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Wheat varieties of differential tolerance to Al were used in a

series of nutrient solution experiments to study the inhibitory effects

of Al on growth and nutrient uptake. The pH and the Al and P con-

centrations were rigorously maintained to prevent the confounding

effects of Al and P precipitation and separate effects of pH.

For wheat, the inhibitory effect of Al on root elongation was

more detrimental to plant growth than inhibition of nutrient uptake.

The factors determining onset of inhibition of root elongation appear

to be Al concentration, Al valency state and pH. For a fixed Al

concentration, toxicity increased with an increase in pH from 4 to

4.5. This may be a function of both an increased ratio of A1OH2+

to A13+ and of an increased ion uptake due to an increase in pH.

Aluminum inhibition of Mg uptake into shoots and roots was marked

at low effective Mg solution concentrations. Uptake of Ca and Mn



were also inhibited to a lesser extent by Al at constant pH and in the

absence of inhibition of root elongation. However, Al inhibition of

nutrient uptake was generally of less magnitude than that due to an

equivalent change in H+ concentration. Separate effects of Al on

inhibition of root elongation and nutrient uptake are best understood

by considering the different sites at which the separate effects take

place; inhibition of root elongation results from the entry of Al into

the meristematic tissue to inhibit cell division while inhibition of

nutrient uptake can be explained as the effect of external Al on the

region of vacuolated tissue.

A preliminary study was made of the nature of inheritance of

Al inhibition of root elongation. The difference in tolerance between

moderately tolerant and sensitive varieties appears to be controlled

by a single dominant gene.

Soil experiments confirmed the varietal differences of toler-

ance to Al observed in nutrient solution and genetic studies. The use

of varieties of differential tolerance to Al facilitated the recognition

of a response to liming as due to a lowering of exchangeable Al in the

soil.
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ALUMINUM TOXICITY IN WHEAT
(TRITICUM AESTIVUM VILL. , HOST)

INTRODUCTION

The injurious effects of aluminum (Al) on plant growth are

among the most important attributable to soil acidity. Thus con-

siderable research has been devoted to describing and elucidating

the physiological aspects of Al toxicity. This has resulted in well

recognized effects of Al on plant growth. The most striking effect

is the stunting and thickening of the root system at high Al concen-

trations. At lower concentrations direct and indirect effects on

nutrient and water uptake have been described. However, plant

species vary widely in their tolerance of Al. Hence while the nature

and degree of toxicity is determined by concentration, such concen-

trations are relative, i.e. dependent on plant genotype. Moreover,

while the broad nature of effects of Al are similar for most plant

species, the specific effects appear to vary considerably. Some of

the reported variability appears to be due to artifacts of the experi-

mental methods used.

The literature on plant Al studies is extensive. Fortunately

this writer can refer the reader to a recent and most excellent re-

view by Jackson (1967). In addition to a full compilation of the

literature on physiological aspects of Al toxicity, the review also
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covers the role of Al relative to other factors of the soil acidity

complex. The immediate discussion which follows is an appraisal of

the material relevant to this dissertation.

Effect of Al on Growth

It has been shown for Agrostis stolonifera (Clarkson, 1965a),

onion (Clarkson, 1965b) and barley (Sampson, Clarkson and Davies,

1965) that the cessation of elongation of roots, at high Al concentra-

tions, is associated with the disappearance of mitotic figures in

meristematic cells. Further Sampson et al. (1965) showed that the

newly synthesized DNA following an Al pretreatment was of a dif-

ferent base form and of lower molecular weight than normal DNA.

Thus it appears conclusive that Al, at a sufficiently high concentra-

tion, can inhibit cell division through interference with DNA repli-

cation during interphase.

Jackson (1967) indicates root growth is usually affected before

shoot growth. Yield data of Clarkson (1965a) show that, while this

was the case with one species of Agrostis at three weeks as compared

with seven weeks, it was not apparent with three other species. Again

much of the yield data show an actual depression of shoot/root

weight ratios over a fixed period of exposure to Al. Thus as pointed

out by Jackson (1967), it is not clear when during the course of

plant development inhibition in shoot growth overrides inhibition in
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root growth.

It is also noted that, contrary to causing inhibition, Al has

often been found to stimulate length and dry weight of roots (Hackett,

1962) and occasionally of shoots (Harward et al. , 1955; Hackett,

1967). However, no proof of essentiality has been established

(Woolley, 1957), and stimulation may be merely the negation of

toxic effects of other ions (Jackson, 1967).

Distribution of Al in Plants

In crop plants, where the Al content of the shoots and roots

has been examined, most of the Al was found in the roots. Al-

though several grasses have been noted to have Al contents greater

than 1000 ppm (Moomaw, Nakamura and Sherman, 1959), most of

the crop plants appear to exclude Al to at least some degree. Thus

Clarkson (1967) recovered 70-80% of the Al accumulated in roots

from the cell wall material. The Al would appear to be bound very

tightly. Following a pretreatment with Al, only small amounts of

Al were removed from cell wall preparations by 10-1 M NaC1 and

10 M CaC12, and from whole roots by 10
-2 M NaEDTA.

Mobility of Al in plants is low. In split root experiments,

Wright (1937) found little movement to that portion of the root not

directly in contact with the Al. Examination of stained root sections

(McLean and Gilbert, 1927; Wright and Donahue, 1953; Ikeda et al. ,
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1965) indicate Al does not move readily through the endodermis.

This is substantiated by the observation that root laterals may

initiate and develop normally in the pericycle. But once they pene-

trate the endodermis into the cortical region, where they are ex-

posed to high Al concentrations, further development is severely

disrupted (Rorison, 1958). Root laterals become stubby in appear-

ance or may even fail to penetrate the cortex.

In general the amount of Al in the shoots does not reflect the

effects on yield. For barley and wheat, Foy et al. (1967a) concluded

that differential tolerance of varieties to Al was not related to Al con-

centrations in the shoots. Tolerant species often contain more Al

than more susceptible ones (Jones, 1961; Munns, 1965). Jackson

(1967) notes that responses to liming have not been accompanied by

a consistent decrease in Al content of shoots. However, data of

Ouellette and Dessureaux (1958) show that for various strains of

alfalfa the yield was related to Al content in the shoots. Munns

(1965) also showed for subterranean clover and alfalfa that the Al

content in shoots increased with the increase in Al in the nutrient

solution. This increase was associated with a decrease in yield

within species.

Effect of Al on Accumulation of other Elements

There is ambiguity concerning the effect of Al on P
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accumulation and its relation to Al toxicity. Most of the reports

suggest that P content of the roots is increased, that translocation

to the shoots is impaired and that P deficiency symptoms may devel-

op (MacLeod and Jackson, 1967). However, decreases in P content

of roots (Pierre and Stewart, 1933; Foy and Brown, 1963, 1964;

Munns, 1965) and increases in P content of shoots (Randall and

Vose, 1963) have been observed. Jackson (1967) notes that usually

the proportion of incoming P which is translocated was reduced even

when P content of the roots was depressed by Al. Clarkson (1966),

quite logically, suggests the decrease in P content of shoots in Al

treated plants is a consequence of the decrease in root weight.

Nevertheless there are examples where P content of shoots was not

affected by Al even though growth was depressed (Ouellette and

Dessureaux, 1958; Rees and Sidrak, 1961).

There is disagreement over the location of increased Al in-

duced P accumulation in roots. However, considering the findings

of Clarkson (1967) that most of the Al accumulation in roots is on the

cell wall material and that Al induced P accumulation is marked at

3
oC and is readily exchangeable, it is difficult to visualize the hypo-

thesis of Randall and Vose (1963) that the P is bound with Al inside

the cell. This latter is based on their convincing but not complete

evidence that Al induced P accumulation is metabolic in nature.

In many of the above studies, indirect effects due to exceeding
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the solubility products for aluminum hydroxide and aluminum phos-

phate at the pH values in question plus the effect of pH itself may

have influenced the results. Munns (1965), who took precautions to

exclude such indirect effects, found that the only Al induced accumu-

lation of P was on subterranean clover roots at concentrations which

did not affect growth. At Al concentrations which affected growth,

Al reduced P accumulation in the shoots and roots of alfalfa.

Growth also was reduced at non-deficient P concentrations. This

suggested Al inhibition of growth was not due primarily to induction

of P deficiency.

The reports of Al inhibition of Ca uptake cannot be simply

interpreted. They are confounded with the effect of Al on yield

through inhibition of cell division, the effect of pH on ion uptake and

possible separate effects on absorption and translocation.

Schmehl, Peech and Bradfield (1952) showed that 10 ppm Al

caused a ten-fold decrease in 45Ca accumulation in shoots of alfalfa

over a 36 hour period. Munns (1965), using lower Al cdtcentrations,

showed decreases of a lesser magnitude for Ca content of shoots of

alfalfa over a three week period. There was no decrease in the

roots. Invariably the decreases in Ca content of shoots for alfalfa

and subterranean clover are seen to be associated with decreases in

yield of both roots and shoots. A marked reduction in 45 Ca content

of cotton plants can also be associated with a marked decrease in
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yield (Foy and Brown, 1963). A significant decrease in Ca content

of shoots without an accompanying decrease in yield can be seen

from the data of MacLean and Chiasson (1966) for one barley variety

at 0.5 ppm Al in the nutrient solution. A general decrease in shoot

content with increase in root content led the authors to suggest

translocation of Ca was affected by Al.

In the above experiments the pH of the nutrient solutions was

controlled. However, the reports of a decrease in Ca content of

shoots of barley (Rees and Sidrack, 1961), of roots of sunflower

(Hortenstine and Fiskell, 1961) and of a differential distribution of

Ca in lettuce leaves (Harward et al., 1955), are of an order of mag-

nitudenitude to be expected from an increase in L H+] resulting from the

hydrolysis of the Al added to the nutrient solutions. The five-fold

decrease in Ca reported for the variety Monon was accompanied by a

three-fold decrease in yield and a pH decrease of from 7.48-5.29

(Foy et al. , 1967a).

Arnon, Fratze and Johnson (1942) have clearly demonstrated

the striking effect of [H4-] on ion uptake. For tomato, lettuce and

bermuda grass the reduction in Ca absorption from pH5 to pH4 was

70, 38 and 64 percent, respectively. Also, at pH4 absorption did

not commence until after 48 hours. This suggests caution in inter-

preting the effects of short term experiments. The increase in [H+]

from pH5 to pH4 caused smaller reductions in absorption of Mg, P,
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and K.

