mean values, expressed as a 

proportion of the maximum total phosphorus content of each 

species, ar~ presented in Figure VI A 3.2(c). These curves 

show a similar trend to the corresponding dry weight curves 

although the difference between lettuce and cabbage is more 

marked because of the proportionately greater depression 'of 

the lettuce tissue phosphorus concentrations at the lower 

levels of phosphate in solution. 

Due to large differences in root dry weight between 

lettuce and cabbage (AppendixV B.l) the relative or total 

phosphorus content/plant is not a true indication of the 

amount of phosphate absorbed/unit of root weight. The mean 

rates of phosphate absorption/unit root weight were, therefore, 
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TABLE VI A 3.2(c) 

Mean Shoot and Root Tissue Phosphate 

Concentrations of Lettuce and Cabbage 

Grown at Eight Phosphate Levels 

(Each value the mean of three replicates) 

Phosphate Shoot Phosphate Root Phosphate 
Concentration (ug Pig shoot D.W.) (ug Pig root D.W.) 
(uM) 

Cabbage Lettuce Cabbage Lettuce 

0.06 1197 639 2748 1316 

0.12 2374 647 3498 1672 

0.24 3413 1233 4274 2441 

0.48 374l(a)* 3324(a) 4484 3972 

0.96 4664(b) 487l(b) 494l(c) 4 7 28 (c) 

3.84 5124 7373 6336 6886 

7.68 5222 6737 6 771 (d) 7003 (d) 

30.72 5151 5675 6286 6926 

*Orthogonal comparisons between species'at each phosphate 

concentration - values followed by same letter not 

significantly different (P = 0.05) by the least 

significant difference test. 
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calculated using the formula of Williams (1948). These values 

were based on root fresh weights rather than dry weights since 

fresh weight was considered by Loneragan and Asher (1967) to be 

the better measure of the actual absorbing surface of the root. 
I 

Mean rates of phosphate absorption per unit of root fresh 

weight were greater for cabbage than for lettuce at each 

phosphate concentration (Table VI A 3.2(b)). From solutions 

containing 0.06 to 0.96 uMP the rate of phosphate absorption 

by cabbage was from two to four times greater than that of 

lettuce but at highe~ concentration~ the difference was less. 

Maximum plant yield occurred at a mean rate of phosphate uptake 

of 7.4 and 8.4 ug atomsP/g root fresh weight/day for cabbage 

and lettuce respectively. 

VI A 3.2(d) Plant utilization of phosphorus 

Phosphorus utilization quotients, calculated from the data 

for mean total plant dry weight and mean· total plant phosphorus 

content (Table VI 3.2(b)); show a rapid decrease for each 

increase in solution phosphate concentration until a steady 

value of about 5-6 g dry matter/mg atom P was attained for 

both species at the higher levels of phosphate. The inefficiency 

of lettuce in absorption of phosphate at the three lowest 

concentrations of phosphate is illustrated by its much higher 

utilization quotients in comparison with those of cabbage. At 

the point of maximum yield of each _species, however, cabbage was 

able to produce about twice as much. dry ma~ter/unit of phosphate 

as did lettuce plants. 



The distribution of total plant phosphorus between 

roots and shoots is shown in Table VI A 3.2(b). These root 

phosphorus ratio values follow a similar trend to the root 

weight ratios, i.e. decreasing with each increase in solution 

phosphate concentration, with a tendency for lettuce to show 

an increase at the two highest levels of phosphate. Through­

out the range of phosphate levels used in this study cabbage 

had a substantially lower percentage of its total phosphorus 

in the root component than that found for lettuce. 
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VI B SHORT TERM PHOSPHATE ABSORPTION BY 

BXCISED ROOTS 

VI B l INTRODUCTION 

As a result of the marked differences between species in 

their mean rates of phosphate absorption calculated for growth 

periods of four to five weeks and reported in the previous 

section (Tables VI A 3.l(c) and VI A 3.2(b)), the following 

short term uptake experiments were carried out to study the 

process of plant phosphate absorption. Kinetic analysis of 
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the uptake data was performed to evaluate the biological constants 

controlling the uptake of phosphate by the roots of the four 

plant species.. Such constants may at least partly explain the 

different response of each species to increasing increments of 

phosphate applied to either soil or solution cultures. 

Experiments were performed using both sterile and non-sterile 

root tissue in order to evaluate the role of micro-organisms 

in phosphate absorption. 

VI B 2 MATERIALS AND METHODS 

VI B 2.1 Phosphate absorption by non-sterile roots 

VI B 2.l(a) Production of root material 

A weighed quantity of seed of each species (equivalent to 

about 2000 seeds) was surface sterilized in 100 ml 7% calcium 

hypochlorite filtrate for one hour and then washed in four 

changes of sterile distilled water. Sterilized seeds were 

placed in cheesecloth "teabags" and immersed in aerated 0.5 

mM CaS04 solution at 20°c for six hours pefore they were placed 

in the growth cabinet on stainless steel screens (30 x 25 cm) 



suspended over 10 l of continuously aerated 0.5 mM caso 4 

solution. After 48-72 hours in the growth cabinet at 20°c 
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germination had occurred and the CaS04 was replaced by complete 

1/10 Hoagland's solution at pH 5.6. These solutions were 

replaced at three day intervals and root material required for 

experimentation was excised after 10-12 days growth of lettuce 

and cabbage seedlings (Plate VI B 2.1) or after 16-18 days 

for the slower growing grasses. 

VI B 2.l(b} Short-term uptake technique 

Basically the method followed was that outlined by Epstein, 

Schmid and Rains (1963) . Briefly this consists of incubating 

a known weight of freshly excised root tissue in solutions of 

32P labelled phosphate, precisely controlled with respect to 

concentration, temperature and pH. After a short period of 

absorption the exchangeable 32P is desorbed·from the root tissue 

and the amount of actively absorbed 32P in the.r9ot tissue is 
-~ 

measured. Knowing the specific activity ef/:~)2P in the original 

absorption solutions and assuming an identical specific activity 

in the root tissue the amount of phosphoru? absorbed during the 

time period can be calculated. 

32P solution 32P root 
Since =, 

31P solution 31 P root 

31P root 
31P solution x 32P root = 

32P solution 



PLATE VI B 2.1 

Non-sterile cabbage (right front) and lettuce (left front) 

seedlings photographed after 12 days growth and irrunediately 

prior to excision of root tissue for use in short-term 

phosphate uptake experiments. Note stainless steel stand 

and screen, covered with a single layer of cheesecloth, for 

s upport i ng seedlings (at rear) . 
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Roots were excised below the stainless steel screens, 

rinsed in deionized water and placed in o.5 mM CaS04 solution. 

Root samples were removed, blotted gently with paper towels to 

remove free water and 0.3 g samples were quickly weighed and 

placed on a square (20 x 20 ems) of nylon mesh ( 1 .mm apertures) 

which was formed into a "teabag" and closed with a plastic clip 

as described by Epstein, Schmid and Rains (1963) . Each root 

sample was labelled with an aluminium strip tied to the plastic 

clip by a length of cotton thread. The "teabags" with.their 

root samples were each immediately placed in an equilibrati~n 

solution of 10 1 of aerated 0.5 mM CaS04.solution maintained. 

at 25°c by an immersion thermostat unit, ( "Thermomix II" -

B. Braum; Western Germany). After ~ 45 min. equilibration 

period the root samples wer~ removed individually, at two minute 

intervals, shaken to remove excess solution and.at zero time 

each sample was immersed in the appropriate, aerated experimental 

solution (se~ Plate VI B 2.2). All experimental solutions 

contained o.5 mM CaS04 and 32P labelled KH2P04 (as·potassium 

dihydrogen orthophosphate P32 aqueous solution (Radiochemical 

Centre, Amersham, Bucks., England) or as high specific activity 

orthophosphate - P32 in dilute HCl (Australian Atomic Energy 

Commission, Lucus Heights, N.S.W.). In the latter case the 

chloride was removed using the method of Leggett et al. (1965)). 

The solutions were adjusted to pH 5.5 using dilute KOH and H2S04. 

Just prior to the absorption period an aliquot of solution was 

removed from each treatment so that the specific activ~ty of the 

phosphate in solution could be determined. The experimental 

solutions were held in plastic pots and were maintained at 25°c 

by immersion in water baths heated by "Thermomix II" units. 
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PLATE VI B 2.2 

Apparatus used for conducting short-term uptake experiments 

with excised roots and radio-active phosphate. Radio-active 

solutions, held in plastic vessels which were immersed in 
. 

heated water baths, were continuously aerated using the small 

pump in the foreground. Root samples in nylon mesh "teabags" 

attached to a cotton thread and a labelled aluminium strip 

can be s een immersed in each solution. 
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To prevent depletion of phosphate in solution during the 

absorption period the volume of solution used varied with 

phosphate concentration from 2 1 at 0.1 uMP to 250 ml at 1000 

uMP. The specific activity of phosphate in these solutions 

also varied with concentration'but at no time exceeded 20 uCi/ 

uMP. The highest specific activities were used at the lowest 

phosphate concentration to ensure that suitable final count 

rates were obtained in all root samples. At the end of the 

uptake period of 20 min., each root sample in its "t~abag" was 

individually removed from the solution, washed for 1 min. under 

cold running tap water and placed in 400 ml of desorbing 

solution (10 uM KH2P04 (unlabelled) and 0.5 mM CaS04) maintained 

0 at 3-4 C in a refrigerated water bath. After a 45 min. 

desorption period the "teabags" were rinsed under cold running 

tap water and the root samples were removed and arranged loosely 

in a glass counting vial. These samples were oven dried over-

nj_ght at 65°c. 

VI B 2.l(c) 32P Counting procedure 

Cerenkov radiation (Jelley, 1958), produced by the radio-

active samples' emission of p particles was counted using a 

Unilux I Liquid Scintillation Counter (Model 6850, Nuclear-

Chicago Corp., America) with the amplifier gain control adjusted 

f . t. ff. . f 32 or maximum coun ing e iciency or P. Distilled water and a 

wavelength shifter (2-naphthyamine 6, 8-disulphonic acid, NADA), 

to increase counting efficiency (L£uchli, 1969), were added to 

each sample to give a total volume of 15 ml solution/counting 

vial. A final concentration of 2.5 mM NADA was found to produce 

the optimum count rate and this concentration was established 

in all vials, including the solutions used for determining back-
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ground count rate and absolute counting efficiency. The 

efficiency of counting 32P in root and solution aliquot samples 

was determined using a standardised 32P solution (Type S, 

accuracy 3% - Australian Atomic Energy Commission, Lucas 

Heights, N.S.W.) and the method of L~uchli (1969). The count­

ing efficiency of 32P in solution was 30.7% while for the root 

samples it varied with the plant species and ranged from 15.2% 

for ryegrass to 24.3% for cabbage. These differences in 

counting efficiency were corrected for in the final calculations. 

VI B 2.l(d) Experimental design 

The design of these experiments was controlled by the 

total number of experimental units (i.e. 32P labelled 

absorption solutions) that could be set up and by the time 

required to weigh and prepare the corresponding number of 

excised root samples for experimentation. A maximum number of 

20 units was decided upon and with this number of root samples 

and experimental solutions the entire experimental procedure 

for each root sample was completed within 3 hours from root 

excision. 

Two types of studies were conducted; "concentration" 

experiments where phosphate uptake by excise'd roots in 

solutions of different phosphate concentrations were measured 

over a fixed per1od of absorption, and "time" experiments where 

absorption was measured for a number of different uptake 

periods. In each "concentration" experiment excised root 

samples of two species, either lettuce and cabbage or ryegrass 

and phalaris (ten samples/species) were incubated at 25°c for 

absorption periods of twenty minutes in solutions of ten 

different phosphate concentration; O.l, 0.5, 1, 5, 10, 25, 50, 
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100, 500 and 1000 uMP. A separate experimental solution was 

used for each root sample and solutions at the same phosphate 

concentration but containing root samples of different species 

were always incubated in a single water bath. Three different 

"concentrationri experiments were performed, each requiring a 

separate batch of plant seedlings. In the first experiment 

phosphate absorption of excised lettuce and cabbage roots were 

compared, each root sample consisting of the entire seedling 

root (primary plus laterals). Because of differences in rate 

of phosphorus uptake between primary and lateral roots of a 

single species (Russell and Sanderson, 1967; Rovira and Bowen, 

1968, 1970) in the second and third experiments, using grass and 

vegetable species respectively,the roots were e~cised more 

carefully so that as far as possible only that part of the 

primary root without laterals (apical 2-4 cm) was included in 

the samples. 

For e~ch experiment, additional root samples were excised 

from the same plant batch and "time" experiments at high and. low 

phosphate concentrations were conducted to check that a steady 

state of root phosphate absorption was maintained.over the 

twenty minute uptake period. In the first and s_econd experiments 

"time" studies were conducted with the solutions remaining 

after the "concentration" study had been completed, absorption 

being measured for 7, 13 and 20 min. uptake periods. In the 

third experiment. with lettuce and cabbage the "time" study was 

made prior to the "concentration" study and separate experimental 

solutions were used for each. In the "time" study,phosphate 

absorption by lettuce and cabbage roots was.measured for five 

time periods, 4, 8, 12, 16 and 20 mins. and two phosphate 



concentrations, 0.5 uMP (1500 ml solution) and 500 uMP (250 ml 

solution), a total of ten solutions/species. 

VI B 2.2 Comparison of phosphate absorption by sterile and 

non-sterile roots 

VI B 2.2(a) Production of root material 
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Seed of lettuce and cabbage was separately surface sterilized 

by treatment in 0.02% Thiram solution for 48 hours to kill fungi, 

followed by treatment for 1 hour in 7% calcium hypochlorite 

filtrate. After washing the seed in four changes of sterile 

distilled water the seeds were aseptically transferred to 

sterile plates containing nutrient agar, (Barber, 1967)." Where 

aseptic conditions were required to be maintained all operations 

were performed on the bench of a laminar air-flow unit (Gelman 

Clemco Pty. Ltd., Artarmon, N.S.W.). The plates containing 

the sterilized seeds were placed in the growth cabinet at 20°c 

and.after 72 hours most seed had germinated. Those germinated 

seeds found to be sterile (free of visible microbial growth) 

and normally developed were aseptically transferred to sterile 

250 ml Erylenmeher flasks capped with inverted 100 ml beakers. 