With excised roots, Johnson and Jackson (1964) do convincingly

show a reduction in both the adsorption and linear accumulation

phases of Ca and 45Ca accumulation. Their results from a 48 hour

term uptake study using 45Ca and intact plants are not so easy to

interpret. Data would indicate that after an initial delay uptake into

shoots was little affected while uptake into roots became inhibited

completely with time. However, the larger increase of pH in the

control (to pH6) compared with the Al treatment (to pH4. 5) from the

initial pH4 may account for some of the differences.

For an experiment in which Al did not reduce yields significant-

ly (most likely due to co-precipitation with P) total plant Ca was

significantly reduced at 2 and 4 ppm added Al and 45Ca uptake at 4

ppm added Al (Paterson, 1964). There was no control of pH apart

from a weekly change of nutrient solutions.

Rees and Sidrak (1961) report decreased Mg content of shoots

for barley and spinach at Al concentrations which depressed yield.

Under conditions of limiting. P, Paterson (1964) noted decreases in

Mg content in excess of those for Ca. However, when P concentra-

tions were adequate there was no significant decrease in total Mg.

Thus the author concluded, "Al does not significantly affect percent

Mg in the plants providing ample P is available."

While Hewitt (1948) observed that Mn toxicity symptoms in
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several crops increased in the presence of Al, Jackson (1967) notes

that Millikan (1949) observed the reverse effect in flax. With Al

levels sufficient to reduce growth, depressions of Mn have been ob-

served in older leaves of lettuce (Harward et al., 1955), in spinach,

barley and salt bush leaves (Rees and Sidrak, 1961), in tobacco

leaves (Hiatt and Ragland, 1963) and in roots of corn (Paterson,

1964). Some of these latter observations may be due to the known

marked depressions of increased [H+I on Mn uptake (Munns, Johnson

and Jacobson, 1963a; Maas, Moore and Mason, 1968). Nevertheless,

Al itself severely inhibited Mn absorption in excised roots of barley

(Maas, 1967).

From the known stimulation of Al on K uptake by excised bar-

ley roots at low pH values (Fawzy, Overstreet and Jacobson, 1954),

little deleterious effect of Al on K uptake by whole plants would be

expected. Indeed, no effect of Al on K uptake was found for spinach,

barley and salt bush (Rees and Sidrak, 1961) or for corn (Paterson,

1964) even though yield decreases occurred. However in other ex-

periments where Al decreased yield, decreases in K content of

leaves of lettuce (Harward et al., 1955), in shoots of cotton (Foy

and Brown, 1963) and shoots and roots of barley (MacLeod and

Jackson, 1967) were reported. Further interpolating from uptake

studies with Rb, Jackson (1967) suggests that at the low concentra-

tions of K found in the soil a depressing effect of Al could occur.
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There are fewer reports concerning the effect of Al on the

accumulation of other nutrients, Paterson (1964), did observe that

Fe and Zn content of roots was decreased with increasing Al nutrient

levels, but there was no effect on Cu or B content of roots or shoots.

Except for the effect on Cu, these observations are in agreement with

other reports cited by Jackson (1967). Blevins and Massey (1959)

noted that in the absence of other cations the relative uptake of 64
Cu

in the shoots of wheat was stimulated at 0.1 ppm Al but decreased at

concentrations > 0.4 ppm Al. However with 10-4 M CuSO4 in the

nutrient solution, depression occurred at all Al concentrations in

both root and shoot (Hiatt, Amos and Massey, 1963).

In summary, research to date reveals seemingly endless

effects of Al on nutrient accumulation. However interpretation is

often difficult because the role of Al has been confounded with

separate effects of LH+j
, precipitation when solubility products have

been exceeded and other independent effects of Al on yield. On the

whole, the majority of reported effects of Al on nutrient accumula-

tion appear to be largely of an indirect nature.

Variation in Tolerance to Al among Plants

Differences in tolerance to Al have been recognized for many

years. They are quite striking in extent. Hartwell and Pember

(1918) reported Al was three times more toxic to barley than rye.
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McLean and Gilbert (1928) grouped 12 crop varieties as being sensi-

tive, medium sensitive and resistant to Al according to their re-

sponse to 2, 7 and 14 ppm Al, respectively. As Ligon a n d

Pierre (1932) found similar depressions with much lower concentra-

tions (e. g. 25 percent depression of corn with 1 ppm Al rather than

with 14 ppm Al) the results are open to question. Nevertheless the

relative degree of injury to corn, sorghum and barley were the same

in the two experiments. In a comparison of 17 different crop

species, 36 ppm added Al reduced relative yields from 40 percent

for kale and cauliflower to 97 percent for celery (Hewitt, 1948).

Variation in tolerance to Al between species in the same genus has

been described for the genus Carex (Clymo, 1962) and the genus

Agrostis (Clarkson, 1965a).

Of more interest are the recent demonstrations of intra-

specific variation in tolerance to Al. Ouellette and Dessureaux

(1958) observed three-fold differences in yield between clonal lines

of alfalfa at high levels of Al. In a comparison of twenty varieties

of Lolium perenne and L. multiflorum, decreases in yield due to Al

toxicity ranged from 23 to 74 percent (Vose and Randall, 1962).

Differences in tolerance to Al among wheat varieties were

first shown by Neenan (1960). Foy and c ow orkers (1 9 65a,

1965b, 1967a) have repeatedly demonstrated striking differences

among both wheat and barley varieties. Similar differences have
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also been observed for wheat and barley (Ikeda et al., 1965) and for

barley varieties (MacLean and Chiasson, 1965; MacLeod and

Jackson, 1967).

That varietal differences in tolerance to Al are probably wide-

spread within crop species is suggested by recent reports of dif-

ferential tolerance among cotton varieties (Foy et al. , 1967b), soy-_
bean varieties (Armiger et al., 1968) and dry bean, snapbean and

lima bean varieties (Foy et al., 1967c).

Plants with varying tolerance to Al have often been used in

studies of the nature of Al toxicity. Aluminum toxicity has not been

fully elucidated, and thus it is to be expected that the physiological

mechanisms for differences in tolerance are not well understood.

Nevertheless, pertinent observations have been made and hypo-

theses have been proposed.

There appears to be little relation between differences in

interspecific tolerance and Al content of shoots (Jones, 1961). In a

detailed comparison of subterranean clover and alfalfa, subterranean

clover was more tolerant yet contained more aluminum in the shoots

than alfalfa (Munns, 1965). Nevertheless, intraspecific differences

in alfalfa appear to result from difference in transport of Al to the

shoots, as equal degrees of injury occurred in all clonal lines at

equal Al concentrations in the shoots (Ouellette and Dessureaux,

1958). Tolerant lines had more Al on the roots but it was not
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determined whether this was interior or exterior to the cell.

In ryegrass, resistance to Al toxicity was associated with low

cation exchange capacity (C.E. C.) of the roots (Vose and Randall,

1962). Foy et al. (1967a) reached the same conclusion for two bar-

ley and two wheat varieties of contrasting tolerance (though their

data for wheat is not very convincing). They consider the higher

C.E. C. of susceptible varieties could explain greater Al accumula-

tion in these varieties, directly through increased availability of

negative sites and indirectly through a decrease in pH close to the

roots. In fact, these workers have shown that susceptible varieties

of wheat and barley consistently lower the pH more than do tolerant

varieties (Foy et al., 1965a, 1967a). It was hypothesized (Foy et

al. , 1965a) that the lower pH could result in greater Al solubility

in the root zone and explain, at least in part, the greater suscepti-

bility to Al. They expressed suprise that differences in tolerance

remained when the contrasting varieties were grown together in

vigorously aerated solutions, but suggested that microzones of dif-

ferential pH could still be present. However, it is pointed out that

sensitive varieties may accumulate more Al at the same pH than

tolerant varieties and that it remains uncertain whether lower

tolerance is due to greater Al accumulation or greater sensitivity to

the same amount of Al (Foy et al. , 1967a). Thus the ques-

tion of the mechanism for differential tolerance remains open.
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Most of the reports on intraspecific differences in tolerance

to Al enthusiastically suggest utilization of the reported resistance

in developing varieties for use on acid soils. It is necessary first,

however, to establish that the differences reported are heritable and

if so to establish the nature of inheritance of resistance to Al toxi-

city.

Studies with alfalfa selfed progenies from tolerant and suscep-

tible phenotypes (which had been selected from within varieties)

showed that visual selection for tolerance to Al toxicity in the seed-

ling stage was effective (Dessureaux, 1960). In all varieties, toler-

ant phenotypes gave rise to more tolerant progenies than susceptible

ones. No information was available on the nature of the gene action.

It was later reported (Dessureaux, 1964) that constant selection for

acid tolerance was successful when large populations were used but

that a plateau was soon reached when selection was initiated from

small populations. More recent unpublished information indicated

little progress had been achieved through selection. 1

Selections from within two varieties of perennial ryegrass

showed increased tolerance to Al. In the third and fourth genera-

tions the percent reduction in growth due to Al was 32 and 21 percent

respectively, as compared with 68 percent reduction shown by the

1 Dessureaux, L. Private communication.
C. E. F. , Ottawa, Canada. July, 1966.

Research Station,
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original population (Randall, 1963). The resistant lines, however,

were usually lower yielding than susceptible line s when grown

without Al. The genetic control of resistance was considered com-

plex.

Foy and co-workers have noted that the resistant varieties of

wheat and barley (Foy et al., 1965b) and of dry bean, snapbean and

lima bean (Foy et al., 1967c) were developed on acid soils; the sus-

ceptible ones were developed on less acid soils. It was concluded

that with these varieties "a (natural) selection had been made for

properties that were closely associated with their ability to tolerate

Al in acid soils."

Thus to date, though intraspecific differences in tolerance to

Al are well established, there is little information on the physiologi-

cal mechanisms which might explain these differences and still less

knowledge about the heritability of resistance to Al toxicity. Never-

theless, information available on varietal differences involving other

nutritional factors (Myers, 1960; Vose, 1963) is sufficient to en-

courage further research into the nature of differential tolerance to

Al, For example, Weiss (1943) identified a single dominant gene

controlling efficiency of Fe utilization within certain soybean varie-

ties. It was subsequently shown that the genotype of the rootstock

controls this efficiency and that the roots of efficient plants have a

greater reductive capacity (Brown, Holmes and Tiffin, 1958, 1961).
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Background and Aims of the Study

The stimulus to initiate this investigation of Al toxicity in wheat

was provided by field experience of differential tolerance of plants to

acid soils. It appeared, at least to this writer, that Al was the most

likely factor of the soil acidity complex which might be responsible

for such differential plant tolerance. The review of literature has

shown there is a considerable body of knowledge on Al-plant rela-

tionships. However interpretation of many experiments, in particu-

lar those relating to nutrition, is difficult. This is because the ef-

fects of Al were often confounded with other variables. There is

limited information on the nature of varietal variation to Al. Thus

additional investigation in which the parameters of Al concentration

and pH are carefully controlled is warranted.

Wheat was chosen because of the availability of varieties of

varying tolerance to Al (Foy et al. , 1965a), and being self-fertilized

it offered uniform material for nutritional and genetic studies.

Also, it was considered appropriate to determine the per-

formance of wheat varieties adapted to the Pacific Northwest within

this investigation of Al toxicity. Although Mn has been identified as

a toxic element in acid soils in western Oregon (Dawson, 1958;

Jackson, Westermann and Moore, 1966), there are no reports on the
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role of Al. Nevertheless, the field evidence 2 that Gaines wheat,

which is sensitive to soils high in exchangeable Al (Foy et al.,

1965b), has not yielded to expectations on some acid and poorly

drained soils suggested the possible importance of Al.

Specific aims of the study were:

(1) to determine the tolerance of selected wheat varieties to

Al in relation to Al concentration of nutrient solution,

(2) to use selected wheat varieties to study the effect of Al on

nutrient uptake as influenced by Al concentration, yield

and pH,

(3) to initiate an investigation into the nature of inheritance of

Al toxicity and

(4) to compare the information from growth, nutritional and

genetic studies in the performance of selected varieties

on soils containing exchangeable Al.

2 Jackson, T. L. Private communication. Oregon State University,
Corvallis.
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MATERIALS AND METHODS

Nutrient Experiments

Solubility Considerations

The desirability of both effective pH control and the prevention

of precipitation of Al and P in solution was stressed in the previous

section. Relationships between Al, P and pH are now discussed.

Consider the addition of Al and P salts to a nutrient solution

in the pH range of 4-5. In a short-term experiment it is unlikely

that polymeric Al ions will be present (Raupach, 1963d). The pro-

portion of di- to trivalent ions of Al will occur according to the

reaction (where water of hydration is understood):

A13+ + H2O = A1OH2+
+ H+ (1)

The concentration of Al ions in solution will be controlled by one or

other of the solubility equilibria:

Al(OH)3 = AlOH2+ + 20H (2)

= Al 3+ + 30H (3)

Actually Raupach (1963d) has concluded from solubility experiments

in weak salt solutions that when 5 < pAlOH2+ < 3 no Al 3+ ions are

present in solution. This is because the Al(OH)
3

surface rapidly
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binds A13+ ions, which are produced only slowly in solution, and re-

leases A1OH2+ ions. Thus, (2) is the controlling reaction. How-

ever, when an Al salt is added to a solution of low pH such that the

solubility constant (Ks) of AL(OH)3 is not exceeded then Al3+ will be

present. As Ks is exceeded either reaction (1) or (2), or both,

could apply. At pH4 and pH5 the concentrations of Al(OH)z+ are

2 x 10 -10 and 2 x 10-11 M,respectively (Jackson, 1963); which con-

centrations are too low to be of importance with respect to Al toxi-

city.

In the presence of phosphate the amount of Al 3+ and H
2

PO4

in the solution will be governed by several reactions, of which the

simplest are:

A1P0
4
.2H20 = Al3+ + H

2
PO4 + 20H (4)

= A1OH2++
H

2
PO4 + OH (5)

= AlOH2+ + HP0 42 - + H2O (6)

Bache (1963) considered the solubility constant for reaction (4). In

contrast to previous work he found, in solubility experiments, that

Ks (A13 +). (H2PO4). (OH )2 was not constant at 30° 5 (Lindsay, Peech

and Clark, 1959). Between pH3 and pH5 it decreased linearly with

pH and was also affected by the solution/solid ratio.

In Table 1, values have been calculated for the solubility of Al



Table 1. Approximate maximum values for solubility of Al at different pH values at 25°C.

-
pH (1)A1(OH )3 =A13+ +30H

(2 )A1(OH)

3
=A1OH

2+
+20H

(3 )A13+
=A10H2++H+ AlP0.2H

2
0 = Al3+

+ H2PO4 + 20H

41-M)

Al3+

(ppm)

Al0H2+

(11M)

Al3+ /A10H2+ Al3+(pM), with 10 jaM H
2

PO4

(4)
Variable pK (5)pK =28.4 (6)

Data of Munns

4

4.5

4.8

4.9

S.0

5000

160

20

10

5

135

4.3

0.54

0.27

0.13

500

50

12

8

5

10

3.1

1.6

1.25

1.0

25

8

3

2.5

2

400

40

10

6

4

500

100

(1) pKso = 32.3 and (2) pKsi = 23.3 for amorphous Al(OH)3 (Raupach, 1963a); (3) pK= 5 (Raupach, 1963b).

(4) Variable pKs - Values obtained by extrapolation from 'data of Bache (1963) for soln:solid : : 1000:1.

(5) pKs = 28,4 - Maximum pK value obtained by Bache (1963) in precipitation experiments.

(6) Maximum solubility without evident reaction between P and Al in solution (Munns, 1965).
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ions as affected by pH and P concentration. They emphasize the

low amounts of Al and P which can be kept in solution without

either precipitation of aluminum hydroxide or variscite. At 50 p.M

P the amount of Al which can be kept in solution is further reduced

by a factor of 5. However, the values are approximate. Thus K

is a calculated value and lies midway between two sets of actual

values (31° 7 and 32.8) found for amorphous Al(OH)3 (Raupach,

1963a). Activity coefficients were not considered because of the low

dilution. From the calculated values it appears that Al would preci-

pitate as AlP04-2H 20 before it precipitated as Al(OH)
3.

However,

both Raupach (1963c) and Bache (1963) present evidence that at low

P concentrations and pH values approaching pH5, the reverse may

be true.

Solubility relationships were carefully considered by Munns

(1965). In a precipitation experiment, the soluble Al and P were

determined over a graded series of buffered 10 mM Ca and K solu-

tions. It was shown that if P was kept below 50 p.M at pH4 or below

10 p.M at pH4. 5 then Al concentrations of the order of 100 p.M could

be maintained without evident reaction in the solution. These values

are in fair agreement with one set of calculations made from data of

Bache (1963). They were applied in determining Al and P levels

used in this investigation. Munns (1965) also noted that solutions

did not become turbid even though substantial precipitation occurred.

so
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Nutrient Culture System

Except for the method of germination, the nutrient system em-

ployed was similar to that described by Munns (1965). The plants

were germinated and grown directly in the nutrient solutions to

which treatments had been applied.

In experiments # 1 and # 2 plants were supported on glassfibre

mesh glued to a styrofoam block. This had been drilled previously

with 12 holes to accept the plants. An additional hole permitted pH

determinations and sampling of the nutrient solution. The styrofoam

block floated directly on the nutrient solution. Plants grew well

with this arrangement. However though the gap between the styro-

foam block and container was covered there did exist the possibility

of dust entering and spray leaving the container.

In later experiments, plants were grown in removable black

polyethylene cups which in turn were supported on black acrylic

resin covers. The mesh attached to the bottom of the cups was a

polyvinylidene chloride resin. 3 Hewitt (1966) has described this

means of supporting plants for nutrient solution cultures. In both

arrangements the seeds were initially covered with filter paper to

keep them moist. Following germination, Dacron fibre was packed

3 The mesh is marketed under the commercial name "Saran" by
National Filter Media Corp. , Salt Lake City, Utah.



23

around the germinating seedlings.

The containers were rectangular shaped black polyethylene

waste baskets of 25 litre capacity. Continuous aeration was given

plants through a circular polyethylene tube, drilled with fine holes

and fitted to the bottom of the containers with a polyethylene tape.

All parts of the equipment which came in contact with nutrient solu-

tion were washed in acid and rinsed in distilled water.

Plants were grown in a growth chamber. Settings for all ex-

periments were maintained at a day temperature of 25°C, a night

temperature of 17oC and a 16 hour daylength. Full light was main-

tained for all experiments except # 1, for which only one half the

fluorescent lighting was used. At full light,the light intensity was

2000 foot-candles at all points at plant height.

The nutrient solutions were made with distilled water and had

the compositions shown in Table 2. Adjustments of P, Al and pH

were made as necessary to maintain constant values. Unless indi-

cated, it was accepted that the Al and P levels used would not pre-

cipitate out in solution (Munns, 1965), and thus Al and P determina-

tions were made directly on samples from the nutrient solutions.

After one week it was necessary to adjust P daily. Phosphorus

varied from -50 to +20 percent of stated values. (Munns (1965) has

shown 1µM P is adequate for growth if maintained). Aluminum

levels decreased very slightly (usually < 10% of stated values) in all



Table 2. Composition of nutrient solutions and solution treatment variables.
1

Experiment # 1 2 3 4
Screening &

Genetic Expts.

KNO
3

(mM) 4 4 (2, 4) (2, 4) 4

Ca(NO3 )2 (mM) 4 4 4 4 4

MgSO4 (mM) 1 1 1 1 2

Mg(NO3 )2 (mM) - - (0, 1) (1,0)

(NH4)2504 (mM) - 0, 5 0. 5 0. 25 0. 5

NH H PO4 2 4 (FM) 10 10 10 10 (10, 20 )
or KH2 PO4

'(pM) (0, 3. 7, 7. 5, 30, 120) (0, 30, 60, 120) (0, 30, 60, 120, (0, 7. 5, 75) (0, 60, 90, 240, 480 )
240, 480)

KA1(504 )2' 12H20
(ppm) (0, O. 1,0.2,0. 8, 3.2) (0,0. 8, 1. 6, 3. 2 ) (0, O. 8, 1. 6, 3. 2,6. 4 (0, 0. 2, 2. 0) (0, 1. 6, 2. 4, 6. 4, 12. 8)

12. 8 )

pH ( 4, 5 ) 4 4 ( 4, 4. 5, 4. 9) 4

1 All solutions received (p. moles/litre): MnSO4, 2; CuSO4, O. 3; Zn SO4, 0. 8; H3B03, 10; H2MoO4, 0. 1; NaC1, 30; Fe-CDTA, 10.
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experiments except # 4. On the addition of even 12. 6 ppm (480 p.M)

Al to the nutrient solution at pH4 there was no detectable change

(± 0. 02 pH unit) in pH. However, on addition of 2. 0 ppm Al at

pH4. 5 and 0.2 ppm Al at pH4. 9, there was a slight decrease in pH.

This suggested that hydrolysis of Al or precipitation with P, or both,

had taken place. It was verified by analysis for Al concentration

prior to and after centrifugation (Table 3). Solutions were quite

clear. The same extent of hydrolysis was found at several sampling

dates. As it was not desirable to accentuate further any hydrolysis,

adjustments for Al content were still made according to Al determined

prior to centrifugation.