Each flask contained 200 ml of sterile~ strength .Hoag~and's. 

solution and a stainless steel screen was suspended in a glass 

tube just above this solution (Figure VI B 2.2). Six sterile, 

germinated seeds of either lettuce or cabbage were placed on 

the screen in each flask. Twelve flasks of each plant species 

were rendered non-sterile by addition of a 1 ml aliquot of a 1% 

aqueous suspension of krasnozem soil to each flask and the 

remaining flasks (15) were maintain~d aseptic. All flasks were 

replaced in the growth cabinet an9 three days before harvest a 

1 ml aliquot of solution was removed from each flask and plated 

onto ste·rile nutrient agar. After 18 days growth the whole 
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FIGURE VI B 2.2 

Diagramatic representation of the apparatus 

used to grow sterile lettuce and cabbage 

plants. 

The complete apparatus was heat-sterilized 

prior to the addition of surface-sterilized 

seeds. 



i-------100ml Beaker. 

Stainless Steel Screen 

'----250 ml Flask 

200ml Hoagland's Solution 
(half strength) 
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root system of each seedling was excised; the six root systems 

in each tube comprising one sample for the absorption study. 

VI B 2.2(b) Experimental 

The short term uptake and counting procedures used in this 

experiment were the same as those given in Section VI B 2.l(b) 

and (c) but with the following exceptions:-

(i) Root samples were weighed afte~ the uptake procedure 

to obtain root fresh weights 

(ii) All washing, equilibrating and experimental solutions 

were sterilized by autoclaving at 121°c for 1 hour, 

the distilled water, potassium dihydrogen phosphate 

and calcium sulphate solutions being autoclaved 

separately 

(iii) Sterile and non-sterile root samples were equilibrated 

in different containers, each holding 2 1 of sterile 

0.5 mM CaS04 solution at 25°c. 

(iv) Sterile and non-sterile roots of both lettuce and 

cabbage were incubated in the same sterile experimental 

solutions during the 30 min. uptake,period. 

(v) The specific activity of phosphate in the experimental 

solutions was increased to a maximum of 50 uCi/uMP to 

obtain sufficient final count rates in the small root 

samples. 

(vi) Desorption of sterile and non-sterile roots was carried 

out in separate solutions. 

Rates of phosphate uptake by sterile and non-sterile 

lettuce and cabbage excised roots were determined for ten 

phosphate concentrations in the range 1-1000 uMP. The total 
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volume of the experimental solutions varied from 500-200 ml and 

was greatest at the lowest phosphate concentration. Twenty 

root samples of each species, ten sterile and ten non-sterile 

were used for this study, one root sample of each treatment 

group being incubated in each of the ten experimental solutions 

of different phosphate concentration. 

VI B 3 RESULTS 

VI B 3.1 Phosphate absorption by non-sterile roots 

The rates of phosphate absorption by excised roots of the 

four plant species over the concentration range O.l - 1000 uMP 

are presented in Figures VI B 3.1, 3.2 and 3.3. In both 

experiments using the vegetable species the rate of phosphate 

uptake by cabbage roots was found to be two to six-fold greater 

than that of lettuce roots at all phosphate levels studied. 

The difference between these species was greater in experiment 1 

where all the root (primary plus laterals) was sampled. The 

absorption plots for lettuce were'similar,although.not identical, 

for the two experiments, but for cabbage two to, three-fold 

differences in uptake rate were observed when comparisons were 

made between experiments. The absorption plots for both grasses 

were similar to each other but ryegrass had a slightly higher 

rate of absorption at each phosphate concentration in the range 

0.1 - 1000 uMP. _The rate of uptake by the grasses was greater 

than that for both lettuce and cabbage roots when similar 

samples were used (i.e. primary roots, no laterals). 

Kinetic analysis of the phosphate absorption data was 

carried out in an attempt to isolate the reaction mechanisms 

involved and explain in detail the components of phosphate 

absorption in each species. The use of Michaelis-Menten 

kinetics for the analysis of ion absorption data as described 
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FIGURE VI B 3.1 

Rate of phosphate absorption from solution 

culture for whole, excised roots of cabbage 

and lettuce grown under non-stertle conditions. 

Note the greater rate of phosphate uptake by 

cabbage over the entire range of phosphate 

concentrations (O.l - 1000 uM). 
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FIGURES VI B 3.2 and 3.3 

Rate of phosphate absorption by excised roots (free of laterals) of 

cabbage, lettuce, ryegrass and phalaris grown under non-sterile 

conditions in solution culture. 

Note the greater rate of phosphate uptake by the grasses in comparison 

with that of the vegetables, and the greater rate of phosphate uptake 

by cabbage when comparisons are made between vegetable species. 
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by Epstein and Hagen (1952) and Hagen and Hopkins (1955) is 

conditional upon steady state uptake during the period of 

absorption. This requirement was fulfilled by the "time" 

studies in which the rate of phosphate uptake by excised roots 

of all species remained essentially linear at both high and 

low phosphate concentrations over the 20 min. uptake period, 

(Figures VI B 3.4 and 3.5). In most cases these "time" lines 

intersected the axis at the origin and there was no positive 

intercept on the y-axis. 

When rate of phosphate absorption/unit weight of root 

was plotted against rate of absorption/unit weight root (Eadie 
phosphate concentration in solution ' 

1942) a curvilinear relationship was obtained for each species 

over the concentration range O.l - 1000 uMP. These are shown 

in Figures VI B 3.6 - 3.7 and indicate that for all species 

two or more first order reactions are involved in the absorption 

of phosphate by the roots. These curvilinear plots were 

resolved into two linear components, the "a" and 11 b 11 reaction 

mechanisms, using the graphical method of Hofstee (1952) 

together with a mathematical solution based on simultaneous 

equations (see Appendix VIB) to solve for Vmax (the maximum 

absorption rate) and Km (the apparent dissociation constant of 

the carrier-phosphate complex) of both "a" and "b" reactions 

for all four plant species. The values of Vmax and Km are 

given in Table VI B 3.1 and the contribution of the "a" and "b" 

reaction mechanisms to the total phosphate absorption capacity 

of each species was calculated in the concentration range 0.1 -

1000 uMP using the equation 
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FIGURES VI B 3.4 and 3.5 

"Time curves" (phosphate uptake vs absorption time) 

at high and low solution phosphate concentrations 

for excised, lateral-free roots of grasses and 

vegetables. 

(R, P, C and L = ryegrass, phalaris, cabbage and 

lettuce respectively) 
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FIGURE VI B 3.6 

Eadie plots of the phosphate absorption data 

for whole, excised roots of cabbage and lettuce 

grown under non-sterile conditions. These 

have been resolved into the two linear 

components, the "a" and 11 b 11 reaction mechanisms. 
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FIGURE VI B 3.7 

Eadie plots and their resolution into two linear 

components for the phosphate absorption data 

for non-sterile, lateral-free, excised roots 

of grasses and vegetables. 
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TABLE VI B 3.1 

Maximum Rates of Phosphate Uptake (Vmax, nMP/g fres~ 

root/hrJ and Apparent Dissociation Constants (Km, MP) 

for the "a" and "b" Reactions of Phosphate Absorption 

of Non-sterile Cabbage, Lettuce, Ryegrass and Phalaris 

Roots. 

Treatment Vmaxa 

Cabbage l* 1160 652 1. 4 

Lettuce l* 301 74 2.2 

Ryegrass 2 337 431 0.7 

Phalaris 2 266 413 1.1 

Cabbage 3 570 148 2.6 

Lettuce 3 199 70 1.1 

*l = Whole excised root (primary + laterals) 

2 and 3 = Excised root tip, free of laterals 

3.0 

1.5 

2.3 

3.3 

1.3 

1.2 

242 



v = Vmax (P) 
(P) + Km 

where v = rate of phosphate absorption at any phosphate 

concentration (P) . 

These values are plotted in Figures VI B 3.a 

For the vegetables Vmax a was always greater than Vmax b 

(Table VI B 3.1) and as the "b" reaction became saturated at a 

concentration of 50-100 uMP, at the higher concentrations of 

phosphate,. the phosphate absorbed by the "a" reaction comprised 

the major component of the total phosphate absorbed. However, 

with ryegrass and phalaris the reverse was true, Vmax b being 

greater than Vmax a, and at all concentrations in the range 

o.l - 1000 uMP the "b" reaction remained the principle 

absorption mechanism~ The affinity of the ,two reaction 
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mechanisms for phosphate, given by Kma and Kmb (Table VI B 3.1) 

show that a difference of approximately two orders of magnitude 

occurs between the values of these constants for each plant 

species, the values for Kma being the greatest (i.e. lower 

affinity for phosphate). Differences in Km between species also 

occurred ~nd in general the Kma values for the grasses were less 

and the Kmb values were greater than those of the vegetables. 

Values of Kma anq Kmb for cabbage and lettuce varied between 

experiments l and 3, where different types of roots were used 

to measure rate of phosphate absorption. 

VI B 3.2 Comparison of phosphate absorption by sterile and non-

sterile roots 

Of the fifteen flasks of each species set up as sterile 

cultures only two flasks, both containing lettuce plants, were 



FIGURE VI B 3.8 

Rate of phosphate absorption by the "a" and "b" reaction mechanisms 

in relation to solution phosphate concentration, for non-sterile, 

excised roots of vegetables and grasses. 

(Data derived from Figure VI B 3.7) 

Note .the difference between the grasses and the vegetables in the 

relative magnitudes of their, "a" and "b" reaction mechanisms. -, 
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found to be contaminated with micro-organisms at harvest time. 

Plants from these flasks were not used in the subsequent absorp­

tion experiment. In the non-sterile cultures, solution aliquots 

taken from each flask were all found to contain a wide.variety 

of bacterial species when incubated on sterile agar plates. 

Despite this difference between sterile and non-sterile cultures 

there appeared to be no difference in either total plant growth 

or in root structure or length between plants grown in the 

different culture treatments. 

The rates of phosphate absorption determined for sterile 

and non-sterile roots of lettuce and cabbage at each phosphate 

concentration are presented in Figures VI B 3.9 and 3.10. For 

cabbage the rate of phosphate uptake by non-sterile excised 

roots was from two to four times that of the corresponding 

sterile roots 'at all concentrations in the range 1 - 1000 uMP. 

For lettuce, however, there was little difference in the rate 

of phosphate uptake between sterile and non-sterile excised 

roots although below 100 uMP there was a trend showing the 

sterile roots to have slightly lower rates of phosphate ab.sorp­

tion than their non-sterile counterparts. 

Kinetic analysis of the absorption data was carried out 

as described previously (Section VI B 3.1). Eadie plots 

(Eadie, 1942) of the uptake data (Figures VI B 3.11 - 3.14 

show that a curvilinear relationship was obtained for both 

sterile and non-sterile roots of each species and these were 

resolved into two first order reactions, "a" and "b" in each 

case. The values Vmax,Km determined from these plots are given 

in Table VI B 3.2. In all treatments Vmaxa was greater than 

Vmaxb and the values of Kma were approximately two orders of 

ma9nitude greater than those of Kmb. Comparison of absorption 



FIGURES VI B 3.9 and 3.10 

Rates of phosphate absorption by sterile and non-sterile 

excised roots of cabbage and lettuce from solutions 

ranging in concentration from 1 - 1000 uMP. 
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FIGURES VI B 3.11 - 3.14 

Eadie plots of the phosphate absorption data 

(Figures VI B 3.9 and 3.10) and their 

resolution into "a" and "b" reaction mechanisms. 
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rates of sterile and non-sterile, excised roots of lettuce 

show that the values of Vmaxa and Vmaxb are similar. Similarly 

there was little difference between the Km values obtained for 

excised lettuce roots grown under sterile and non-sterile 

conditions. For cabbage, however, the values of Vmaxa and Vmaxb 

obtained with non-sterile roots were approximately double those 

of the sterile roots. In addition there was also a large 

difference in the value of the constant Kma between sterile 

and non-sterile cabbage roots although the values of Kmb were 

similar for both treatments. 

In these experiments the major difference between lettuce 

and cabbage in phosphate uptake was due to differences 

between species in the value of Vmax, since· with one exception 

(Kma, cabbage) the Km values of both lettuce and cabbage were 

found to be within a narrow range of values (Table VI B 3.2). 

Because of the different response of the two species to sterile 

conditions, relative to their response under non-sterile 

conditions, the difference in rate of phosphate uptake between 

lettuce and cabbage depended very largely on the microbial 

treatment considered. Under non-sterile conditions the value 

of Vmaxa for lettuce was less than 60% of that for cabbage 

whilst the, Vmaxb value of lettuce was about 125% that of cabbage. 

However, under sterile conditions the values of Vmaxa and Vmaxb 

were both lower than those of lettuce being about 80% and 50% 

of those for lettuce respectively. 



TABLE VI B 3.2 

Maximum Rates of Phosphate Uptake (Vmax, nMP/g fresh 

root/hr) and Apparent Dissociation Constants (Km, MP) 

for the 11 a 11 and "b" Reactions of Phosphate Absorption 

of Lettuce and Cabbage Roots. 