1
Table 3. Aluminum concentration of nutrient solutions.

Treatment variables Analysis for Al (ppm)

pH Al
(ppm)

Nc Centrifugation Centrifugation
(30, 000 g for 30 min)

4. 0 0. 2 0. 20 0. 20
2.0 1.92 1.85

4.5 0. 2 0. 19 0. 18
2. 0 2. 00 1.68

4.9 0.2 0.16 0.09

1
Average of all treatments at one sampling date. Values are from experiment # 4, except for pH4,
2. 0 ppm Al. Accuracy ± 3%.
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Except for the first week of growth, pH was adjusted daily and

for experiment # 4 twice daily. Adjustment was made either with

KOH or H2SO4. In experiment # 1, pH of the solution increased, so

in subsequent experiments sufficient NH4+ was added to the solution

such that pH values always decreased. In experiment # 4, where the

closest control was maintained, variation was -0.05 at pH4, -0.1 at

pH4. 5 and -0.2 at pH4. 9.

The nutrient solution was not changed during the experiment.

Maximum removal of Ca, Mg and K was shown, by analysis and

calculation, to be < 1, 2, andz15 percent, respectively, for origin-

al solution concentrations of 4 mM Ca, 1 mM Mg and 2 mM K. The

micronutrient application was repeated immediately after the first

harvest.

In the nutrient experiments, extra seed was sown. Plants were

then thinned to 3-4 plants per cup at approximately five days. All ex-

cept one plant were harvested at 10-14 days and the remaining plant

at 20-26 days; i.e., from the first to second harvest there were

only 12 plants per 25 litre of nutrient solution.

A split plot design was used with nutrient variables as the main

plots and varieties as the subplots. Thus, different varieties were

grown together in the same nutrient container and subjected to the

same nutrient and pH conditions.

Shoot and root length measurements were made at each harvest

date and in experiments # 1 and # 2 at other intervals.
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Harvested plants were separated into shoots and roots. The bottom

1-2 cm of the shoot was included in the total weight but not in the

chemical analysis. Roots were given two five-minute washings in

distilled water. Shoots were rinsed in distilled water to remove

any loose particles. The plant material was dried at 60 oC prior to

weighing and chemical analysis. In most cases whole plants were

digested without subsampling and grinding.

Genetic Studies

The same nutrient system was used for the genetic studies as

for the nutrient and growth experiments. However for screening

purposes it was possible to grow 10-12 plants per cup, i.e., 120-

144 plants per 25 litre container. Because of limited supply of

seed there were considerable differences in seed size in the various

comparisons. The plants were screened at 0 ppm and 1. 6 or 2.4

ppm Al. At least one cup each of parental, F1 and F2 material

was grown in any one container. Plants were harvested ten days

after planting. Shoot and root lengths were measured and the plants

were visually sorted into classes. All seed which germinated were

included in the results.

Soil Experiments

The soil used in the pot experiments was sampled from 0-6".



28

Chemical analyses of the five soil series used are given in Appendix

Table 11. All soils were air dried and sieved through 1/4 inch

mesh. Soil for experiment # 2-S had been used previously for pot

experiments on the response of alfalfa to liming. 4 Replications

were rebulked and mixed before reuse. During experiments, the

moisture content was allowed to range from field capacity to 50

percent field capacity for the Aiken and Jory Series and from 80 to

50 percent field capacity for the Dayton, Powell and Steiwer Series.

The soil surface was covered with coarse quartz sand to prevent

soil contamination of the shoots. The experiments were conducted

in a growth chamber at the same environment settings as used for

the nutrient experiments.

In experiment # 1-S, the different varieties were grown in

separate containers each holding 500 g soil. At 12 days the soil

was washed from the roots to allow examination of root development.

In experiments # 2-S and # 3-S, a split plot design was used

with fertilizers as main plots and varieties as sub-plots. Pots con-

tained 2000 g of soil and were divided into three segments by filter

paper. Treatments had been previously applied in experiment

# 2-S. In experiment # 3-S, nutrient additions were thoroughly

4Janghorbani, M. Department of Soils, Oregon State University,
Corvallis, 1968. Two treatments (0 me CaCO3, 45 lbs P and 4
me CaCO3, 45 lbs P) were used in this investigation. Alfalfa had
been grown in the soil for four months.
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mixed with the soil and incubated at field capacity for two weeks

prior to planting of seed. Both experiments received a basal dress-

ing of KI-12 PO4 and NH4
NO3 to supply 50 ppm each of N, P and

K. This was added in solution as a band below the seed. Shoots

were harvested at 24 days after planting and dried at 60°C prior to

we ighing.

Chemical Analyses

Plant material was placed in 125 ml erlenmeyer flasks and

digested with nitric and perchloric acid. Samples were transferred

to volumetric flasks and brought to volume. Analyses for Ca, Mg,

Mn, Fe and Zn were made on a Perkin-Elmer Model 303 atomic

absorption spectrophotometer. The dilutions for Ca and Mg

analysis contained 1500 ppm Sr. Potassium was analyzed on a

Beckman Model DU flame emission spectrophotometer. Phosphorus

was determined colorimetrically by the molybdate-vanadate method

(Jackson, 1958).

Aluminum was determined by the Eriochrome-cyanine R

method proposed by Jones and Thurman (1957). The method was

modified to the extent that 2 ml of 1% thioglycollic acid was used

to complex the Fe and the pH of the ammonium acetate buffer was

raised to pH6. 7. In preparation of plant digest samples for analy-

sis,a suitable aliquot was transferred to a 50 ml volumetric flask,
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2 drops thymol blue added, whence it was titrated with 1 : 4 am-

monium hydroxide to an orange colour (pH2.5).

For nutrient solution analysis, Al was determined as above

and P colorimetrically by the molybdate-ascorbic method

(Watanabe and Olsen, 1965).
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RESULTS AND DISCUSSION

Effect of Al on Growth

Preliminary Observations

In the initial experiment the effect of Al on growth was examined

over a wide range of Al concentrations (see Appendix Table 1)5 . The

experiment was designed to provide information on critical concen-

trations for screening wheat varieties for their tolerance to Al and

the effect of Al on nutrient uptake. In addition it served as a check

on the nutrient culture system. Two wheat varieties of contrasting

tolerance were used. Atlas 66 and Thatcher had shown good and

poor growth, respectively, on an acid soil high in exchangeable Al

(Foy et al. , 1965b). The results are shown in Figure 1 and Table 4.

All statistical analyses gave a significant variety x treatment inter-

action.

Inhibition of root development was immediately evident in

Thatcher at 3.2 ppm Al. The roots became brown and thickened.

The few lateral roots which developed beyond the 'initial' stage were

stubby. Microscopic examination showed disorganized cellular tis-

sue surrounded by a gelatinous like sheath. This latter may be due

5Complete information on treatments and results for all experiments
is given in the Appendix. Nutrient solution composition and design
of experiments are described on p. 23-26.
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Figure 1. Effect of Al concentration at pH4 on shoot and root elongation of Atlas 66 and Thatcher wheat during
26 days (Experiment # 1).



Table 4. Effect of Al concentration on yield of Atlas 66 and Thatcher wheat at pH4 (Experiment # 1). 1

Al

(PPm)

Yield (g dry weight) Shoot/Root
Shoot Root Weight Ratio

Atlas 66 Thatcher Atlas 66 Thatcher Atlas 66 Thatcher

(i) Harvest at 14 days

0 0. 92 0. 88 0. 21 0. 27 4. 4 3. 3

0. 1 0. 89 0. 82 0. 19 0. 24 4.6 3. 4

0. 2 1. 00 0. 89 0. 24 0. 27 4. 2 3.2

0. 8 0.90 0. 58 0. 20 0.17 4, 5 3. 3

3. 2 0. 92 0. 34 0. 22 0. 04 4. 2 8. 4

L. S. D.
0. 05,between

varieties 0. 10 0.03
ti ,within varieties 0. 16 0. 05

(ii) ) Harvest at 26 days

0 3. 94 3. 38 0.68 0. 74 5. 8 4. 6

0. 1 3. 63 3. 22 0. 66 0. 77 5. 6 4. 2

0. 2 4. 34 3. 94 0. 78 0.90 5. 7 4. 4

0. 8 3. 37 2. 33 O. 53 0.46 6. 5 5. 1

3. 2 2. 95 0. 37 0. 48 0. 09 6. 3 4. 2

L. S. D.
0. os'between

varieties 0. 32

, within varieties 0. 76

0.07

0. 13

1
Dry weights at 14 and 26 days are for 12 and 6 plants, respectively.
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to secondary bacterial decomposition. Fleming and Foy (1958) have

recently described a similar gelatinous sheath around both tolerant

and susceptible wheat varieties grown at high Al concentrations.

Reduced elongation and a slight thickening of the primary roots was

also evident in Thatcher at 0.8 ppm Al. Lateral development was

less affected. There was little discoloration except on the root tips

and base of the laterals, There was no effect on root elongation for

the 0.1 and 0.2 ppm Al treatments for Thatcher or for any treat-

ments for Atlas 66 (Figure 1).

This marked difference between Atlas 66 and Thatcher in root

development was accompanied by significant yield reductions at 0.8

and 3.2 ppm Al for Thatcher but not for Atlas 66 at the 14 day har-

vest (Table 4). The results for Thatcher support the finding that Al

inhibits plant growth through inhibition of cell division in the root

system (Clarkson, 1965b). The more immediate effect on the root

system is also illustrated by the increased shoot/root weight ratio

at 14 days for 3.2 ppm Al; whereas, at 26 days the shoot shows the

same degree of depression as the root. When the roots were severe-

ly stunted the continued presence of a white milky fluid in the seed

suggested starch reserves had not been used up. The plump white

fluid filled seeds were evident until the 26 day harvest unless second-

ary bacterial contamination had occurred. This might suggest Al

affected the utilization of seed reserves. However it is felt the
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absence of a viable root system is sufficient explanation. Observa-

tions on germination of wheat seed in distilled water showed shoot

growth was severely depressed when roots were pruned.

The reduction in yield for Atlas 66 at 0.8 and 3.2 ppm Al at 26

days was not accompanied by a reduction in root elongation or

marked reduction in lateral development. A mottled chlorosis was

noticeable in the Atlas 66 shoots at 14 days in the 3.2 ppm Al and at

17 days in the 0.8 ppm Al treatment. This effect will be discussed

later.

At 0.2 ppm Al there was a slight stimulus in yield for both

varieties (significant for roots of Thatcher at 26 days). Such stimuli

have been reported (Hackett, 1962, 1967). However, because of

lack of response to 0.1 ppm Al and possible uneven and limiting light

in this experiment, no importance can be attached to this particular

observation.

Performance of Locally Adapted Varieties

Ten varieties and selections adapted to the Pacific Northwest

were compared with Atlas 66 and Seneca for their tolerance to Al.

Their pedigree and origin are given in Appendix Table 9. Two of the

locally adapted varieties, Brevor and Gaines, had shown poor growth

on an acid soil high in exchangeable Al, whereas Atlas 66 and Seneca

had shown good growth (Foy et al., 1965b). From the results of

experiment # 1, it appeared 0, 0.8, 1.6 and 3.2 ppm Al would clearly
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distinguish differing tolerance to Al. Six varieties, representative

of the range of reaction to Al, were selected for statistical analysis.

The comparative yield response of these varieties to Al is shown in

Table 5. Figure 2 illustrates parallel responses in length and yield

by both root and shoot for three of the varieties. Complete results

are given in Appendix Table 3. There was a significant variety x

Al interaction for all analyses.

The harvest results at ten days after planting show that Atlas

66 and Seneca are tolerant to 3.2 ppm Al, Druchamp and Redmond

are tolerant to 1. 6 ppm Al while Gaines and Brevor are sensitive to

0.8 ppm Al in the nutrient solution. The other six varieties are

given a tolerance rating in Appendix Table 9. There is a close

association between length and dry weight for both shoot and root.

However the most responsive character in the sensitive strains is

root length. For the sensitive strains, Figure 3 shows there is a

good correlation between root length and shoot weight over increas-

ing Al solution concentrations.

The harvest results at 20 days suggest the more tolerant

strains became susceptible with increased length of exposure to Al

(Table 5). This is contrary to the view that sensitivity to Al is

greatest in the early seedling stages (Rorison, 1958). However, as

in experiment # 1, the shoots of those strains which showed tolerance

at 10 days became chlorotic in the Al treatments. Chlorosis
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Table 5. Effect of Al concentration at pH4 on yield of six wheat varieties at 10 and 20 days
after planting (Experiment # 2). 1

Nutr. So ln.
Al

(PPIn)

Yield (g dry weight)

Atlas 66 Seneca Druchamp Redmond Gaines Brevor

1

(a) Harvest at 10 days

(i) Shoots

0 159 156 144 161 115 118

0,8 159 167 144 160 89* 88*
1.6 149 154 149 149 66 66

3.2 154 154 104* 105* 55 58

L. S. D. 0.05' between variety = 21; within variety = 22.

(ii) Roots

0 49 48 46 48 40 40

0.8 48 51 47 49 32* 29*
1.6 46 49 49 49 14 11

3.2 48 49 46 48 5 4

L. S. D. between variety = 7; within variety = 8 .
0.05 '

(b ) Harvest at 20 days

(i) Shoots

0 505 520 478 455 375 394
0.8 496 521 328* 403* 247* 193*

1.6 414* 458* 249 278 78 110
3.2 414 379 197 191 53 67

L. S. D. 0.05 ' between variety = 51; within variety = 59.

(ii) Roots

0 145 167 144 142 125 117

0.8 168 171 83* 119 74* 76*
1.6 129 133* 53 64* 30 26

3.2 119* 91 52 59 7 6
L. S. D. between variety = 25; within variety = 25.

0.05'

Asterisks (*) indicate first Al treatment significantly different from the control.

Dry weights at 10 and 20 days are for 3 plants and 1 plant, respectively.
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occurred initially in a mottled pattern, progressed to longitudinal

bands and finally to complete yellowing of the leaf blades. The

chlorosis was most severe in the high Al treatments and more strong-

ly developed in certain varieties. Where chlorosis was severe,

yields decreased and roots had an unthrifty appearance. Root and

shoot lengths were not affected to the same extent as the yields

(Appendix Table 4). This appearance of chlorosis was identified with

Mg deficiency and will be discussed later. In those varieties sensi-

tive to 0.8 ppm Al, P deficiency symptoms occurred at 1. 6 and 3.2

ppm Al after two weeks.

It was hypothesized that the results at ten days were more

truly indicative of varietal tolerance to Al than those at 20 days. If

Mg uptake was increased above deficiency levels then varietal toler-

ance to Al might persist with time.

In experiment # 3 (Appendix Table 5), Mg uptake of plants was

increased by both increasing the Mg concentration of the solution and

by reducing the K concentration. The two K/Ca+Mg concentrations

used were 4/8+4 and 2/8+4 meq per litre in contrast to the 4/8+2

meq per litre solution concentration used in the earlier experiments.

Aluminum solution concentrations were increased four-fold to 12.8

ppm Al in an endeavour to determine tolerance limits for Al-tolerant

and Al-moderately tolerant varieties. The tolerant Atlas 66 and

moderately tolerant Druchamp were used so a direct comparison
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could be made with the earlier experiments; and other new varieties

and selections were included so as to provide additional information

on differential tolerance to Al toxicity.

Chlorosis did not occur in any treatment or with any variety.

Both observation and measurements of yield and length indicated that

the degree of tolerance to Al for any variety remained constant over

the 20 days (Appendix Table 5). The yields for six varieties at one

K/Ca+Mg concentration are shown for the 20 day harvest in Figure

4. Photographs of three of these varieties at the 10 day harvest

are shown in Figure 5.

The varieties again appear to fall into three main groups:

sensitive (Selection 101 and Burt), moderately tolerant (Druchamp,

Selection 1744, Selection 1227, Norin 10 and Blueboy) and tolerant

(Atlas 66). The separation of the sensitive varieties is quite dis-

tinct. There is a sharp break at 1.6 ppm Al where both root length

and root and shoot weights are severely depressed. The critical

toxic concentration for the moderately tolerant varieties is not so

sharp. While shoot and root yields begin to decrease at 3.2 ppm Al

and sharply at 6. 4 ppm Al, primary root elongation is less severely

affected. The photograph of Druchamp does, however, show a

marked decrease in lateral root development at both 3.2 and 6. 4

ppm Al. Blueboy was not affected at 3.2 ppm Al and thus is inter-

mediate in tolerance between this group and Atlas 66.
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(i)

(iv)

Figure 5. Photographs of three wheat varieties grown at 0, 0.8, 1.6, 3. 2, 6. 4 and 12.8 ppm of Al
in solution: (i) Atlas 66 (tolerant), (ii) Druchamp (moderately tolerant), (iii) Burt (sensi-
tive) and (iv) close-up of Burt at 0.8, 1.6, 3.2 and 6. 4 ppm of Al in solution.
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Subsequently an additional 33 varieties and selections, either

grown commercially or used in breeding programs were screened

for tolerance to Al. Results for shoot and root lengths and yields

at 10 days are given in Appendix Table 9. The main purpose of this

screening was to provide information on suitable material for in-

heritance studies. However some of the results are pertinent to

this discussion of the effect of Al on growth. There appeared to be

an initial inhibitory effect of Al on germination or very early seed-

ling growth in some tolerant and moderately tolerant varieties. This

may have been partly due to Al directly affecting the shoots as

Dacron fibre support was not used in this large screening trial.

Howeverya similar effect was noticed for Atlas 66 at the higher Al

concentrations in experiment # 3 where Dacron support was used.

Also an initial severe inhibitory effect at all Al concentrations for

Kenya 338 appears most likely to be a direct effect of Al on germi-

nation. The inhibition of germination of Big Club and Federation at

all treatments suggests a direct effect of pH. In addition,Appendix

Table 9 lists all wheat varieties and selections screened for Al

tolerance, with a brief note on their pedigree and origin and an Al

tolerance rating.

Comparative Effect of Al and pH

+The [H at which plants show restricted growth varies with
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species and experimental conditions (Arnon and Johnson, 1942;

Vlamis, 1953; Hallsworth and Sutton, 1958; Munns, 1965). A re-

duction in pH from 5 to 4 restricted growth of lettuce and tomato.

However, provided the Ca and N concentrations of the growth

media were sufficiently high, little or no decrease in growth

occurred in barley, bermuda grass, alfalfa or subterranean clover.

Nevertheless, it was considered appropriate to determine if there

was any effect of increased [H+] under the same experimental condi-

tions as used in the Al growth studies. Table 6 shows the results

for two wheat varieties of contrasting tolerance to Al.

Table 6. Effect of pH on growth of Atlas 66 and Thatcher wheat (Experiment # 1).
1

Yield (g dry weight) Length (cm)

Variety pH Shoot Root Shoot Root

(a) Harvest at 14 days

Atlas 66 4 0.92 0.21 31 22
0.83 0.21 33 30

Thatcher 4 0.88 0.27 31 23
5 0.76 0.26 32 30

L. S. D. within varieties 0.16 0.05 3 2

(b) Harvest at 26 days

Atlas 66 4 3.94 0.68 49 48
5 3.88 0.73 54 52

Thatcher 4 3.38 0.74 45 47
5 3.18 0.74 47 55

L. S. D. within varieties 0.76 0.13 4 6

1
Yields at 14 and 26 days are for 12 and 6 plants, respectively.
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Yield of shoots and roots of both the tolerant Atlas 66 and the

sensitive Thatcher was not reduced at pH4 as compared with pH5.

In contrast there was a significant reduction in root length at pH4.

This was most marked at 14 days but was still evident at 26 days.

But whereas the two varieties were similarly affected by a ten-fold

increase in H+ from 105 to 10-4 M, only Thatcher was affected by

Al (Figure 1). Moreover, a two-fold increase in Al concentration,

from 0.8 ppm (3. 0 x 105 M) to 1.6 ppm (6. 0 x 10 -5 M) caused a

much greater reduction in root elongation of Thatcher. There was
rlittle effect of increased LH on shoot length.

Results in a later experiment (experiment # 4, Appendix Table

7) were similar but not so consistent. Root lengths at 10 days were

depressed at pH4 as compared with pH4. 5 and pH4. 9 for Atlas 66,

Druchamp and Gaines but not for Brevor. At 20 days the difference

in root length was only significantly different for Atlas 66. The

major reduction was between pH4. 5 and pH4 with little difference

between pH4.9 and pH4. 5. Shoot lengths were not affected. There

was no difference in yield at the different pH values for any of the

varieties at the 10 day harvest. However, surprisingly, Atlas 66

and Druchamp showed small but significant decreases in shoot and

root yields at 20 days at pH4. 5 and pH4. 9 as compared with pH4.

There is no apparent explanation for this lower yield at the

higher pH. In contrast, small reductions in root elongation due to
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increased [H-II are well recognized (Burstrom, 1952). They may be

due to H+ competitively displacing Ca++ which has been shown to

affect membrane stability (Marinos, 1962) and cell division and

elongation (Burstrom, 1952).