Treatment Vmaxa Vmaxb Kmaxlo4 Kmbx106 

Cabbage 

Non-sterile 338 61 1.4 1.0 

Cabbage 

Sterile 168 31 10.3 1.1 

Lettuce 

Non-sterile 192 77 1.5 1.1 

Lettuce 

Sterile 199 65 1.7 1.6 

Ratio, Cabbage 

Non-sterile:Sterile 2.0 2.0 O.l 0.9 

Ratio, Lettuce 

Non-sterile:Sterile 1.0 1.2 0.9 0.7 

249 
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VI C DISCUSSION 

Studies in which plants were grown in a range of phosphate 

concentrations· using a continuous-flow nutrient solution system 

have indicated that the four species, cabbage, lettuce, ryegrass 

and phalaris differ in their response to low concentrations of 

phosphate applied in solution. Although responses in terms of 

both dry weight yield and phosphate absorbed were obtained for 

all species as the phosphate concentration increased, both 
' 

experiments were marred by depressions in yield at the highest 

level of phosphate, especially in the case of the vegetable 

species. These depressed yields were apparently not the result 

of phosphorus toxicity since the shoot phosphorus concentrations 

at these levels were not excessively high (4931-8136 ppmP) and 

no leaf necrosis was observed. Plants were found by Asher and 

Loneragan (1967) to develop phosphorus toxicity and leaf 

necrosis only when shoot phosphorus concentrations approached 

10,000 ppm qr more. Apparently in the present study an imbalance 

of nutrients or a marginal deficiency of iron or micro-nutrients 

at the highest level of phosphate has resulted in the depressed 

yields, probably because of precipitation reactions with 

phosphate, either within the plant tissue or in the nutrient 

solution. As a result, the maximum dry weight yields of lettuce 

and cabbage in experiment 1, achieved at a concentration of 

0.9 uMP, were probably below the absolute maximum that these 

species could produce had the plants at the highest levels of 

phosphate grown normally. Nevertheless the high rate of 

phosphate absorption and high relative growth rate of cabbage 

at the 0.9 uMP level suggests that this concentration of 

phosphate was near optimal for growth under these environmental 



conditions. In contrast the much lower rate of phosphate 

absorption by lettuce at the same phosphate level (Table 

VI A 3.l(c)) suggests that further increases in phosphate 

concentration may have produced further growth responses~ 

Loneragan and Asher (1967) found that at rates of phosphorus 

absorption of 10 ug atoms P/g fresh roots/day all plant 
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species in their study achieved 78% or more of their maximum 

yields with three species achieving maximum yields. In 

addition all species except one achieved relative growth rates 

of ll.5g dry matter/loo g dry matter/day or more. At the point 

of maximum yield in experiment 1 of the present study, the 

rates of phosphate absorp~ion were 18.4, 7.5, 9.6 and 7.3 ug 

atoms P/g fresh roots/day while the relative growth rates were 

22.6, 19.3, 18.5 and 17.1 g dry matter/100 g dry matter/day 

for cabbage, lettuce, ryegrass and phalaris respectively. Thus 

although the relative growth rates of these species were higher 

than those reported by Asher and Loneragan (1967), for a 

different range of plant species, the rates of phosphate 

absorption were in general lower than those reported by 

Loneragan and Asher (1967). This apparent contradiction occurs 

because the mean phosphorus utilization quotients of cabbage, 

lettuce, ryegrass and phalaris are greater, at the point of 

maximum yield, than the corresponding values reported by 

Loneragan and Asher (loc. cit.) for their plant species. The 

generally lower rates of phosphate absorption recorded in 

this study may also result from the high proportion of root: 

shoot found with these species. At maximum yield, ryegrass 

and phalaris had root weight ratios of about 33% compared with 

only 16-22% for the grasses used by Loneragan and Asher (loc. 

cit.). The relatively greater root system of ryegrass and 



phalaris may have the effect of reducing overall plant demand 

for phosphate and also of reducing the rate of phosphate 

absorption, when expressed per unit of root. Loneragan and 

Asher (1967) have suggested that root weight ratios may be 

important in determining species response to phosphate since 

in their study the species achieving maximum rates of growth 

at low rates of phosphate uptake also had substantially higher 

root weight ratios than did the remaining speci8s. 
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T~e similarity of the phosphorus utilization quotients of 

lettuce and cabbage (Table VI A 3.l(c)) suggests that the much 

higher total dry weight and relative dry weight yields of 

cabbage, compared with those of lettuce, cannot be attributed to 

a difference between species in the efficiency with which 

absorbed phosphate is used in dry matter production. Instead, 

the difference between lettuce and cabbage in dry weight yields 

and also in total phosphate uptake appears to be due to the much 

lower rate of phosphate absorption by lettuce roots. This 

reduces the relative growth rate and ultimately the overall 

plant demand for phosphate below the corresponding values for 

cabbage. The situation is further accentuated by the higher 

root weight and root phosphorus ratios of lettuce compared with 

those of cabbage. 

In comparison with the results of the first experiment, the 

lower temperatures and light intensities and the shorter photo­

periods operating during the second experiment caused a reduction 

in both the rate of phosphate absorption and the relative growth 

rates of lettuce and cabbage. These conditions reduced the 

yield and total phosphorus content of both species at harvest. 

Nevertheless this experiment once again demonstrated that the 

rate of phosphate absorption per unit of root weight was greater 



for cabbage than for lettuce, especially at low concentrations 

of phosphate in solution. The differences observed between 

these species _in the other plant factors, such as root weight 

and root phosphorus ratios (Table VI A 3.2(b)), appear to be 
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the result rather than the cause of the interspecific difference 

in rate of phosphate absorption. 

Further studies on the rate of phosphate uptake by the 

four plant species from solution culture were made using excised 

roots and short-term uptake experiments. Phosphate absorption 

by lettuce, cabbage, ryegrass and phalaris was characterized by 

the simultaneous operation of two separate absorption mechanisms 

which act' in the concentration range 0.1 -_ 1000 uMP. This 

occurred for both sterile and non-sterile roots. The same dual 

mechanisms of phosphate absorption, designated the "a" and "b" 

reactions have been described previously for phosphate uptake 

by a number 9f plant species (see Section II B 4.4). In the 

present study it was not practical to make comparisons between 

all species at the same time. However, the use of excised 

roots of similar physiological development and the growth and 

testing of these under rigidly controlled nutritional and 

environmental conditions should allow valid comparisons to be 

made between the absorption mechanisms of the grasses and the 

vegetables. 

The "time curves" (Figures VI B 3.4 and 5) obtained for 

phosphate uptake by the four species, at both high and low 

concentrations, were found to pass through the origin in ~11 

cases except one and because of the lack of an intercept on 

the ordinate it was not possible to calculate either the carrier 

concentrations (Ra and Rb) or the rate constants of the limiting 
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k3 
step in phosphate absorption RP >- Rl + P inside. Both 

Carter and Lathwell (1967) and Edwards (1970) have found similar 

"time lines" with the intercept at the origin, but previous 

workers; Hagen and Hopkins (1955), Hagen, Leggett and Jackson 

(1957) , Noggle and Fried (1960) , and Andrew (1966) found these 

lines to intercept the ordinate and they considered this value 

to be the amount of phosphate in combination with the carriers 

(i.e. Ra P and RbP). Using these values the above workers 

calculated the rate constants (k3) and the carrier concentrations 

for both reaction mechanisms. Bange and van Germerden (1963) 

have studied the uptake of caesium in short term experiments 

and they questioned the view that the ordinate intercepts 

represent the amount of ion initially bound to the carrier, 

because when a divalent· ion was added to the experimental 

solutions the intercept on the ordinate vanished and the time 

lines passed through the origin. With phosphate experiments 

where ordinate intercepts have been found (Hagen et al., 1957; 

Noggle and Fried, 1960; Andrew, 1966), no divalent cations or 

other anions were present in the experimental solutions. 

However, in the present study and in those of Carter and Lathwell 

(1967) and Edwards (1970) calcium sulphate was added to all 

solutions and the 11 time lines" passed through the origin. 

Leggett et al . .(1965) on the other hand found that 'although 

addition of cacl 2 increased the rate of phosphate uptake, it 

had no effect in changing the intercept of the "time line". 

These differences in the "time line" intercepts and their 

correct interpretation have not yet been satisfactorily 

resolved. In the present studies where differences in Vmax 

were apparent between species it was not possible, because of 

the zero intercept of the 11 time lines", to identify which 
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component of Vmax, k3 or ~ R (since Vmax = SR k3) was responsible 

for the differential rates of phosphate absorption. 

For non-sterile roots the values of Vmaxa + Vmaxb for 

the four species used in this study varied from 250 - 1600 n MP/g 

fresh root/hr. The values obtained by Hagen and Hopkins (1955), 

Noggle and Fried (1960), Andrew (1966) and Cartwright (1972) 

for excised roots of barley, by Noggle and Fried (1960) and 

Andre~ (1966) for lucerne excised roots, and by Carter and 

Lathwell (1967) for excised corn roots all fall within the range 

of values found in the present study. The apparent dissocia­

tion constants (Km's) found for the four species are ~lso 

similar to those previously reported by Fried and Broeshart 

(1967) . Km values determine the proportion of the total 

carrier concentration that is associated, with phosphate at any 

particular phosphate concentration. Thus at 1 uMP, a concen­

tration commonly present in soil_ solutions, the carrier 

associated with mechanism "b" is 45% saturated with phosphate 

for both cabbage and lettuce but only 20-30% saturated for 

the grasses (Figure VI B 3.8 ) . Since the total rate of 

phosphate uptake (Va + Vb) at this concentration is greater 

for the grasses than the vegetables and as absorption by 

mechanism "b" predominates at 1 uMP, it follows that either the 

carrier concentration (Rb) or the rate constant (k3b) must be 

much greater for grasses than for vegetables. For carrier 

mechanism "a" at 1 uMP, the sites are only 1.5, 1.0, 0.5 and 

1.1% saturated while at 100 uMP they are 62.5, 53.5, 35.1 and 

53.7% saturated for ryegrass, phalaris, lettuce and cabbage 

respectively. These differences between species in the affinity 

of their carrier sites for phosphate cannot fully explain the 

variations in rate of phosphate absorption. This also suggests 
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that the other biological constants governing the rates of 

phosphate uptake (i.e. rate constants and carrier concentrations) 

must vary widely between different plant species. In previous 

studies species differences in both carrier concentration 

(Noggle and Fried, 1960) and rate constants (Andrew, 1966) have 

been cited as the primary cause of variation between species in 

the rate of phosphate absorption. 

In some cases (Andrew loc. cit.) these species differences 

have been associated with differences in the size and number of 

roots per sample and since Bowen and Rovira (1967) and Rovira 

and Bowen (1970) have shown that the rate of phosphate uptake 

is not uniform along a length of root it becomes important, 

when comparing plant species, to use roots selected for uniform­

ity in size, type and physiological age~ In the present study 

primary root sections of similar length and development were 

excised from each species and the small differences in physical 

root characteristics are unlikely to account for the observed 

differences in absorption rates between species. The type 

of root used for the uptake studies. does, however, appear to 

be important. When rates of phosphate absorption were compared 

for roots of different type (i.e. whole root systems, experiment 

1, with primary root tip sections free of laterals, experiment 3) 

there were large differences between experiments in the values 

of Vmax and Km obtained with both lettuce and cabbage roots, 

(Table VI B 3.1). This was most marked for cabbage roots where 

a three-fold difference in total Vmax occurred between experi­

ments, the higher rate occurring where lateral roots were 

included in the sample. The relatively smaller increase in 

total Vmax obtained with whole root samples of lettuce in 
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comparison to primary root tips can be explained as a lack of 

extensive lateral root development in lettuce seedlings when 

compared with cabbage seedlings of the same chronological age. 

These results imply that lateral roots, per unit of root weight, 

have a higher rate of phosphate absorption than primary roots 

and this conclusion is supported by the studies of Russell 

and Sanderson (1967) and Rovira and Bowen (1970). 

Comparisons of the rate of phosphate uptake by excised 

primary root sections free of laterals (experiment 2 and 3) 

show that the four species were ranked in order of decreasing 

rates of absorption as ryegrass ~ phalaris ~ cabbage.:> 

lettuce for all concentrations in the range O.l - 1000 uMP, 

(Figures VI B 3.2 and 3.3). when the total rate of absorption 

was resolved into that due to each reaction mechanism obvious 

differences were apparent between the grasses and the vegetables. 

While the vegetables had. a Vmaxa:Vmaxb ratio of more than 2.8 

the ratio for both grasses is less than O. 8, (Table VI B 3 .1) . 

That is, at all concentrations in the range 0.1 - 1000 uMP 

absorption by the "b" reaction of the grasses exceeds that of 

the "a" while for the vegetables the "a" reaction contributes 

the majority of the total phosphate absorbed by the root when 

the concentration exceeds 50 - 100 uMP, (Figures VI B 3.10 to 

3.13). Similar results have been reported by Andrew (1966) who 

found the Vmaxa:Vmaxb ratio varied from approximately 1.0 - 5.0 

for five plant species, the species most efficient in absorbing 

phosphate from low concentrations having the lowest ratio, as 

found with the grass species in the present study. 
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As the experiments discussed above have all been conducted 

under non-sterile conditions and since micro-organisms present 

on roots are known to influence the rate of phosphate absorp­

tion (Rovira and Bowen, 1968; Barber and Frankenburg, 1971), 

the differences between species in the rate and pattern of 

phosphate uptake may be due to interspecific differences in 

either the quantity or activity of the root micro-flora or to 

a differential effect of the rhizosphere micro-flora on root 

physiological and bio-chemical functions. 

Absorption of phosphate by sterile excised roots of 

lettuce and cabbage has been shown (Figures VI B 3:16 and 3.18) 

to be characterized by the operation of two different hyperbolic 

isotherms representing sites of different affinities for 

phosphate. The presence of this dual absorption isotherm 

under sterile conditions supports the recent work·of Cartwright 

(1972) using sterile, excised barley roots and puts in doubt the 

conclusion of Barber and Frankenburg (1971) that the low 

concentration, high affinity mechanism is due to ·micro-organisms 

associated with non-sterile roots. In the present study the 

reaction mechanisms operating under sterile conditions appeared 

to be of a similar type to those operating under non-sterile 

conditions although differences in magnitude were apparent 

between treatments. The absence of micro-organisms affected 

the rate of phosphate absorption but the magnitude of this 

effect was dependant on the plant species involved. When 

comparisons were made between sterile and non-sterile excised 

roots of lettuce the values of Vmax and Km for both "a" and 11 b 11 

reaction mechanisms were similar. The lack of any significant 

difference in either the rate of uptake or the proportion of 
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the total phosphate absorbed by each mechanism, between sterile 

and non-sterile lettuce roots, may be explained as the result 

of either an insignificantly small or inactive rhizosphere 

microbial population or due to a negligible effect of rhizos-

phere micro-organisms on the bio-chemical functioning of the 

root. The former alternative was not the result of a lack of 

micro-organisms in the non-sterile culture flasks since plating 

tests using aliquots of solution from each flask had shown a 

wide.spectrum of bacterial types to be present in each case. 

~or cabbage roots there were much larger differences in phosphate 

absorption rates between microbial treatments. Although the 
\ 

values of Kmb were similar for both sterile and non-sterile 

cabbage roots, Vmaxb for non-sterile roots was approximately 

double the value found for sterile cabbage roots. In a similar 

way the Vmaxa value for non-sterile cabbage roots was twice 

that of sterile roots but in this case the change was 

accompanied by a ten-fold decrease in the value of Kma. How 

the presence of micro-organisms may affect the affinity of the 

"a" carrier site for phosphate is not yet clear, however, it 

appears that rhizosphere micro-organisms are essential for the 

"normal" functioning of cabbage roots with respect to absorp-

tion of phosphate. In view of the recent and convincing 

arguments put forward by Epstein (1972), to substantiate his 

claim that ion uptake by non-sterile plant tissue at low 

external ion concentrations (.(1000 uM) is not due to ion 

absorption by rhizosphere bacterial cells (except for phosphate 

absorption at very low concentrations) , the large difference in 

the rates of phosphate absorption between sterile and non-

sterile cabbage roots at all concentrations in the range 



1 - 1000 uMP must be attributed t'o a microbe induced change 

in the physiological and/or bio-chemical function of the 

plant root. 
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VII GENERAL DISCUSSION 
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By experimentation along a number of different, but 

related lines of approach, this study has attempted to define 

the factor or group of factors which are of primary importance 

in controlling the phosphate nutrition and growth of a number 

of plant species. The use of four plant species enabled 

comparisons to be made between species and the interspecif ic 

differences in phosphate nutrition observed under a variety 

of experimental conditions allowed the important factors in 

plant phosphate nutrition to be identified. 

In both the soil and the continuous-flow, nutrient 

culture experiments interspecific differences in plant' phosphate 

nutrition resulted in different relative yield responses of 

the four species to applied phosphate. These differences could 

not be attributed to the effects of a single factor operating 
, , 

differentially between species, but were found to be due to the 

simultaneous operation of a number of different factors. For 

the purposes of discussion the factors affecting phosphate 

nutrition can be divided into those that operate only in the 

soil situation, such as the efficiency of plant utilization of 

insoluble phosphates, the rate of root extension and the total 

root surf ace area, and secondly those that operate in both the 

soil and in experimental, solution culture situations (i.e. 

the rate of phosphate absorption pe·r unit of root and the 

efficiency with which absorbed phosphate is used in plant 

growth) . 

The relative yield responses of each species to applied 

phosphate were found to be similar when comparisons were made 

between the soil and the solution culture experiments (i.e. all 
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four species were ranked in the' same order of relative yields 

in both experiments) . This suggests that the primary factors 

controlling the responses of these species to applied phosphate 

are common to both the soil and the solution culture situation. 

Thus it appears unlikely that factors operating only in the 

soil situation are involved in the interspecific differences in 

growth and phosphate absorption observed in this study. This 

does not imply that all factors which operate exclusively in 

the soil (i.e. do not operate in solution cultures) are of no 
, .. - ' 

importance in plant phosphate absorption. In this study, root 

phosphatase activity varied considerably bet~een species when 

p-nitrophenol phosphate was used as a substrate. However, there 

was little apparent difference between species in the utilization 

of inositol hexaphosphate and it was concluded that the observed 

differences in p-nitrophenol.phosphatase activity would have 

little significance in the soil situation because of the nature 

of the soil organic phosphate. Despite the .fact tpat there was 

little apparent difference between species in the utilization 

of inositol hexaphosphate (Section V B) or in the volume of soil \ 

surrounding the root which was depleted of phosphate (Section 

IV D), there w~re differences in the ability of these species 

to utilize inorganic phosphates. With aluminium and iron 

phosphate reaction products, the species were ranked in order 

of increasing efficiency of utilization as lettuce <: cabbage <: 
grasses. Since these forms are of special import?nce in 

krasnozem soils this factor may partly explain the differences 

in total and relative phosphate uptake, between lettuce and the 

other three species, observed in the soil experiment (Table IV A 

3 .. 3(iii)). However, in the overall study other factors were 

considered to be of greater importance in determining species 
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responses to phosphate. 

The total phosphate absorbed per plant also depends upon 

the total root length and the rate of root extension since 

these determine the total volume of soil available for phosphate 

exploitation. Although no specific study was made of these 

factors the observations made during the depletion zone study 

indicated that the rate of root extension and the total root 

length per plant were greater for cabbage than for lettuce at 

all stages of seedling growth. This was probably the result of 

the much greater weight and phosphate content of cabbage seeds 

which produced an initial growth advantage for this species in 

compari.son with lettuce. In line with this conclusion, the 

rate of root exten~ion in the grasses (smaller seeds.than the 

vegetables)· was initially less than that of the vegetables. 

However, at later growth stages the total root length of the 

grasses appeared to be greater than that of the vegetables 

because of their finer more highly ramified. root systems. 

Study of the importance of these root characteristics in the 

phosphate nutrition of soil-grown plants was not undertaken in 

detail and further work on these aspects may have been warranted. 

The observation of interspecific differences in plant 

growth and phosphate absorption in solution culture experiments, 

where the ability of a species to utilize insoluble phosphates 

or produce large root surface areas may be neglected, indicates 

that other factors, applicable to both soil and solution 

culture situations, are responsible for determining the yield 

and phosphate absorption responses of these species to applied 

phosphate. These factors are obviously plant characteristics 

associated with uptake and metabolism of phosphate. In the 
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present study the most important factors were found to be the 

rate of phosphate absorption per unit of root and the efficiency 

with which absorbed phosphate was utilized for plant growth. 

Both of these varied with the particular plant species and 

phosphate substrate concentration considered and together were 

largely responsible for the interspecific differences in yield 

and phosphate uptake observed in this study. 

The amount of plant growth produced per unit of absorbed 

phosphate depended upon the tissue phosphate concentrations 

required for maximum growth r~te and also upon the plant's 

capacity for remobilization of the previously absorbed' and 

utilized phosphate. Although reports in the literature (Beeson, 

1941; Bear, Toth and Prince, 1949) had shown that the species 

used in thi~ ~tudy required similar tissue phosphate levels for 

maximum growth, the response curves obtained in the soil 

experiments (Sections IV A and IV B) indicated that the critical 

level of phosphate in ~abbage shoot tissue was much lower than 

that of the other species. As explained in Section IV E this 

was qttributed to a greater remobilization of phosphate in 

cabbage plants due to a nitrogen deficiency resulting from the 

high dry matter production of cabbage plants in comparison with 

the other species. However, in the solution culture experiments 

(Section VI A), where nitrate was provided at adequate levels 

throughout the growth period, the critical level of phosphate 

in cabbage shoots corresponded more closely to that found for 

the other species. The value for cabbage, however, was still 

lower than those for lettuce and the grasses. This difference 

between the soil and solution culture experiments was also 

reflected in the mean phosphate utilization quotients, particularly 
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of lettuce and cabbage. In the soil experiments the utilization 

quotients of cabbage were greater than those of lettuce at each 

phosphate concentration (at least double those of lettuce at the 

lowest concentration) while in the solution cultures the values 

for cabbage were less than those of lettuce at the low phosphate 

levels and equal to, or slightly greater than those of lettuce 

at the higher leveis. The difference in the relative phosphate 

utilization quotients of lettqge ___ q_11Q. cabbage between soil and 
I possi bly1 

solution culture experiments was due to an interaction between 

phosphate and nitrogen within the plant. Where high utilization 

quotients were found, theyl~~Y_ EE:!, attributed to a deficiency of 

nitrogen within the plant which increased the remobilization of 

absorbed phosphate and therefore the utilization quotient. This 

highlights the need for adequate and balanced levels of all other 

nutrients when yield response curves to a particular nutrient 

are used for determination of critical nutrient concentrations. 

The efficiency with which absorbed phosphate was used in 

plant growth also depended upon the proportion of the total 

absorbed phosphate that was translocated to the shoot. Thus in 

the solution culture experiments and to a lesser 'extent in the 

soil experiments the greater relative yields of cabbage at low 

phosphate concentrations, in comparison with those of lettuce, 

were in part due to species differences in the proportion of 

the plant's total phosphate and dry matter accumulated in the 

roots. For example, at the three lowest levels of phosphate 

in the second continuous-flow nutrient experiment (Section VI 

A 2.3) the root phosphorus ratio varied from 45.1 - 41.5% for 

lettuce but from only 34.3 - 19.1% for cabbage while the 

corresponding values for the root weight ratios were 28.7 -

24.5% and 20.5 - 15.9% for lettuce and cabbage respectively. 
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These differences were also accompanied by differences between 

species in the proportion of the total phosphate present in 

organic combination at low levels of applied phosphate (Section 

IV C) . The lower percentage of organically combined phosphate 

and the corresponding higher percentage bf inorganic ortho~ 

phosphate in lettuce shoot tissue grown under phosphate 

deficient conditions may be the result of a lack of carbo­

hydrates or other organic building blocks. Kakie (1969) has 

shown a severe inhibition of 14c incorporation into carbohydrates 

under phosphate deficiency and Hartt (1972) found translocation 

of 14c within the plant to be impaired when phosphate deficiency 

was severe enough to decrease growth. Carbohydrate production 

and subsequent translocation within the plant m~y therefore be 

expected to be inhibited by phosphate deficiency, the severity 

of this inhibition possibly depending on the plant species 

involved. Interspecific comparisons concerning this aspect 

of phosphate nutrition do not appear to be available and studies 

of this type may be valuable in partly explaining the different 

yield response curves of lettuce and cabbage when. grown under 

phosphate deficiency. 

Since the presence of micro-organisms is known to 

increase the percentage of plant phosphate present in nucleic 

acid, phospholipid and phosphoprotein forms, in comparison with 

sterile plants (Bowen and Rovira, 1969), the difference between 

lettuce and cabbage in the percentage of their phosphate found 

in T.C.A. insoluble forms may be used to indicate that these 

species have different rhizosphere populations or have a 

different interaction with their micro-flora. Such an observ-



ation would support the conclusion made in Section VI B 2 

concerning the rhizosphere populations or rhizosphere effect 

produced with these species. 

The other major factor which played an important role 

in defining the growth and phosphate {esponses of the four 

species to applied phosphate was the rate of phosphate absorp-

tion per unit weight of roots. Interspecific differences in 

uptake rates were greatest at the lowest external phosphate 

concentrations and in general the rates of uptake from these 

concentrations were greater for the grasses than for the 
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vegetables, the reverse being true at the higher concentrations. 

This situation may not be unreasonable considering the conditions 

against which these two groups of plants, the grasses and the 

vegetables have been selected and also considering the fact that 
. ' . 

absorption capacity is a bio-chemical process under normal 

genet~c control. Whereas vegetables have b~en selected and bred 

under conditions of high soil nutrient status with levels of 

phosphate of up to 200 lbs P/acre/annum or more being applied 

to vegetable crops (Webster, 1969), the grasses have been 

selected under lower nutrient levels and in general,pasture 

grasses rarely receive more than 20-30 lbs P/acre/annum. These 

differences in soil nutrient status may have selected for 

genetic variation between these species which is .displayed as 

differences between species in the bio-chemical or physiological 

components of the phosphate absorption process. Pigott (1971), 

for example, has indicated that many species characteristic of 

stable vegetation, such as woodland or grassland, show little 

or no significant responses to concentrations of phosphate above 

those normally occurring in the soils they occupy (i.e. the 



absorption mechanisms have become adapted to operate most 

efficiently at certain nutrient concentrations which are 

the norm in the environment in which the species grows) .·. 
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A similar type of response pattern may also apply to the grasses 

and vegetables in this study, the differential absorption 

responses of these species being ultimately dependent upon 

the range of phosphate concentrations to which each species 

has become adaptedo At concentrations above and below this 

range the mechanisms of phosphate uptake may be expected to be 

less efficiently adapted. 

Genetic variation in the mechanism of ion uptake should 

be revealed in short term uptake stuqies where phosphate absorp­

tion of each species was measured over a wide range of phosphate 

concentrations. Fundamental differences in the relative 

magnitude of the two absorption reactions "a" and "b" were 

observed in these experiments, the grasses absorbing a much 

greater proportion of their total phosphate than the vegetables, 

via the low concentration, high affinity "b" carrier mechanism. 

Under non-sterile conditions the rate of phosphate uptake by 

the "b" mechanism of the grasses was from 3-5 times greater th~n 

that for the "b" mechanisms of cabbage and lettuce. This 

explains why the grasses had higher rates of phosphate 

absorption than the vegetables, especially at concentrations in 

the range 0-10 uMP, and supports the conclupion that the 

relative yield responses of these species to applied phosp~ate 

are due in part to differences in their rates of phosphate 

absorption. The observation that at. low phosphate concentrations 

the rate of phosphate uptake by cabbage was greater than that of 

lettuce (i.e. uptake via the "b" reaction mechanism) also 
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contributes evidence to explain why the amounts of phosphate 

absorbed and the relative yield responses at low phosphate 

concentrations were different for the two vegetable species in 

both the soil and the solution culture experiments. The much 

lower rates of phosphate uptake by lettuce, in comparison with 

the other species (see Section VI B 3.1), also explains why, in 

the depletion zone study, the formation of a clear zone of 

phosphate depletion in the soil around lettuce roots lagged 

behind. that for cabbage and the grasses. 

It must be emphasized that in both the soil pot trials 

and the solution culture studies the concentration of phosphate 

in the external solution was such that for all species well 

over 70% of the total phosphate was absorbed via 'the "b" reaction 

mechanism. This situation would apply to- most agricul tu-ral 

soils with the exception of some micro-environments in close 

proximity to phosphate fertilizer granules, thus highlighting 

the fact that the "b".reaction mechanism is the most important 

in determining the rate of phosphate absorption from soils. 

In the short-term uptake studies the use of excised 

roots of adequate phosphate status may raise some doubt as to the 

validity of applying the results to interpret the behaviour of 

species grown at a range of phosphate concentrations, where 

plants of widely different phosphate status are present. For 

example, phosphate deficient roots may be expected to behave 

differently to roots of adequate pho.sphate status. -However, 

the work of Cartwright (1972) with excised barley roots of 

different phosphate status has shown that the phosphate status 

of the root had no effect on the value of Vmaxb and had little 

effect on either the rate constant k 3b or in the "b" carrier 

concentration. The only change was a large reduction in 
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kmb as the roots became phosphate deficient so that the same 

maximum rate of uptake was reached at a lower external phosphate 

level. Cartwright's results suggest that values of Vmaxb 

obtained under conditions of adequate phosphate status may be 

validly applied to roots grown under phosphate deficient 

conditions. His observation that values of Kmb change with 

variations in phosphate status may also explain the slight 

differences in Kmb values of a sin9le species obtained in 

different short-term uptake experiments of this study. The 

extrapolation of results obtained with excised roots to studies 

using whole plants is more' difficult to justify especially in 

view of the differences in phosphate uptake between excised 

and whole roots observed by both Bowen and Rovira (1967) and 

Nassery (1970). However, the short-term nature o.f these 

experiments and the greater convenience of experimentation with 

excised.roots, rather than whole plants, may perhaps justify 

their use. Even so, where possible, short-term absorption 

studies with whole plants are to be recommended as being more 

closely correlated to the natural field situation. 