Interaction of Al and pH

Rorison (1958) states that the trivalent ion is mainly responsi-

ble for the toxic effects of Al. According to hydrolysis theory, as

noted in Table 1, there is 10 times more trivalent than divalent Al

at pH4, 3.1 times at pH4. 5, while at pH5 the amounts of each are

equal. Thus it is reasonable to expect that a given concentration of

Al is more toxic the lower the pH.

Experiment # 4 was designed to enable, together with previous

data, a comparison of the toxic effects of Al on growth at different

pH values. At pH4. 9, sufficient Al cannot be maintained in solution

under equilibrium conditions to cause reduced growth in even the

most sensitive wheat varieties. At pH4. 5, it was calculated that

2.0 ppm Al should remain in solution in the presence of 10 p.M P.

However as shown in Table 3, some hydrolysis did occur at this

concentration. Data were available for comparison at pH4. 0.

Data comparing the effect of Al on growth at pH4. 0 and pH4. 5

are presented in Table 7. This is condensed from experiments # 2

and # 4. Nutrient solution composition was the same for the two sets



Table 7. Effect of Al at different pH values on the growth of Atlas 66 and Druchamp wheat at 10 days after planting. 1

Expt.

Nutrient So ln. 2 Atlas 66 Druchamp
Al

pH (ppm)
Length Yield Length Yield

(cm)
Shoot Root

(mg dry wt/3 plants)
Shoot Root

(cm)
Shoot Root

(mg dry wt/ 3 plants)
Shoot Root

# 2 4. 0 0 26 18 159 49 24 20 144 46

1.6 25 17 145 46 22 21 149 49

3.2 24 17 154 48 19* 19 104* 46

# 4 4. 5 0 21 20 186 54 20 19 190 57

2.0 19* 16* 151* 52 15* 4* 119* 30*

1

2
Asterisks denote significance (P = 0.05) from 0 ppm Al treatments (Appendix Tables 3 and 7).

The K, Ca and Mg concentrations were 4, 8 and 2 meq per litre, respectively.
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of data from the two experiments. The enhanced toxic effect of Al

at pH4. 5 was surprising. It was also very striking. That Atlas 66

as well as Druchamp was affected shows it is a real effect. It is

striking because the growth and appearance of Atlas 66 showed little

effect of 12. 6 ppm Al at pH4 (Figures 4 and 5). This enhanced toxic

effect of Al at pH4. 5 on growth persisted with the same intensity

to the 20 day harvest for Druchamp, but was less marked for Atlas

66.

The increased toxic effect of Al at pH4. 5 was also verified by

a further trial. Treatments and results are shown in Table 8. The

roots at pH4. 5 were thickened and brownish compared to the fine

white root system at pH4.

Table 8. Effect of 2.0 ppm Al at pH4 and pH4.5 on the growth of Druchamp wheat. Harvest at 7
days.

pH Seedl Length Yield

(cm) (mg dry wt/6 plants)
Shoot Root Shoot Root

4.0 1966 16 +1 9.5+1 112 30
1967 17;2 10. 5;1 120 33

4.5 1966 15;1 4.5 +1 101 21

1967 15-71 4.5 +1 102 22

1
Druchamp certified 1966 seed was used in experiment # 2.
Druchamp certified 1967 seed was used in experiment # 4.
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Though the growth of Atlas 66 in experiment # 4 was slightly

reduced by 2.0 ppm Al at pH4. 5, the difference in tolerance between

it and Druchamp was still quite clear. However, the difference in

tolerance between "moderately tolerant" Druchamp and the "sensi-

tive" Gaines and Brevor was less striking than at pH4 (Appendix

Table 7). The growth of these latter varieties was not further re-

duced by 2.0 ppmAl at pH4. 5 because at this concentration they are

also severely depressed at pH4. To verify that the "moderately

tolerant" and "sensitive" varieties (i. e. as determined at pH4)

could still be differentiated readily at pH4. 5 a further trial was

carried out. Results are shown in Table 9.

Table 9. Effect of Al concentration at pH4.5 on the growth of Druchamp and Gaines wheat. Har-
vest at 12 days.

Al

(ppm)

Variety
Length Yield

(cm)
Shoot Root

(mg dry wt/6 plants)
Shoot Root

0 Druchamp 28+2 24+2 258 81

Gaines 22t1 28t2 202 68

0.5 Druchamp 30+2 24+2 272 81

Gaines 2011 1511 150 56

1.0 Druchamp 24+1 15+1 224 73
Gaines 17+1 8±0.5 127 42

1.5 Druchamp 20+1 9+1 115 53

Gaines 14+1 510.5 87 21
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A difference in tolerance to Al between Druchamp and Gaines

is still evident at pH4. 5. However, even though a narrower range

of Al concentrations was used (Table 9), the difference is not so

clearly differentiated as at pH4. Possible reasons for this en-

hanced effect of Al at the higher pH will be discussed later.

Effect of Al on Nutrient Uptake

The split plot design used in growth and nutrient studies

allowed a more precise differentiation of differences between varie-

ties than between nutrient solution treatments. However, differ-

ences in nutrient uptake between treatments were of a greater mag-

nitude than those between varieties. In most instances the variety

x treatment interactions were highly significant. Thus comparisons

are made across simple effects. For these reasons the effect of Al

on nutrient uptake is considered for the elements in turn.

Aluminum

The uptake of Al by Atlas 66 and Thatcher, as shown in Table

10, was typical of the uptake at pH4. Most of the Al was associated

with the roots, presumably on the surface of the roots (Clarkson,

1967). There was little or no uptake into the shoots at low Al solu-

tion concentrations.
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Table 10. Effect of Al nutrient solution concentration at pH4 on the Al content of Atlas 66 and
Thatcher wheat at the 14 and 26 day harvests (Experiment # 1).

Nutrient solutionl Al (ppm in dry matter)

Variety Al

(ppm)

Shoots Roots

14

(days)
26

(days)
14

(days)
26

(days)

Atlas 66 0
0.1

< 4
<4

< 4
<4

19

45

23

58
0.2 < 4 < 4 62 67
0.8 < 4 < 4 138 180
3.2 4 8 420 440

Thatcher 0 < 4 < 4 19 36
0. 1 < 4 < 4 62 92
0.2 < 4 < 4 114 114
0.8 8 4 327 340
3.2 12 28 880 780

L. S. D. , between varieties2 25
05

it , within varieties 30

1
K/Ca+Mg = 4/8+2 meq per litre.

2
Statistical analyses for root content at 26 days only.

The amount of the Al on the roots does increase with increas-

ing concentration. It was higher for the sensitive Thatcher than the

tolerant Atlas 66. However, on the whole, the degree of sensitivity

to Al is not governed by or even well related to the Al content of the

roots. Thus in experiment # 2 (Appendix Table 4) the moderately

tolerant varieties, Redmond and Nord Desprez, had as high a root-

Al content as the sensitive Gaines at the same Al solution concen-

tration. At higher Al solution concentrations growth of tolerant and

moderately tolerant varieties was not affected, although they had

root-Al contents sufficiently high to reduce growth of sensitive
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varieties (for the 10 day harvest). This point is also well illu-

strated in Table 11 where Al content of the roots of Atlas 66 in-

creased sharply with Al solution concentrations in the absence of an

effect on root elongation and little or no effect on growth (Figure 4).

Table 11. Effect of nutrient solution concentration at pH4 on the Al content of Atlas 66 wheat at
the 20 day harvest (Experiment # 3).

Nutrient Solutionl Al (ppm in dry matter)

Al

(PPin)

Shooi Root

0 6 25

0.8 5 100
1.6 4 180
3.2 8 360
6.4 19 540

12.8 53 1020

1
K/Ca+Mg = 4/8+4 meq per litre.

The Al content of the roots in the experiments conducted at

pH4 were some ten times less than those reported by other workers

(Paterson, 1964; Foy et al., 1967a; MacLeod and Jackson, 1967)

for wheat, barley anu corn. However, the high root-Al contents

found by other workers appeared to be due to the addition of Al in

excess of the solubility product for Al(OH)3 and lack of control of

pH. This interpretation was substantiated by results obtained in

experiment # 4. In this experiment, limited hydrolysis occurred at

pH4. 5 with 2.0 ppm added Al and pH4. 9 with 0.2 ppm added Al.

Table 12 shows the large increase in Al content of the roots at
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pH4. 9, 0.2 ppm Al, as compared with p1-14 and pH4. 5 at the same

concentration of added Al. The Al content of roots at pH4. 5, 2. 0

ppm Al was also much higher than values obtained in experiments

1, # 2 and # 3 with 1. 6 or 3.2 ppm Al at pH4 (Tables 10 and l.1;

Appendix Table 4).

Table 12. Effect of pH and K, Mg and Al concentration on the Al content of four wheat varieties at
the 20 day harvest (Experiment # 4).

K

Nutrient Solution.

Al
(ppm)

Al (ppm in dry matter )
Atlas 66 Druchamp Gaines Brevor

C a+Mg RE

(meq/1)
Shoot Root Shoot Root Shoot Root Shoot Root

2/8+4

4/8+2

4.0

4.5

4.9

4.5

0
0.2

0
0.2
2.0

0
0.2

0
0.2
2.0

<

<

<

<

<

<

<

4

4

5

5

9

3

4

4

4

8

17
75

15

104
1100

12
980

18
111

1900

<- 4
< 4

< 5
< 5

15

< 3

4

< 4
< 4

15

18

82

11

93

1200

15

1200

17
116

2100

< 4
< 4

< 5
< 5

12

< 3
4

< 4
< 4

12

20
106

16

146
2200

16

1380

22
160

3000

< 4
< 4

< 5
< 5

14

< 3

5

< 4
< 4

14

21

92

17
150

2400

16

1140

22
197

3600

Again, the more sensitive varieties did have a slightly higher

root-Al content at 0.2 ppm Al at all pH values; treatments between

which there were no differences in yield. However, any significance

which might be attached to this observation is quickly annuled by

another and most important deduction which can be made from the

data of Table 12. The root-Al content of Druchamp at pH4. 5, 2. 0

ppm Al and pH4. 7, 0.2 ppm Al is the same. Yet, in the former
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treatment the root elongation was reduced 58 and the root weight 65

percent in comparison with the latter treatment (Appendix Table 7).

The obvious inference is that the concentration of Al in solution is an

important determinant in the inhibition of root growth. Yet it is not

the only determinant because, though 2. 0 ppm Al at pH4. 5 was toxic

to growth of Druchamp, 2.0 ppm Al at pH4 was not toxic (Table 8).

The Al contents of the roots in this experiment were 280 ppm and

2300 ppm for plants grown at pH4 and pH4. 5, respectively. How-

ever, as pointed out, the higher Al content of the roots does not

necessarily explain the greater degree of toxicity at pH4. 5 as com-

pared with pH4. 0.