Barber and Frankenburg (1971) have concluded from 

kinetic analysis of phosphate uptake data of excised roots 

grown under sterile and non-sterile conditions that the low 

concentration, high affinity "b" carrier site was associated with 

the rhizosphere micro-organisms present on the root rather than 

with the plant root cells. Their conclusions applied to the 

present study imply that the differences between grasses and 

vegetables in the rate of phosphate uptake by the 11 b 11 reaction 

mechanism are the result of species differences in the total 

numbers or activities of micro-organisms associated with the 
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roots, the grasses having a greater microbial absorption of 

phosphate than the vegetables. Such an assumption means that 

in the concentration range 0.1 - 1000 uMP, phosphate up.take by 

the rhizosphere micro-organisms of the grasses (i.e. the "b" 

reaction) exceeds that of the grass root tissue despite the 

fact that the root cell volume would be at least 100 times 

that of the associated microbial cell volume. The conclusions 

of Barber and Frankenburg (lac. cit.) were based on an 

assumption that the microbial component of phosphate uptake 

could be determined as theidifference in phosphate absorbed 

between non-sterile and sterile' roots. Their assumption appears 

to be incorrect since it fails to allow for the effect the 

presence of micro-organisms may_have on the root's physiology 

and bio-chemistry, both of which influence the rate of phosphate 

absorption. Thus in the present study and in the study of 

Cartwright (1972) both "a" and "b" reaction mechanisms were 
--.. 

apparent in plant roots grown in the absence of micro-organisms. 

These findings contradict the conclusions made by Barber and 

Frankenburg (1971) . 

The possible role of endotrophic mycorrhizae in increasing 

the rate of phosphate absorption by these species, when grown 

in soil of low phosphate status, has not been investigated in 

this study. Since grasses have been widely recorded as being 

mycorrhizal (Nicolson 1960, 1967), the difference in-phosphate 

uptake between vegetables and grasses at low phosphate 

concentrations may be attributed to the differential activity 

of mycorrhizal fungi. Hqwever, the different response of 

lettuce and cabbage to low concentrations of phosphate could 

not be attributed to a differential mycorrhizal stimulation of 

phosphate uptake since it is known (Bowen, private cormnunication) 



that cabbage, the more efficient species, is one of the few 

crop plants in ~hich mycorrhizal fungi appear to be absent. 

Comparisons between sterile and non-sterile roots of 

cabbage and lettuce have indicated that micro-organisms may 

influence phosphate absorption from solutions by affecting 
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the rate of phosphate uptake of plant roots (Section VI B 3.2). 

Considering the complexity of root exudates and microbial 

species and their interactions in the root rhizosphere it is 

not surprising that differences in the relative importance of 

micro-organisms in phosphate uptake were found between lettuce 

and cabbage plants. These results indicated that under non­

sterile conditions the rate of phosphate absorption by plant 

roots depends to a large extent on the interaction between 

the microbial population and the plant root, the particular 

plant species involved in this interaction being an important 

factor. Loutit (1970) showed that different soil types produce 

different rhizosphere populations on the same plant species, 

so that for phosphate, the effe~t of micro-organisms on the 

plant's rate of phosphate uptake may be different for each 

particular soil type as well as for each plant species. 

The object of this study was to examine the growth and 

phosphate nutrition of four plant species, cabbage, lettuce, 

ryegrass and phalaris and to determine and compare the relative 

importance of various factors involved in absorption and 

utilization of phosphate by these species. The factors selected 

for study were those considered most relevant to plant growth 

and phosphate nutrition in the krasnozem soil but in most 

cases the results would also apply to plant growth in other 

soils and culture systems. 
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Species differences in growth and in phosphate absorption 

and utilization were recorded under a variety of culture condit­

ions including both soil and solution culture situations. In 

general the differences between species in response to phosphate 

were most marked between lettuce and cabbage. The behaviour 

of the grasses was found to more closely approximate that of 

cabbage than of lettuce, but cabbage and the grasses responded 

differently to some treatments. The marked difference between 

lettuce and cabbage in response to phosphate made it difficult 

to compare the behaviour of the vegetables (dicotyledons) and 

the grasses (monocotyledons) directly as groups .. However, 

kinetic data from the short term uptake study did show a. 

distinct difference between 'these groups in the relative 

magnitude of the two phosphate absorption mechanisms. Whether 

or not this is a general phenomenon associated with these two 

plant groups is not clear, but in this study the relatively . 

greater magnitude of the "b" reaction mechanism of the grasses 

was at. least partly responsible for their higher rates of 

phosphate uptake at low phosphate concentrations in comparison 

with those of the vegetables. In contrast to the veg.etables, 

the relative responses of ryegrass and phalaris to.phosphate 

were remarkably similar and as a result, the emphasis in some 

sections of this study .was directed to defining. the differences 

between the vegetable species, as these were known to respond 

differently to phosphate. This approach appears to have been 

justified since it enabled more detailed experiment.ation with 

cabbage and lettuce and produced results which emphasized the 

importance, in plant growth and phosphate nutrition, of both 

the ability of roots to absorb phosphate from dilute solutions 

and the interaction of roots and microflora. 
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Another factor found to be of major importance to the 

growth and phosphate nutr'ition of these species was the 

efficiency with which absorbed phosphate was utilized in plant 

growth. For example, the relatively poor utilization e£ficiency 

of lettuce, in comparison with other species, was partly 

responsible for its depressed growth under phosphate deficient 

conditions. This study also emphasised the importance of 

seed reserves in determining the rate of root extension in 

seedlings and the rate of seedling growth in general. The rate 

of seedling growth was important in phosphorus nutrition, 

especially for soil-grown plants, since the effect of an eariy 

growth advantage was maintained at later stages of growth. 
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APPENDIX IA 

Dry Weight Yield of Shoots (g/plant) of Four Plant 
Species Grown in Krasnozem Soil at Five Levels of 
Applied Phosphateo 

Data on which Table IV A 3.l(i) is based. 

Applied Plant Replicate Phosphate Species 
(ug P/g soil) 1 2 3 

0 1. 95 2o47 2.27 
100 5.92 6.18 6.08 
200 Cabbage 6.26 6.92 7.34 
400 6.83 7.38 7o57 
800 6.95 8.07 8.26 

0 0.09 0.10 0.10 
100 0.70 0.74 0.77 
200 Lettuce 1.46 1.36 1.73 
400 3.04 3.17 3o57 
800 3.78 3.50 3.88 

0 o. 29 0.30 0.49 
100 1.01 1.02 1.08 
200 Rye grass 1.15 1.42 1.58 
400 1.53 1.87 1.96 
800 1.65 1.13 2.01 

0 0.16 0.14 o. 21 
100 0.59 0.60 0.64 
200 Phalaris 0.82 0.86 Oo89 
400 1.23 1.14 1. 28 
800 1.09 1.06 1.37 
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Total 

6.69 
18.18 
20.52 
21.78 
23.28 

0.29 
2.21 
4. 55 I 

9.78 
11.16 

1.08 
3.11 
4.15 
5.36 

- 5. 39 

-o. 51 
1.53 
2.57 
3.65 
3.52 



APPENDIX IA cont. 

Dry weight yields of roots (g/plant) of four plant 
species grown in krasnozem soil at five levels of 
applied phosphate. 

Data on which Table IV A 3.l(i) is based. 

Applied Plant Replicate 
Phosphate Species 
(ug P/g soil) 1 2 3 

0 0.30 o.35 0.34 
100 Oa70 o.67 Oo64 
200 Cabbage o.81 0.87 o.89 
400 o.86 0.78 0.82 
800 0.80 1.08 6.89 

0 0.03 0.02 0.04 
100 0.12 0.13 0.14 
200 Lettuce o. 30 o. 26 0.35 
400 0.55 o.57 0.53 
800 0.42 o.38 0.43 

0 0.10 0.12 o. 20 
100 0.35 0.30 0.39 
200 Ryegrass 0.34 0.36 0.42 
400 0.36 0.46 0.46 
800 o. 34 o.32 o.48 

0 0.09 0.07 0.11 
100 o. 26 o. 26 o.38 
200 Phalaris 0.27 0.30 0.39 
400 0.38 0.40 0.40 
800 o. 25 o. 20 0.35 
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Total 

0.99 
2.01 
2.57 
2.46 
2.77 

0.09 
0.39 
0.91 
1.65 
1.23 

o.42 
1.04 
1.12 
1. 28 
1.14 

o. 27 
0.90 
0.96 
1.18 
0.80 



APPENDIX IB 

Relative total dry weight yields (% of maximum) (a), 
and the arcsine~ transformation of these 
values (b) , for four plant species grown in krasnozem 
soil at five levels of applied phosphate. 

Data on which Figure IV A 3.l(i) is based~ 

Applied 
Phosphate 

Plant 
Species 1 

Replicate 
2 

329 

3 
(ug P/g soil) a b a b a b 

0 
100 
200 
400 
800 

0 
100 
200 
400' 
800 

0 
100 
200 
400 
800 

0 
100 
200 
400 
800 

Cabbage 

Lettuce 

Ryegrass 

Phalaris 

29.0 
85.5 
91.2 
99.2 
100 

2.7 
19.4 
42.0 
85.2 
100 

19.4 
68.3 
74.9 
95.1 
100 

15 ;4 
54.5 
69.5 
100 
85.5 

32. 6 
67.6 
72.7 
84.9 
90.0 

9.5 
26.l 
40.4 
67.4 
90.0 

26.1 
55.7 
59.9 
77.2 
90.0 

23.1 
47.6 
56.5 
90.0 
67.6 

30.9 
74o9 
85.3 
89.2 
ioo' 

' 3.0 
22.5 
41.5 
96.4 
100 

17.8 
57.1 
76.7 
100 
88.2 

13.8 
55.4 
75.3 
100 
82.2 

33.8 
59.9 
67.5 

, 70.8 
9o.o· 

10.0 
28.3 
40.l 
79.1 
90.0 

25.o 
49.1 
61.1 
90o0 
6~~9 

21.8 
48.1 
60. 2 
90.0 
65.1 

28.1 
73.3 
89.9 
91.7 
100 

3.1 
21.0 
48.2 
95.2 
100 

27.7 
58.5 
80.0 
97.0 
100 

18.3 
59.4 
74.9 
100 
99.2 

32.0 
58.9 
71~5 
73.3 
90,.0 

10.l 
27.3 
44.0 
77. 3, 
90.0 

31.8 
4Q.9 
63.4 
80.0 
9o.o 

25.3 
50.,4 
59.9 
90.0 
84.87 



APPENDIX IB cont. 

Analysis of variance - arcsine ;--_ transformed 
values of relative total dry weight. 

Source of D.F. Sum of Mean Variance 
variation squares square ratio 

Blocks 2 63.4 31.7 1.3 n.s. 
Treatment 19 35174.8 1851.3 80.5*** 
species (S) 3 2498.7 832.9 36.2*** 
Phosphorus (P) 4 29998.7 7499.6 326.0*** 
s x p 12 2677.4 223.l 9.7*** 
Error 38 873.8 23.0 

Total 59 36112.0 

JJO 
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APPENDIX IC 

Shoot phospho~~ts content (ug P/g dry tissue) of 
four plant spec~~s grown in krasnozem soil at five 
levels of applied phosphate 

Data on which Table IV A 3.3(i) is based. 

Applied Plant Replicate 
Phosphate Species 
(ug P/g soil) 1 2 3 

0 850 946 938 
100 1892 1667 1592 
200 Cabbage 2471 2450 2615 
400 3484 3283 3108 
800 4317 4147 3834 

0 3067 2900 3220 
100 3108 3329 3179 
200 Lettuce 3246 3125 3254 
400 3667 3459 3896 
800 4717 4905 5396 

0 3751 3142 3367 
100 3267 3021 3313 
200 Ryegrass 3680 3375 3225 
400 4505 4142 4250 
800 5634 5396 5813 

0 2771 2908 3329 
100 2553 2134 2792 
200 Phalaris 2671 2842 2746 
400 3667 3651 3417 
BOO 5050 4700 4534 
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Total 

2734 
5151 
7536 
9875 

12298 

9187 
9616 
9625 

11022 
15018 

10260 
9601 

10280 
12897 
16843 

9008 
7479 
8259 

10735 
14284 



APPENDIX IC cont. 

Root phosphorus content (ug P/g dry tissue) of 
four plant species grown in krasnozem soil at 
five levels of applied phosphate. 

Data on which Table IV A 3.3(i) is based. 

Applied Plant Replicate 
Phosphate Species 
(ug P/g soil) 1 2 3 

0 2300 1938 2413 
100 2500 2463 2613 
200 Cabbage 3075 3050 3338 
400 4063 4350 4050 
800 5063 4875 5438 

0 3391 3378 3421 
100 3286 3400 3488 
200 Lettuce 3025 2937 2888 
400 3188 3025 3288 
800 3688 4213 4625 

0 2038 2338 2038 
100 1988 2037 2138 
200 Ryegrass 2063 2188 2338 
400 2838 2600 2838 
800 4000 3963 4000 

0 1675 1800 2008 
,100 1438 1575 1800 

200 Phalaris 1575 1625 1788 
400 1700 1763 2125 
800 3338 3025 3238 
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Total 

6651 
7576 
9463 

12463 
15376 

10190 
10174 

8850 
9501 

12526 

6414 
6163 
6589 
8276 

11963 

5483 
4813 
4988 
5588 
9601 
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APPENDIX IC cont. 

Analysis of variance - shoot phosphorus contents 

Source of variation D.F. Sum of Mean Variance 
squares square ratio 

Blocks 2 227898 113949 2.8 n.s. 
Treatments 19 66497068 3499846 85.9*** 
Species (S) 3 18055462 6018487 147.6*** 
Phosphorus (P) 4 43555648 10888912 267*** 
s x p 12 4885958 407163 <1 n. s. 
Error 38 1549158 40767 

Total 59 68274124 

Analysis of variance - root phosphorus contents 

Source of variation D.F. Sum of Mean Variance 
squares square ratio 

Blocks 2 407375 203688 8.1*** 
Treatments 19 53685142 2825534 111.7*** 
Species (S) 3 20693513 6897838 272.7*** 
Phosphorus (P) 4 26127682 6531921 258.27*** 
s x p 12 6863947 571996 22.62*** 
Error 38 961042 25291 

Total 59 55053559 
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APPENDIX II 

Period of growth (days) and leaf number at harvest for 
cabbage and lettuce plants grown in krasnozem soil at 
twenty levels of applied phosphate. 

Applied 
Phosphate 
(ug P/g 
soil) 

01 
02 
03 
25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 
350 
400 
450 
500 
600 
800 

1000 

Cabbage 

Period of Mean Leaf 
Growth No. at 
(Days) Harvest 

63 15 
63 15 
63 15 
62 15 
53 15 
57 15 
53 15 
53 13* 
49 15 
46 15 
46 15 
46 15 
46 15 
42 14* 
42 15 
39 15 
39 15 
39 14* 
39 15 
39 15 
35 15 
35 15 

Lettuce 

Period of 
Growth 
(Days) 

58 
54 
53 
54 
51 
51 
47 
45 
45 
42 
40 
42 
40 
32 
32 
32 
32 
28 
28 
26 
26 
26 

Mean Leaf 
No. at 
Harvest 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15* 
16* 
15 
15 
13* 
15 
15 

*Data from these treatments not used in interpretation of results. 
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APPENDIX III 

Phos~horus concentrations (ug PLg dry tissue) in 
2hos2hate fractions of whole shoot tissue of four 
2lant s2eci'es. 

Data on which Table IV C 3.1 is based. 

Treatment Rep. Ort ho- T.C.A.- Resi- Total Ortho-
phos- soluble dual phosphate 
phate as a % of 

total 

Cabbage 1 250 290 669 959 26 
No applied p 2 240 274 637 911 26 

3 236 277 549 826 29 

Cabbage 1 500 553 680 1233 41 
loo ug P/g soil 2 524 585 810 1395 38 

3 651 713 899 1612 40 

Lettuce 1 803 974 947 1921 42 
No applied p 2 855 899 1043 1942 44 

3 848 899 1038 1937 44 

Lettuce 1 1200 1291 1382 2673 45 
100 ug P/g soil 2 1164 1239 1045 2284 51 

3 1431 1518 1172 2690 53 

Ryegrass 1 655 704 1510 2214 30 
NC? applied p 2 776 843 1612 2455 32 

3 698 748 1583 2331 30 

Phalaris 1 856 888 1440 2328 37 
No applied p 2 861 877 1484 2361 36 

3 871 914 1552 2466 35 
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APPENDIX III cont. 

Phos2horus concentrations (ug P[g dry tissue) in 
2hos2hate fractions of young and old leaf tissue 
of cabbage and lettuce. 

Data on which Table IV C 3.1 is based. 

Treatment Rep. Ort ho- T.C.A.- Resi- Total Ort ho-
phos- soluble dual phosphate 
phate as a % 

of total 

Cabbage 1 174 174 504 678 26 
No applied p 2 193 193 634 827 23 
old leaves 3 168 168 406 574 29 

Cabbage 1 437 497 936 1433 30 
No applied p 2 417 483 969 1452 29 
Young leaves 3 361 405 1012 1417 25 

Lettuce 1 791 872 324 1196 66 
No applied p 2 687 752 435 1187 58 
Old leaves 3 662 722 407 1129 59 

Lettuce 1 1081 1128 1758 2886 37 
No applied p 2 1368 1463 1648 3111 44 
Young leaves 3 994 1046 1300 2346 42 

Cabbage 1 224 260 515 775 29 
100 ug P/g soil 2 213 249 447 696 31 
Old leaves 3 230 276 443 719 32 

Cabbage 1 791 847 1370 2217 36 
100 ug P/g soil 2 905 97·8 1271 2249 40 
Young leaves 3 886 955 1095 2050 43 

Lettuce 1 650 702 685 1387 49 
100 ug P/g soil 2 626 685 565 1250 50 
Old leaves 3 800 935 568 1503 53 

Lettuce 1 2298 2572 1306 3878 59 
100 ug P/g soil 2 1708 1913 1723 3636 47 
Young leaves 3 1581 1727 1017 2744 58 



APPENDIX III cont. 

Analysis of variance - orthophosphate content of whole shoots 
of lettuce and cabbage grown at two 
levels of applied phosphate expressed 
as a percentage of total phosphate 
content. 

Source of 
variation 

Replication 
Treatments 

Species (S) 
Phosphorus (P) 
s x p 
Error 

Total 

D.F. 

2 
3 
1 
1 
1 
6 

11 

Sum of 
squares 

18 
821 
520 
271 

30 
30 

869 

Mean 
square 

9 
270 
520 
271 

30 
5 

Variance 
ratio 

1.8 n.s. 
54*** 

104*** 
54*** 

6 n. s. 

Analysis of variance - orthophosphate content of young and old 
leaf tissue of lettuce and cabbage 
expressed as a percentage of the total 
phosphate content. 

Source of 
variation 

Replication 
Treatments 

Species (S) 
Phosphorus(P) 
Tissue (T) 
s x p 
P X T 
T X S 

S X P X T 
Error 

Total 

D.F. 

2 
7 
1 
1 
1 
1 
1 
1 
1 

14 

23 

Sum of 
squares 

22.6 
3543.3 
145.l 

2583.4 
9.4 

63.3 
360.3 
273.4 
331.1 
200.l 

3766.0 

Mean 
square 

11. 3 
506.2 
145.1 

2583.4 
9.4 

63.3 
360.3 
273.4 
331.l 
14.3 

Variance 
ratio 

<1 n.s. 
35.4*** 
10.l** 

180.7*** 
(1 n.s. 

4.4 n.s. 
25.2** 
19.1** 
23.2** 
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APPENDIX IV A 1 

Hydrolysis of E-nitro12henol :12hos12hate by non-sterile 
2 cm root ti12s. 

Data on which Table V A 3.1 is based. 

Total nitro- Root surf ace Rate of 
phenol hydrolysed area (cm2) hydrolysis 
(ugs/hr/root (ugs nitro-
sample) phenol/cm2 

root/hr.) 

Species Rep. l* 2* 1 2 1 2, 

1 25.3 20. 3 10.9 8.2 23.3 24.7 
Cabbage 2 20.0 17.9 10.4 7.9 19.3 22.8 

3 22.3 15.0 10.8 7.8 20. 6 19.2 
Total 67.6 53.2 32. l 23.9 63.2 66.7 

-
1 18.7 13.9 17.1 12.l 10.9 1L5 

Lettuce 2 21.1 11.7 19.5 9.4 10. 8 12.5 
3 23.5 13.6 19.7 12.3 11. 9 11.1 

Total 63.3 39.2 56.3 33.8 33.6 35.1 

1 25.3 15.3 16.7 7.7 15.2 19.9 
Ryegrass 2 23.1 18.7 16.5 9.0 14.0 20.8 

3 22.l 14.5 16.5 8.2 13.4 17.7 
Total 70.5 48.5 49.7 24.9 42.6 58.4 

1 40.l 28.8 24.6 12.s 16.3 23.0 
Phalaris 2 44.0 33.4 19.8 12.8 22.3 26.1 

3 44.0 37.7 21.4 13.7 20. 5 27.5 
Total 128.1 99.9 65.8 39.0 59.1 76.6 

*Harvests 1 and 2 

Analysis of variance of rates of hydrolysis(above) 

Source of D.F. Sum of Mean Variance 
variation squares square ratio 

Treatments 7 568.0 81.1 20.8*1'* 
Species (S) 3 472.9 157.6 40.4*** 
Harvests (H) 1 61.1 61.1 15.7*** 
S X H 3 34.0 11.3 2.9 n.s. 
Error 16 62.0 3.9 

Total 23 630.0 



APPENDIX IV A 2 

Hydrolysis of p-nitrophenol phosphate by sterile and non-sterile 2 cm 
root tips 

Species Rep. 

1 
Cabbage 2 

3 
Total 

1 
Lettuce 2 

3 
Total 

1 
Ryegrass 2 

3 
Total 

1 
Phalaris 2 

3 
Total 

Analysis of variance 

Source of variation 

Replications 
Treatments 
Species (S) 
Micro-organisms (M) 
S X M 
Error 

Total 

Data on which Table VA 3.2 is based. 

Total nitrophenol hydrolysed 
(ugs/hr/root sample) 

Sterile Non-sterile 

6.8 6.8 
5.6 7.7 
6.7 6.5 

19.1 21.0 

2.7 3.1 
2.4 4.2 
3.2 3.5 
8.3 10.8 

1.1 3.0 
o.9 2.4 
0.9 3.9 
2.9 9.3 

5.2 8.1 
3.0 4.6 
4.4 7.1 

12.6 19.8 

of rates of hydrolysis above. 

D.F. Sum of squares 

2 25.0 
7 745.5 
3 615.0 
1 104.6 
3 25.9 

14 89.6 

23 860.l 

Root surface area 
(cm2) 

Sterile Non-sterile 

3.1 3.3 
3.6 3.3 
3.5 3.4 

10.2 10.0 

2.8 3.2 
3.1 3.1 
3.0 3.0 
8.9 9.3 

3.2 3.0 
3.0 3.2 
2.6 3.4 
8.8 9.6 

3.4 3.6 
3.3 3.5 
3.4 3.7 

10.l 10.8 

Mean square 

12. 5 
106.5 
205.0 
104.6 

8.6 
6.4 

Rate of hydrolysis 
(ugs nitrophenol/cm2 
root/hr) 

Sterile Non-sterile 

22.0 20.4 
15.9 23.4 
19.0 18.8 
56.9 62.6 

9.5 9.7 
7.7 13.7 

10.9 11.6 
28.1 35.0 

3.5 10.0 
2.9 7.5 
3.4 11. 4 
9.8 28.9 

15.0 22.7 
9.0 13.3 

12.9 19.3 
36.9 55.3 

Variance ratio 

2.0 n.s. 
16.6*** 
32.0*** 
16.3*** 
1.3 n.s. 
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APPENDIX IV B 1 

Plant dry weight yields (mg) and 2hos2horus contents (ug) 
of cabbage ( c) l lettuce (L) l ryegrass (R) and 2halaris 
(P) grown in sterile sand culture with three 2hos2hate 
sources. 

Data on which Table v B 3 . 1 is based. 

Control Sodium inositol Di sodium 
Rep. (No P) hexaphosphate orthophosphate 

c L R p c L R p c L R p 

Dry weight yields (mg/tube) 

1 34 37 21 23 26 24 17 17 35 21 24 19 
2 30 24 13 13 36 27 24 17 25 18 16 22 
3 32 37 15 13 31 24 22 22 31 28 17 36 
4 37 33 16 12 21 30 14 32 
5 34 33 11 23 30 26 16 18 
6 31 36 16 25 39 22 16 21 

Total 198 200 92 109 183 153 109 128 91 67 57 77 

Phos2horus contents (ugs/tube) 

1 77 30 8 15 82 30 10 14 138 70 123 58 
2 73 21 7 11 77 28 16 11 118 115 100 88 
3 75 29 9 8 79 26 23 10 122 93· 112 103 
4 89 26 7 11 65 32 15 15 

.. 5 91 32 5 11 83 28 10 11 
6 70 21 8 15 90 24 11 13 

Total 475 159 44 71 476 168 85 74 378 278 335 249 
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APPENDIX IV B 2 

Plant dry weight at harvest (mg/2 plants) 

Data on which Table VB 3.2 is based 

Species Rep. Calcium inositol Control 
hexaphosphate (No P) 

Sterile Non-sterile Sterile Non-sterile 

1 85 78 44 68 
2 58 62 59 66 

Cabbage 3 59 47 55 42 
4 66 65 55 48 

Total 268 252 213 224 

1 29 28 30 21 
2 27 30 27 27 

Lettuce 3 30 24 27 22 
4 23 33 28 28 

Total 109 115 112 98 

1 35 32 15 21 
2 39 29 25 14 

Ryegrass 3 28 27 19 11 
4 38 21 19 9 

Total 140 109 78 55 

1 25 29 25 13 
2 28 18 23 15 

Phalaris 3 31 26 22 21 
4 36 19 25 15 

Total 120 92 95 64 
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APPENDIX IV B 2 cont. 

Plant 2hos2horus content (ugs PL'.'.2 2lants} and inorganic 
ortho2hos2hate contents (ugs PL:tube) of un2lanted tubes 
at harvest. 

Data on·which Table V B 3.2 is based. 

Species Rep. Calcium inositol Control (No P) 
hexa2hos2hate 

Sterile Non-sterile Sterile Non-sterile 

1 177 150 75 38 
2 155 163 48 40 

Cabbage 3 167 121 57 43 
4· 168 182 47 45 

Total 667 616 227 166 

1 83 75 25 20 
2 73 92 23 22 

Lettuce 3 83 57 27 18 
4 62 75 25 22 

Total 301 299 100 82 

1 43 31 7 10 
2 45 41 17 7 

Rye grass 3 41 44 11 5 
4 49 39 10 6 

Total 178 155 40 28 

1 31 26 16 9 
2 37 29 10 10 

Phalaris 3 33 33 14 13 
4 36 30 13 12 

Total 137 '- 118 53 44 

1 12 8 <1 1 
2 14 8 (1 2 

No plants 3 13 12 <1 3 
4 14 9 (1 2 

Total 53 37 (4 8 
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APPENDIX IV B 2 cont. 