Another critical determining factor besides Al solution concen-

tration may be the valency of the Al ion. At a fixed Al concentration

there is a greater concentration of A1OH2+ at pH4. 5 t ha n

at pH4 (Table 1). It is generally recognized that monovalent ions are

taken up much more readily than divalent ions (Robertson, 1958). It

is likely there is a similar reltionship between di- and trivalent ion

uptake. Thus in addition to the proposal that A1OH2+ is dominant

over Al3+ in the soil or in solutions in the presence of Al(OH)3, it is

further proposed that A1OH2+ is more toxic to the growth processes

than A13+ as suggested by Rorison (1958). However, more than the

actual concentration of AlOH2+ may be involved. At pH4. 5, 2. 0 ppm

Al ([A10H2+1 0. 5 ppm) was slightly more toxic than 12.8 ppm Al



56

at pH4 ([A10I-12+ 1.2 ppm Al) to the growth of Atlas 66. Enhanced

toxicity at the higher pH may be a function of both pH and the ratio

of AlOH2+ to A13+. There is an effect of pH on ion uptake. Also

just as different nutrient ions are known to compete with one another

for uptake so there is probably competition between the Al ion

species.

Another consistent effect, from the data of Table 12, is that at

the higher effective Mg concentration the Al content of the roots is

only half that at the lower Mg concentration. Further reference will

be made to this with respect to effect of Mg on growth. In addition

it suggests that much of the Al occupies competitive sites with other

ions and can be displaced.

The Al uptake into the shoots was much lower than previously

reported values (Foy et al. , 1967a). Care was taken in this study to

avoid contamination by dust or from the lower portion of the stem.

In contrast to the roots, Al content of the shoots was not affected by

pH of the solution. There was a consistently higher content with in-

creasing Al solution concentration. This is clearly shown at the

higher concentrations for Atlas 66 in Table 11.

The Al content of the shoots of the sensitive Thatcher was higher

than that of the tolerant Atlas 66 at the same Al solution concentra-

tion (Table 10). This was also apparent at the 20 day harvest in

experiment # 2 (Appendix Table 4b), but the effect was not consistent
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in experiment # 4 (Table 12). Moreover, as for the roots, the abso-

lute concentration may not be critical in determining inhibition of

growth. The growth of Atlas 66 was less affected at pH4, 12.8 ppm

Al, with a shoot content of 53 ppm Al than at pH4. 5, 2. 0 ppm Al,

where the shoot content was only 9 ppm Al. A difference in the Al

content of the shoots is not necessarily an explanation for the dif-

ferential tolerance of varieties to Al.

Magnesium and Calcium

The increasing degree of chlorosis with an increasing Al con-

centration in the nutrient solution observed in experiments # 1 and

# 2 was associated with decreasing Mg content of the shoots and

roots. In Figure 6 the relative yields from experiment # 2 at 20

days for those varieties whose root elongation was not affected by Al

is plotted against Mg content at 10 days. The result is a classical

critical nutrient levelyield curve. It is strong evidence that the

reduced yields observed with increasing time in experiment # 2, and

# 1, were due to an Al induced Mg deficiency and not to other pos-

sible toxic affects of Al, Other nutrient contents were adequate

(Appendix Table 4). The critical concentration from Figure 6 is

0.09 percent Mg. This value agrees well with the onset of appear-

ance of chlorosis as observed at 10 days. A plot of relative yield at

20 days against Mg content at 20 days gave a similar curve
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(not shown) with a critical level of 0.08 percent Mg.

The Al induced chlorosis symptoms were also identified as

those of Mg deficiency by comparison with symptoms produced in

Mg deficient solutions in the absence of Al. Both in the presence and

absence of Al,symptoms disappeared on the addition of extra Mg to

the nutrient solution.

As Ca is the divalent ion which has received most attention in

Al studies, it is logical to compare the effect of Al on the two diva-

lent ions, Mg and Ca, together. Table 13 shows the effects of in-

creasing Al concentration on Mg and Ca uptake for Atlas 66 and

rThatcher in relation to the effect of increasing LH . Increasing

Table 13. Effect of pH and Al concentration on Mg and Ca uptake in Atlas 66 and Thatcher wheat
at the 26 day harvest (Experiment # 1).

Nutrient Soln. Mg (% in dry matter) Ca (% in dry matter)

Variety pH Al Shoot Root Shoot Root

(Plmn)

Atlas 66 5 0 .142 .219 . 36 .145
4 0 .120 .114 .26 .132

0.1 .107 .106 .27 .141
0.2 .106 .091 .24 .116
0.8 . 097 .087 . 29 .144
3.2 . 071 .070 . 32 .119

Thatcher 5 0 .144 . 200 . 40 .150
4 0 .120 .110 .33 .119

0.1 .107 .092 .37 .127
0.2 .106 .080 .38 .107
0.8 .097 .068 .41 .118
3.2 .117 .044 .48 .121

L. S. D. between varieties . 005 .010 .06 .012
O. 05'

11 , within varieties . 019 .016 . 09 . 020
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+[H ] decreased both the Mg and Ca content of shoots and roots. How-

ever, while there is an additional significant decrease of Mg content

with increasing Al concentration there is no such trend for Ca con-

tent. The data from the harvest at 14 days also allow a similar con-

clusion (Appendix Table 2).

In experiment # 2, at a higher light intensity, chlorosis symp-

toms were more strongly developed. At 10 days the Mg content of

both shoots and roots of the 12 varieties decreased consistently with

increasing Al in the nutrient solution (Appendix Table 4a). In con-

trast, the Ca content displayed no consistent trend except for a de-

crease in the shoots of Brevor. At 20 days the decreases in Mg con-

tent were more pronounced. There were also significant but erratic

decreases in Ca content of the shoots. Figure 7 shows the Mg and

Ca contents at 20 days for four varieties whose root and shoot length

were little affected by Al. The main decrease in both Mg and Ca

occurred with the first increment of Al. However, while the Mg

content continued to decline with increasing Al concentrations, there

was little further decrease in Ca content. The decrease in Mg con-

tent was relatively greater than the decrease in Ca content.

The above Mg and Ca contents are relatively low. In part this

is due to the effect of the low pH at which the plants were grown. To

increase Mg uptake, in experiment # 3, plants were grown with both

increased Mg and reduced K nutrient solution concentrations.
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Magnesium uptake was sufficiently high so that no chlorosis devel-

oped. However, as shown in Table 14 (and Appendix Table 6), Al

still caused an inhibition in Mg uptake by shoots and roots. The Ca

content was also reduced though not as consistently as the Mg con-

tent. Nevertheless, the Ca reduction in this experiment is signifi-

cant in that it occurred at constant pH and in the absence of yield

depression or Mg deficiency.

Table 14. Effect of K and Al concentration at pH4 on Mg and Ca uptake by Atlas 66 wheat at the
20 day harvest (Experiment # 3).

Nutrient Solution Mg (% in dry matter) Ca (% in dry matter)
K

Al
(ppm)

Shoots Roots Shoots RootsCa+Mg
(meq/1)

4/8+4

2/8+4

0
0.8
1.6
3.2
6.4

12.8

0
3.2

.166

.123

.116

.114

.098

.106

.195
.138

.174

.104

.106

.103

.091

.071

.242

.117

.25

.20

.19

. 24

. 22

.25

.35

.28

.080

.084

.081

.076

. 062

.094

.076

. 071

It was also postulated that an increased Mg solution concentra-

tion might reduce the Al induced inhibition of Mg uptake. A compari-

son of the data from experiments # 2 and # 3, as presented in Table

15, does suggest that an increased Mg concentration reduces the in-

hibition of Mg uptake into the shoots but not for the roots. Munns

(1965) showed that increasing the Ca concentration from 2 to 10 meq
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per litre reduced Al inhibition of Ca uptake by shoots of alfalfa at

0.2 ppm Al but not at higher Al concentrations. Also for Mg it

would be expected that reduction of inhibition would be greater at

lower Al concentrations.

Table 15. Effect of K and Mg concentration at pH4 on Al induced inhibition of Mg uptake at the 20
day harvest.

Expt.

Nutrient Solution Mg (% in dry matter)
K

Ca+Mg Al
Atlas 66 Druchamp

(meq/1) (ppm) Shoot Root Shoot

# 2 4/8+2 0 .124 .109 .106
3. 2 .055 .052 .048

Depression % 56 52 55

# 3 4/8+4 0 .166 .174 .150
3.2 .114 .103 .119

Depression % 31 41 21

# 3 2/8+4 0 .195 .242 .176
3.2 .138 .117 .152

Depression % 29 52 14

Aluminum inhibition of Mg uptake at pH4 is quite convincing.

Results have not been so consistent with respect to Ca. As pH was

shown to have a marked effect on the uptake of these two elements

the next logical step was to study more closely the effect of Al on

ion uptake in relation to [H+]
. In experiment # 4, the comparative

effect of Al and pH on ion uptake by four varieties was examined.

The concentration was kept low because of the low solubility of Al

with increasing pH and to avoid direct reduction of growth in
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sensitive species. The 0.2 ppm Al did not reduce growth at any pH

value (Appendix Table 7). There was some hydrolysis of Al at

pH4. 9 (Table 3). The results for Mg and Ca are shown in Figure 8.

Because of a variety x treatment interaction, only simple effects

are illustrated.

For shoots and roots of all varieties there was a significant

decrease in the uptake of both Mg and Ca with increasing [H +] . In

the presence of 0.2 ppm Al the Mg content of the roots decreased

significantly. This decrease became more pronounced with increas-

ing pH and was consistent over the four varieties. The Mg content

of the shoots was less affected by Al. There were several signifi-

cant decreases over the control, e.g. at pH4 and pH4. 5 for Gaines.

However, the inhibition was much less obvious and significant than

observed in earlier experiments. Also in the shoots, in contrast to

the roots, there is a trend towards less depression of Mg uptake by

Al with increasing pH; in Brevor and Gaines there was actually a

'stimulus at pH5.

There were no significant depressions of Ca uptake by Al in

shoots or roots. However, variability for Ca content of the shoots

was high and increased replication may have shown the strong

tendency to inhibition of Ca uptake by Al to be significant. Never-

theless, Figure 8 clearly shows that an increase in [H +] causes a

greater inhibition of Ca and Mg uptake than Al does. The one
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exception is the Al induced inhibition of Mg uptake by roots at

pH4. 9. This large decrease in Mg content was accompanied by a

large increase in Al content (Table 12).