Analysis of variance Plant phosphorus contents 

Source of D.F. Sum of Mean Square Variance 
variation squares ratio 

Replications 3 113 38 -(1 n.s. 
Treatments 15 137820 9188 109.4*** 
Phosphorus (P) 1 46818 46818 557.3*** 
Species (S) 3 70473 23491 279.6*** 
Microbial (M) 1 594 594 7.1* 

p x s 3 19558 6519 77.6*** 
PX M 1 1 1 (1 n.s. 
M X S 3 341 114 1. 4 n.s. 

p x s x M 3 35 12 <1 n.s. 
Error 45 3800 84 

Total 63 141733 

• 
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APPENDIX IV C 1 

Shoot drl:'. weight vields and tissue ehosehate concentrations 
of four seecies grown on nine ehosehate sources. 

Data on which Tables V c 3.2(b) (i) and (ii) are based. 

Phosphate Source Species Shoot Drl:'. Wt. !gLeot) Shoot P Content (ppm D.W.) 

Rep. 1 Rep. 2 Total Rep. 1 Rep. 2 Total 

Control (no P) (1) Cabbage 0.122 0.138 o. 260 424 399 823 
Strengite (2) 0. 270 o.,319 0.589 546 580 1126 
Pot. iron phosphate (3) 3.881 3.767 7 .648 1722 1796 3518 
Pot. taranakite (4) 4.913 5.007 9.920 2482 2435 4917 
Col. ferric phosphate (5) 6.126 6•701 12.827 2632 2491 5123 
Col. aluminium phosphate(6) 5.042 4.699 9.741 4463 4790 9253 
Calcium phytate (7) 8.570 8.049 16.619 3614 3601 7215 
D.C.P.D. (8) 8. 211 8.907 17 .118 3966 3501 7467 
M.C.P. (9) 5.800 5.128 10.928 10118 9037 19155 

(1) Lettuce 0.021 0.020 0.041 870 874 1644 
(2) 0.160 o.144 o. 304 738 698 1436 
(3) 1.453 1. 279 2.732 2931 3068 5999 
(4) 4.866 4.761 9.627 2182 2595 4777 
(5) 3.952 3.057 7.009 3166 3491 6657 
(6) 5.525 3.812 9.337 3761 4212 7973 
(7) 8.827 8.870 17.697 2612 3035 5647 
(8) 7.558 8.651 16. 209 4250 4187 8437 
(9) 5.700 5.349 11.049 9564 9490 19054 

(1) Ryegrass 0.014 0.014 0.028 565 592 1157 
(2) o. 253 0,198 0.451 1314 1107 2421 
(3) 2.024 2.060 4.084 1082 1104 2186 
(4) 3.672 3.894 7.566 3205 2869 6074 
(5) 4.342 3.848 8.190 3273 3425 6698 
(6) 4.498 3.913 8.411 4519 5053 9572 
(7) 3.708 3.803 7.511 3321 2906 6227 
(8) 3.911 3. 706 7.617 5810 5904 11714 
(9) 2.867 2.955 5.822 5979 5955 11934 

(1) Phalaris 0.013 0.019 0.032 683 539 1222 
(2) 0.137 0.128 o. 265 1172 1021 2193 
(3) 1.031 1.143 2.174 1119 1232 2351 
(4) 1.844 1.828 3,672 3425 3182 6607 
(5) 2.829 3.120 5,949 3491 3981 7472 
(6) 2.862 2.681 5.543 5022 5712 10734 
(7) 2.437 2.016 4.453 2999 3199 6198 
(8) 1.936 2.·174 4.110 6807 6731 13538 
(9) 1.415 1.298 2. 713 6818 7225 14043 



APPENDIX IV C 2 

Shoot phosphate content as a % of the maximum (excluding M.C.P. treat­
ment) (a) and arcsine .r-- transformations of these values (bl for 
four species grown on eight different phosphate sources. 

Data on which Figure V c 3.2(b) is based. 

Species 

Cabbage 

Lettuce 

Ryegrass 

Phalaris 

Rep. 

1 (a) 
(b) 

2 (a) 
(b) 

1 (a) 
(b) 

2 (a) 
(b) 

1 (a) 
(b) 

2 (a) 
(b) 

1 (a) 
(b) 

2 (a) 
(b) 

1 

0.16 
2.29 
o.18 
2.43 

0.06 
1.40 
0.05 
1. 28 

0.03 
o.99 
0.04 
1.15 

0.06 
1.40 
0.07 
1. 52 

2 

o. 57 
4.33 
0.47 
3.93 

0.37 
3.49 
o. 28 
3.03 

1. 46 
7.04 
1.00 
5.74 

- 1.12 
6.02 
0.86 
5.32 

3 

20. 5 
26.92 
21. 7 
27.76 

13.3 
21.39 
10.8 
19.19 

9.6 
18.05 
10.4 
18.81 

0.0 
16.43 

9.2 
17.66 

Phosphate Sources* 

4 5 6 

37.4 
37.70 
39.1 
38.70 

33.1 
35.12 
34.1 
35.73 

51.8 
46.03 
51.1 
45.63 

43.9 
41.50 
38.o 
38.06 

49.5 
44. 71 
53.5 
47.01 

39.0 
38.65 
29.5 
32.90 

62.5 
52.24 
60.2 
50.89 

68.7 
55.98 
81. l 
64.23 

69.l 
56.23' 
72.2 
58.18 

50.0 
45.00 
57.4 
49. 26 

89.5 
71.09 
90.4 
71.95 

100 
90.00 
loo 
90.00 

*See appendix IV C 1 for code to numbering system. 

Source of variation 

Replication 
Treatment 
Phosphorus (P) 
Species (S) 
p x s 
Error 

Total 

"-'An=a:::l.._y-=s-=i=s_o=f_v_,_a=r~i:;.;· a==n~c::;.:e,.___--=a-=r-=c:::s:::i.,.n-=e-J- transformed values 

D.F. 

1 
31 

7 
3 

21 
31 

63 

Sum of squares 

<1 
54661.8 
50060.l 

360. 2 
4241.5 
107.8 

54769.7 

Mean square 

(1 
1763.3 
7151. 4 
120.l 
202.0 

3.477 

7 

95.1 
77. 21 
92.9 
74.55 

71.8 
57.92 
74.3 
59.54 

54.2 
47.41 
50.5 
45.29 

50.9 
45.52 
42.l 
40.46 

8 

100 
90.00 
100 
90.00 

100 
90.00 
100 
90.00 

100 
90.00 
100 
90.00 

91.7 
73.26 
95.6 
77.89 

Variance ratio 

(1 n. s. 
507.1*** 

2056.8*** 
34.5*** 
58.1*** 
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APPENDIX V A 1 

Shoot dry weights (gLQlant) - continuous-flow nutrient 
culture, Experiment 1. 

Data on which Table VI A 3. lb is based. 

Species Phosphate ReQlicate Total 
Concentration 
(uM) 1 2 3 

0.1 1.443 1.411 1. 239 4.093 

Cabbage 0.3 2.379 2.348 2.301 7 .028 
0.9 3.849 3.670 4.087 11.606 
2.7 1.860 2.362 2.572 6.794 

0.1 0.038 0.030 0.036 0.104 

Lettuce 0.3 0.184 o. 229 0.195 0.608 
0.9 0.899 0.990 1.140 3.029 
2.7 0.670 0.828 0.662 2.160 

O.l 0.122 0.150 0.137 o. 409 

Rye grass 0.3 0.251 0.250 o. 284 0.785 
0.9 0.227 0.296 0.248 0.771 
2.7 0.296 0.254 0.248 0.798 

0.1 0.073 0.073 0.084 o. 230 

Phalaris 0.3 0.119 0.110 0.123 0.352 
0.9 0.135 0.117 0.123 0.376 
2.7 0.107 o.lo7 0.096 0.310 



APPENDIX V A l cont. 

Root dry weights (g/plant) continuous-flow nutrient 
culture, experiment 1. 

Data on which Table VI A 3.lb is based. 

Species Phosphate Re2licate Total 
Concentration 
(uM) 1 2 3 

O.l 0.322 0.321 o. 275 0.918 
Cabbage 0.3 o. 459 o. 476 0.447 1.382 

o.9 0.437 0.385 o. 481 1.303 
2.7 0.224 o. 294 0.322 0.840 

O.l 0.021 0.019 0.022 0.062 

Lettuce 0.3 0.091 0.100 0.092 0.283 
0.9 0.177 o. 211 0.223 0.611 
2.7 0.172 0. 215 0.171 0.558 

0.1 0.073 0.093 0.087 0.253 

Ryegrass 0.3 0.132 0.131 0.152 o. 415 
0.9 0.110 .0.150 0.116 0.376 
2.7 0.153 0.133 0.129 0.415 

0.1 0.046 0.047 0.049 0.142 

Phalar;i.s 0.3 0.055 0.062 0.066 0.183 
0.9 0.068 o.oss 0.061 0.184 
2.7 0.056 0.058 0.048 0.162 



APPENDIX V A 1 cont. 

Total plant dry weights as a percentage of 
maximum yields (arcsine J- transformed 
values) - continuous-flow nutrient culture, 
e~periment 1. 

Species Phosphate Replicate 
Concentration 
(uM) 1 2 

0.1 39.9 40.8 

Cabbage 0.3 54.5 56.5 
0.9 90.0 90.0 
2.7 44.2 54.0 

O.l 13.6 11.7 

Lettuce 0.3 30. 4 31.6 
0.9 90.0 90.0 
2.7 62.2 68.7 

O.l 41. 2 47.6 

Ryegrass 0. 3 67.5 67.5 
0.9 60.l 90.0 
2.7 90.0 68.7 

0.1 50.0 56.7 

Phalaris 0.3 67.8 90.0 
0.9 90.0 90.0 
2.7 63.7 78.3 

348 

Total 

3 T 

35.0 115.7 
50.9 161.9 
90.0 270.0 
52.8 151.0 

12.0 37.3 
27.3 89.3 
90.0 270.0 
51.4 182.3 

45.8 134.6 
90.0 225.0 
66.0 216.1 
68.4 227.1 

57.0 163.7 
90.0 247.8 
81.7 261.7 
60.8 202. 8 

Analysis of variance - dry weight as % of max. (arcsiner-
transformed values) 

Source of 
Variation 

Cabbage-Lettuce 

Phosphorus (P) 
Species (S) 

p x s 
Error 

Total 

Ryegrass-Phalaris 

Phosphorus (P) 
Species (S) 

p x s 
Error 

Total 

D.F. 

3 
1 
3 

16 

23 

3 
1 
3 

16 

23 

Sum of 
squares 

13533 
597 

1469 
258 

15857 

3506 
223 
450 

1749 

5928 

Mean 
square 

597 
489.7 
16.1 

223 
150 
109.3 

Variance 
ratio 

37.1*** 
30.4*** 

2.04 n.s. 
1.37 n.s. 
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APPENDIX V A 2 

Shoot EhOSEhorus content (ug PLg dry tissue) -
· continuous-flow nutrient culture, experiment l. 

Data on which Table VI A 3.lb is based. 

Species Phosphate ReElicate Total 
Concentration 
(uM) 1 2 3 

O.l 1992 1912 1963 5867 

Cabbage 
0.3 2270 2321 2457 7048 
0.9 4072 3988 4035 12095 
2.7 4880 4961 4952 14793 

0.1 1489 1444 1423 '4356 
Lettuce o. 3_ 2608 2625 2619r 7852 

o'. 9 4821 4816 4841 14478 
2.7 5373 5195 5283 15851 

0.1 3658 3554 3533 10745' 

Rye grass 0.3 3796 3840 3886 11522 
o.9- 4990 5329 5163 15482 
2.7 6913 6862 7098· 20873 

0.1 3474 3538 3494 10504 
Phalaris o.3 3662 3377 3499 10538 

0.9 4642 4846 4928 14'4:)..6 
2.7 7512 8629 8268 24409 
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APPENDIX V A 2 cont. 

Root QhOSQhorus content (ug PLg dry tissue) -
continuous-flow nutrient culture, experiment 1. 

Data on which Table VI A 3.lb is based. 

Species Phosphate ReQlicate Total 
Concentration 
(uM) 1 2 3 

0.1 3105 2992 3022 9119 

Cabbage 0.3 3342 3148 3328 9818 
0.9 4536 4333 4484 13353 
2.7 5539 5596 5544 16679 

0.1 2132 1745 2098 5975 

Lettuce 0.3 3464 3298 3353 10115 
0.9 5183 4978 4934 15095 
2.7 5252 5418 5335 16005 

0.1 3407 3297 3188 9892 

Ryegrass 0.3 3469 3952 3616 11037 
0.9 4667 4833 4578 14078 
2.7 6396 6188 6318 18902 

0.1 2647 2772 2855 8274 

Phalaris 0.3 3221 3212 2814 9247 
0.9 4184 4348 4188 12720 
2.7 6380 7204 7109 20693 
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APPENDIX V A 2 cont. 

Analyses of variance - shoot phosphate content 

Source of D.F. Sum of Mean Variance 
variation squares square ratio 

Cabbage-Lettuce 

Phosphorus (P) 3 46121649 
Species (S) 1 311448 311448 103.7*** 

p x s 3 1309817 436606 145.3*** 
Error 16 48071 3004.4 

Total 23 47790985 

Ryegrass-Phalaris 

Phosphorus (P) 3 62100458 
Species (S) 1 64584 64584 1.2 n.s. 

p x s 3 2379748 793249 15.2*** 
Error 16 837619 52351 

Total 23 65382409 

Analyses of variance - root phosphate content 

Source of D.F. Sum of Mean Variance 
variation squares square ratio 

Cabbage-Lettuce 

Phosphorus (P) 3 31841261 
Species (S) 1 131869 131869 10.l ** 

p x s 3 2111762 703921 53.7*** 
Error 16 209738 13109 

Total 23 34294630 

Ryegrass-Phalaris 

Phosphorus (P) 3 46554563 
Species (S) 1 368776 368776 7.8* 

p x s 3 1443536 481179 10.2*** 
Error 16 756117 47257 

Total 23 49122992 
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APPENDIX V B.l 

Shoot dry weights (g/plant) - continuous-flow nutrient, 
experiment 2. 

Data on which Figure VI A 3. 2 (b) is based. 

Species Phosphate ReQlicate 
Concentra-
tion (uM) 1 2 3 Total 

0.06 0.1235 0.1264 0.1085 0.3584 
0.12 0.3912 0.3992 0.3585 1.1489 
o. 24 0.6272 0.7186 0.6033 1.9491 

Cabbage o. 48 1.1961 1.0238 1.1009 3. 3209 
0.96 1.1141 1.0429 0. 7709 2.9278 
3.84 1.0585 0.9688 1.0923 3.1196 
7.68 1.1519 0.9112 1.1338 3.1969 

30.72 1.1360 0. 9092 1. 2123 3.2575 

0.06' 0.0541 0.0577 0.0734 0.1852 
0.12 0.0918 0.1116 0.0763 0. 2797 
0.24 0.1358 0.1106 0.1227 0.3691 

Lettuce o. 48 0. 2412 0.2335 0.2372 0.7119 
0.96 o. 3400 0.3351 0. 4057 1.0808 
3.84 o. 5902 0.6284 o.5200 1.7386 
7.68 0. 4630 o. 4035 0.5654 1.4319 

30. 72 0.3748 0.3981 0.3083 1.0812 
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APPENDIX V B.l cont. 

Root dry weights (g,L2lant) - continuous-flow nutrient 
culture, experiment 2. 

Data on which Figure VI A 3. 2 (b) is based. 

Species Phosphate Re2licate 
Concentra-
tion (uM) 1 2 3 Total 

0.06 0.0303 0.316 0.0278 0.0897 
0.12 0.1016 0 .1022 0.0926 0.2964 
0.24 0.1214 0 .1350 0.1113 0.3677 

Cabbage 0.48 0.1936 0.1687 0.1769 o.5392 
0.96 0.1675 0.1728 0.1248 0.4651 
3.84 0.1525 0.1396 0.1531 0.4452 
7.68 0.1709 0.1339 -o.1735 0.4782 

30.72 0.1472 0.1338 0.1687 0.4496 

0.06 0.0214 0.0172 0.0255 0 .0641 
0.12 0.0285 0.0382 0.0241 0.0909 
0.24 0.0530 0.0432 0.0519 0.1481 
o. 48 0.0998 0.1009 0.100 o. 3006 

Lettuce 0.96 0.1116 0.1184 0.1250 0.3550 
3.84 0.1416 0.1344 0.1171 0.3931 
7.68 0.1244 0.1080 0.1478 0. 3803 

3072 0.1014 0 .1050 0.1118 0.3182 
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APPENDIX V B.l cont. 

Total Elant dry weights as a Qercentage of maximum 
yields (arcsine ,;-:::.. transformed values) - contin-
uous-flow nutrient culture, eXJ?eriment 2. 

Species Phosphate ReElicate 
Concentra-
tion (uM) 1 2 3 Total 

0.06 19.5 21.l 18.3 58.9 
0.12 36.6 39.9 34.9 111.4 

Cabbage 0.24 47.2 56.9 46.0 150. l 
o.48 90.0 82.l 74.1 246.2 
0.96 73.8 90.0 53.7 217.5 
3.84 69.0 72.7 71.8 213.5 
7.68 77.3 68.0 76.7 222.0 

'·30 ._72 73.9 67.9 90.0' 231.8 

0.06· 18.7 18.2 21.9 58.8 
0.12 23.9 26.3 22.l 72.3 

Lettuce o. 24 30.5 26. 7 29.7 86.9 
0.48 43.0 41. 4 43.5 127.9 
0.96 51.8 50.5 59.6 161.9 
3.84 90.0 90.0 70.9 250.9 
7.68 63.7 55.0 90.0 208. 7 

30. 72 53.8 54.3 50.l 158.2 

Analysis of variance - dry weight as % of max. (arcsine ;---
transformed values). 

Source of D.F. Sum of Mean Variance 
variation squares square ratio 

Phosphorus (P) 7 18469 
Species (S) 1 2211 2211 32.3*** 
p x s 7 2723 389.0 5.7*** 
Error 32 2192 68.5 

Total 47 25595 
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APPENDIX V B.2 

Shoot phosphate content (ug P/g dry tissue) - continuous­
flow nutrient culture, experiment 2. 

Data on which Table VI A 3.2(c) is based. 

Species 

Cabbage 

Lettuce 

Phosphate 
Concentra­
tion (uM) 

0.06 
0.12 
0.24 
o. 48 
o.96 
3.84 
7.68 

30. 72 

0.06 
0.12 
0.24 
0.48 
0.96 
3.84 
7.68 

30. 72 

Analysis of variance 

Source of 
variation 

Phosphorus (P) 
Species (S) 
p x s 
Error 

Total 

D.F. 

7 
1 
7 

32 

47 

1 

1239 
2285 
3317 
3668 

. 4760 
4945 
5310 
5073 

656 
652 

1216 
3358 
4875 
7240 
6138 
5526 

Replicate 

2 

1076 
2495 
3430 
3741 
4874 
5134 
5066 
5210 

604 
658 

1292 
3487 
4765 
7537 
6321 
5588 

Sum of 
squares 

180451217 
28179 

23804309 
2115267 

206398972 

3 

1276 
2343 
3491 
3813 
4357 
5294 
5291 
5171 

657 
631 

1190 
3127 
4973 
7342 
7751 
5912 

Mean 
square 

28179 
3400616 

66102 

Total 

3591 
7123 

10238 
11222 
13991 
15373 
15667 
15454 

1917 
1941 
3698 
9972 

14613 
22119 
20210 

5912 

Variance 
ratio 

(1 n. s." 
51.4*** 
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APPENDIX V B 2 cont. 

Root phosphate content (ug P/g dry tissue) - continuous­
flow nutrient culture, experiment 2. 

Data on which Table VI A 3.2(c) is based. 

Species 

Cabbage 

Lettuce 

Phosphate 
Concentra­
tion (uM) 

0.06 
0.12 
o. 24 
0.48 
o.96 
3.84 
7.68 

30.72 

0.06 
0.12 
0.24 
o. 48 
0.96 
3.84 
7.68 

30.72 

Analysis of variance 

Source of 
variation 

Phosphorus (P) 
Species (S) 
p x s 
Error 

Total 

D.F. 

7 
1 
7 

32 

47 

1 

2279 
3444 
4173 
4429 
4981 
6228 
6885 
6257 

1327 
1653 
2444 
4000 
4704 
6692 
6926 
6947 

Replicate 

2 

2797 
3592 
4300 
4519 
5002 
6403 
6667 
6720 

1303 
1658 
2395 
4108 
4743 
7060 
7056 
6813 

Sum of 
squares 

158380366 
3186306 

10487481 
753526 

172807679 

3 

2358 
3457 
4348 
4504 
4840 
6377 
6761 
5880 

1319 
1705 
2483 
3809 
4738 
6905 
7027 
7019 

Mean 
square 

3186306 
1498212 

23548 

Total 

7434 
10493 
12821 
13452 
14823 
19008 
20313 
18857 

3949 
5016 
7322 

11917 
14185 
20657 
21009 
20779 

Variance 
ratio 

135.3*** 
63.6*** 



APPENDIX VI A 1 

Rate of phosphate absorption by non-sterile excised 
roots from solutions of various phosphate concentration. 

Data on which Figures VI B 3.1, 2 and 3 are based. 

Rate of Phosphate Absorption 
(nM/g fresh root/hr) 

357 

Phosphate 
Concentration 
(uM) 

Cabbage* Lettuce* Ryegrass+ Phalaris+ 

0.1 
0.5 

1 
5 

10 
25 
50 

100 
500 

1000 

0.1 
0.5 

1 
5 

10 
25 
50 

100 
500 

1000 

22 
98 

172 
457 
601 
899 
951 

1109 
1444 
1618 

Cabbage+ 

11 
42 
70 

151 
153 
197 
222 
289 
403 
548 

5 
20 
31 
68 
76 

110 
133 
164 
241 
301 

Lettuce+ 

5 
21 
44 
63 
88 

118 
102 
185 
225 
252 

* Complete excised roots (with laterals) 
+ Excised roots free of laterals 

19 12 
75 52 

154 102 
318 316 
391 339 
515 406 
467 469 
597 520 
726 626 
744 651 



APPENDIX VI A 2 

Phosphate absorbed by non-sterile roots of lettuce, 
cabbage, ryegrass and phalaris for time periods up 
to twenty minutes. 

Data on which Figures VI B 3.4 and 3.5 
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Phosphate Species Phos2hate Absorbed (nM[g fresh root~ in 
Concentra-
tion 

500 
500 
0.5 
o.5 

100 
100 

1 
1 

(uM) 

Cabbage 
Lettuce 
Cabbage 
Lettuce 

Rye grass 
Phalaris 
Ryegrass 
Phalaris 

Time (minutes) 

4 8 12 . 16 20 

43 77 135 162 214 
16 35 49 64 92 
23 48 74 97 110 
19 45 61 84 90 

32
p Absorbed (uncorrected c.p.m.[0.15 g 

fresh root) in Time (minutes) • 

3 

1514 
840 

8295 
4793 

7 

2542 
1490 

12618 
8114 

20 

3841 
2535 

16678 
12760 
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APPENDIX vr· B 

Determination of Vmax and Km values by a 
mathematical solution based on simultan­
eous equations. 

Y.. Now v = -Km + s 
Vmax (Michaelis and Menten, 1913) 

i.e. Vmax = v [1 + ~ J or Vrnax 
v = l+Km 

s 

For the two reactions 11 a 11 and 11 b 11 we get 

i.e. 

va + vb = Vmaxa + 
l+Kma 

s 

Vmaxb 
l+Kmb 

s 
1 

va + vb = Vrnaxa + Vrnaxb + s (VmaxaKmb + VrnaxbKma) 
1 + Kma + Krnb + KmaKrnb 

s -s- s2 

Putting vt = va + vb we get 

vt + ~t(Krna + Kmb) + ~~(KmaKrnb) = Vrnaxa + Vrnaxb + 

1 (VmaxaKrnb + VrnaxbKma) 
s 

i.e. ~~(KmaI<rnb) + ~t(Krna + Krnb) - ;(vmaxaKmb + VrnaxbKrna) = 

Vrnaxa + Vrnaxb - vt 

Let KmaKrnb = x, Krna + Krob = y and VmaxaKmb + VrnaxbKrna = z 

Then ~ (x) + ~t (y) - ~ Cz) = Vrnaxa + Vrnaxb - vt 

359 

From the experimental data the values of vt at a number of 
solution concentrations (s) are known. From a plot of the 
experimental data (v vs ~) the value of Vmaxa + Vmaxb can also 
be obtained. By substituting these values into the final 
equation above, a number of simultaneous equations are obtained 
which can be solved for x, y and z. 



I, 

Since KmaKmb = x and Kma + Kmb = y 

x l<ma = -­Krob i. e. 

i.e. x + Kmb 2 = Krob y 

_2L + Kmb = y 
Kmb 

or Krnb2 - Kmby + x = o. 

Substitution of x and y in this equation enables the value of 
Kmb to be obtained. Further substitution enables the 
determination of Krna and Vmaxa and Vmaxb. 
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APPENDIX VI C 

Rate of phosphate absorption by sterile and non-sterile 
excised cabbage and lettuce roots from solutions of 
various phosphate concentration. 

Data on which Figures VI B 3.9 - 3.14 are based. 

361 

Phosphate 
Concentra­
tion (uM) 

Rate of PhosEhate AbsorEtion (nMLg fresh rootLhr) 

1 
2.5 

5 
10 
25 
50 

100 
250 
500 

1000 

Cabbage 

16.8 
19.3 
18.0 
32.9 
30. 4 
32.0 
33.6 
37.7 
83.6 

102. 2 

Sterile 

Lettuce 

27.5 
43.4 
61.6 
62.6 
84.8 

101.1 
168.9 
197.4 
162. 2 
242.l 

Non-sterile 

Cabbage Lettuce 

60.5 38.0 
46.2 55.8 
74.2 79.8 
67.3 80.3 

113.2 107. 5 
202.8 129.8 
197.5 119.2 
187.5 158.8 
377.2 204.8 
309.2 231.7 
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'APPENDIX VI D 

Sfilution Phosphate Concentrations in KI!asnozem Soil 

(Data on which the phosphate concentrations, used in the continuous­

flow solution cultures, are based.) 

lCraanortJem 00:1.l, equiltibrated at field capacity for·4 weeks 
' 

-at 5 levels of added P as Ca(H2 P0
4

)2 .H20 (0, 100, 200, 400 and 800 

ug P/g soil), was used to obtain phosphate sorption isotherms (Fox 

and Kamprath, 1970) and intensity values for phosphate in the soil 

solution (Omanwar and Robertsonp 1970)~ 

Using the method of:Fox and Kamprath l1970) the equilibrium 

supernatant phosphate concentration obtained after sorption of 100 ug 

362. 

P/g soil was found to be 1uM for the unfertilized soil but approximately, 

6uM.f!l>r the soil to,which 800 ugP/g soil was applied. To obtain 6uHP 

' - ' 

~n the equilibrium ~upernatant of the unfertilized soil required the . 

sorption of 800 ugP/g soil while other phosphate treatments required 

intermediate amountso Although the results of this experiment do not 

indicate the actual phosphate concentration in the soil solution they 

indicate that the soil has a high capacity to sorb applied phosphate 

thus reducing the concentration of phosphate in the supernatant to 

low levels. 

The phosphate concentration in the supernatant of the five 

phosphate treated soil samples were also mea~ured at each of five soil: 
! , ' 

solution ratios (1:1, 1:1.25, 1:2.5, 1:5.0 and 1:10.0) using the method 

of Omanwar and Robertson (1970). By plotting the phosphate concentration 

in the supernatant against the extraction ratio and by extrapolation to: 

the appropriate soil:solution ratio the phosphate concentration in the 

soil solution at field capacity was estimated. Unlike the soils used ' --
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-''· · -, · i; · by Dmanwar and Robertson ( 1970) which gave straight-line relationships 
,~~·\>' • ",.:, ' ~ 

~Jj'. :., ~t -.', .. ·the krasnozem soil gave a curvilinear plot of extraction ratio against 
l;)it ·I • ~~' '> '• 

I~ .. ~~~: :;:??:- phosphate concentration in the supernatant. This made extrapolation 
:t_,_.' " ' - -. ·.·. ·._·. \_ ~<~' 
~-. _·._ 

~t~ ... . ...:;) ' 

) 

{ 

·, 

r 
... 

difficult but the results obtained indicated that the phosphate con-

.centration in the soil solution was <(3uM for the unfertilized soilp 

approximately 8uM for the 800 ugP/g soil treatment and intermediate 

values for the remaining treatmentso 

. ' 
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I 

/ 
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