It is possible Al is inhibiting Mg uptake through complexing

with the binding site for Mg uptake. If this is so then there must be

two mechanisms or pathways for Mg uptake as the Mg content of the

shoots was not inhibited at 0.2 ppm Al. In the sensitive varieties,

Brevor and Gaines, where inhibition was most marked, there was

actually an increase in Mg content of the shoots. This is unlikely to

be a direct effect of Al on translocation. At 0.2 ppm Al root growth

was not affected and little Al would be expected in the cells.

The treatments at pH4. 5, experiment # 4, allow a further

comparison of the effect of different Mg solution concentrations on

Al induced inhibition of Mg uptake. Data for shoot yield and shoot

Mg content for the four varieties are shown in Table 16. Excluding

treatments where yield was severely depressed, the degree of Al

induced Mg depression is greater at the lower Mg solution concen-

tration for every variety. In each instance, at the lower Mg con-

centration, there is an increase in the Al content of the roots (Table

12). Thus, at the higher Mg concentration, the Mg competes more

effectively against the aluminum for exchange and uptake sites on the

roots and partially reduces the inhibition of Mg uptake into both

shoots and roots.
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Table 16. Effect of K and Mg concentration at pH4. 5 on the Al induced inhibition of Mg uptake
into the shoots of four wheat varieties at the 20 day harvest (Experiment # 4).1

Nutrient Solution
K

Atlas 66 Druchamp Gaines Brevor

Yield
(g)

Mgt
(%)

Yield
(g)

Mg Yield
(g)

Mg

( %)

Yield
(g)

Mg

(%)

Mg+Ca Al
(meq/1) (ppm)

2/8+4 0 .69 .178 .80 .161 .57 .169 .61 .147
0.2 .78 .162* .92 .148 .54 .152* .58 .136
2.0 .67 .150** .21 .145* .13 .157 .13 .213

4/8+2 0 .75 .145 .83 .122 .65 .137 .59 .114
0.2 .81 .126* .87 .104* .69 .112** .57 .098*
2.0 .67 .094* ** .22 .075 * ** .14 .128 .14 .091 **

L. S. D.
05

rithin
varieties .10 .016

L. S. D.
01'

within
varieties

L. S. D. 001within
varieties

. 021

. 029

1
Asterisks signify difference from 0 ppm Al.

2
Mg content expressed as % dry matter.

In addition to diminishing the Al induced inhibition of Mg up-

take, the higher effective Mg concentration did slightly reduce the

toxic effect of 2.0 ppm Al on root growth for the moderately tolerant

Druchamp (Table 17). The effect was less marked at 20 days. At

both Mg concentrations the yields were severely reduced compared

to the 0 ppm Al treatments (Appendix Table 7). There was no re-

duction of the slightly toxic effect to the tolerant Atlas or the severe-

ly toxic effect to the sensitive Gaines and Brevor. Thus, the ameli-

orating effect on Druchamp must only be operative over a narrow

range of toxicity.
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Table 17. Effect of Mg concentration at pH4, 2.0 ppm Al on root growth of Druchamp wheat
(Experiment # 4).

Nutrient Soln. Length Yield

K
(cm) (mg dry weight)

Ca+Mg 10 20 10 20
(meq/1) (days) (days) (days) (days)

2/8+4

4/8+2

L. S. D.
0.05

9.1

4.7

2. 2

19

12

7

40

30

9

100

74

28

This slight amelioration of the severe reduction in growth was

associated with a lower Al content of the roots (Table 12). It

is one example where a higher Al content might have been a deter-

minant factor on growth. However, the effect on growth was so

small in relation to the large increase in Al content (from 1200 to

2100 ppm Al), that it is insignificant in relation to the effects of Al

solution concentration and, as proposed here, Al valency state and

pH.

There were significant differences in varietal uptake of Ca and

Mg. The Mg contents of shoots and roots of the Al-moderately toler-

ant varieties were consistently significantly lower than for the Al-

tolerant varieties (Figures 7 and 8, Appendix Table 4). However,

it is difficult to visualize how this might be related to what is a

relatively large difference in tolerance to Al. Within the Al-sensi-

tive varieties there were significant differences in Mg uptake. It

is noteworthy that some of the sensitive varieties (e. g. Thatcher
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and Brevor) had Ca shoot contents higher than the tolerant Atlas 66.

This is contrary to reports for the performance of a more limited

number of varieties of wheat and barley (MacLean and Chiasson,

1966; Foy et al., 1967a). In contrast, Brevor had a lower Mg con-

tent than Atlas 66. More pertinent to the search for reasons behind

the varying tolerance to Al, the reaction of all varieties to the ef-

fect of Al on uptake of Ca and Mg was essentially similar. Under

certain nutrient solution conditions Al does have a striking effect on

Mg uptake, and to a lesser extent on Ca uptake. Nonetheless, these

results suggest that the Al toxicity associated with uptake of Ca and

Mg is mild compared with other toxic affects of Al on growth.

Manganese

In experiment # 1, there were highly significant decreases in

the Mn content of shoots and roots for both Atlas 66 and Thatcher

when the pH was decreased from 5 to 4 (Appendix Table 2). No

further significant change occurred in Mn content of either shoots

or roots with increasing Al solution concentrations at pH4. How-

ever, in both experiments # 1 and # 2, there was a tendency for

lower root-Mn at high Al solution concentrations for both moderate-

ly tolerant and sensitive varieties but not for tolerant varieties

(Appendix Tables 2 and 4a).

Experiment # 4 enabled a comparison of the relative effects of
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Al and pH on Mn uptake at an Al concentration which did not affect

growth. Figure 9 illustrates these effects for the Mn content of both

shoots and roots. Decreasing pH lowered Mn content of both roots

and shoots. Aluminum decreased root content but had little affect

on shoot content. Moreover, while the effect of pH was consistent

over the four varieties, there was a strong Al x variety interaction.

The decrease in Mn content of roots with decreasing pH is of

much greater magnitude than the decrease in the Mn content of the

shoots. Also while the former is relatively linear from pH4. 9 to

pH4, shoot-Mn decreases abruptly to pH4. 5 with no further signifi-

cant decrease at pH4. The varietal differences in root-Mn are

greater at pH4 than at pH4. 9. This latter observation is in contrast

to the data of Munns et al. (1963a) for two oat varieties.

The barely significant decreases in Mn content of the roots at

pH4 and pH4. 5 due to Al are similar for all varieties. However the

decreases at pH4. 9 are very different. In comparison with the de-

crease at pH4. 5, there is no further decrease in the tolerant Atlas,

a slightly greater decrease in the moderately tolerant Druchamp,

while in the sensitive Gaines and Brevor the decrease has annuled

the effect of the increased pH. This complex Al x variety inter-

action at pH4. 9 is in contrast to the similar response by all varie-

ties to the effect of Al on Mg uptake (Figure 8). Likewise, it can-

not be simply explained by the large increase of Al content of the
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roots at pH4.9 (Table 12) as this is similar for all varieties. Inter-

pretation appears to be still further complicated by a concurrent

slight, but significant, increase in the Mn content of the shoots of

Gaines and Brevor at pH4. 9 in the presence of Al.

The differences in behaviour between Mn content of the shoots

and roots for any one variety, however, may be explained in terms

of the model proposed by Munns et al. (1963b). They give evidence

for three Mn fractions in the roots- (weak electrolyte) "replaceable",

"labile" and "non-labile". Manganese may move from the substrate

to the replaceable and thence to the labile and non-labile fractions; or

it may move directly to the labile fraction and thence to the shoot

thus bypassing the other fractions. Thus if the labile root fraction is

not affected, shoot content need not be affected. In another study in

which the replaceable fraction was excluded, Munns et al. , (1963c)

concluded that variations in total root-Mn could largely be attributed

to the differences in the size of the non-labile fraction. This could

account in part for the greater response by roots to change in pH

than by the shoots. However, as the total Mn was determined in this

present investigation, the replaceable fraction, which is likely to
rrespond to changes in LH j, must also account in part for the dif-

ferential response between shoot and root to pH. It also seems logi-

cal that the Al, most of which is external to the cell, would largely

affect the replaceable fraction. However if this is true, all
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varieties would have been expected to respond similarly as they had

approximately the same Al content of the roots. That they did not

respond the same suggests the Al decreased the non-labile root-Mn

fraction. The more pronounced effect with known increasing plant

sensitivity to Al does add credence to this proposition. That there

is essentially similarity in response in shoot-Mn by all varieties

precludes a decrease in the labile root-Mn as an explanation for the

differential effect of Al on root-Mn content. It was noted that the

labile root fraction was affected to some extent by pH change (Munns

et al. , 1963c). This or movement from the increased non-labile

root fraction could account for the increase in shoot-Mn as the pH

increased. If this is so then there must be a critical pH below which

there is no response by the labile fraction.

The depression of Mn content of roots of Brevor by 0.2 ppm Al

at pH4. 9 was of the same order as that found by Maas (1967) for ex-

cised barley roots. In this latter study, active uptake of Mn was

being measured. This would exclude the replaceable fraction of

Munns et al. (1963b) as it was taken into account in the allowance for

passive adsorption. This further supports the above proposition that

the large depression of Mn content of roots of Brevor and Gaines by

Al at pH4. 9 was in the non-labile fraction and that Atlas 66 has re-

sistance to this effect of Al. The slight decrease of root-Mn in Atlas

66, constant with increasing pH, probably reflects the effect of Al on
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the replaceable fraction. These propositions are illustrated in Figure

10.

It is of further merit to consider the model in relation to the

data for pH4. 5, 2.0 ppm Al, experiment # 4 (Appendix Tables 7 and

8). At this concentration shoot growth of Atlas 66 was slightly, but

significantly,reduced at 10 days. Root elongation and root weight

were not reduced. In all the other varieties root elongation and

growth were severely affected. In Atlas 66 there was a significant and

very large, reduction in root-Mn at 2.0 ppm Al which interestingly

was accompanied by a significant increase in shoot-Mn. The pattern of

response was similar for the two Mg solution concentrations. This

suggests that process (2) is being affected in Atlas 66 at this concen-

tration and more significantly that this results in a stimulus of

process (3). This effect is very similar to the selective action of

uranyl on one of the uptake mechanisms or sites for K (Mason,

1967).

In the other varieties where growth and tissue differentiation

were so severely affected by Al, the large decrease in Mn content of

the shoots and roots at pH4. 5, 2.0 ppm Al cannot be related to the

above processes as normal processes would not be operative. How-

ever, the stimulus in process (3) was also seen in Gaines and Brevor

at pH4.9, 0.2 ppm Al, where it was associated with a decrease in

process (2). That the non-labile fraction of Atlas 66 (or process
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2)) was not affected at pH4. 9, 0.2 ppm Al and that this fraction in

the other varieties was affected to varying degrees, suggests that

the lack of effect in Atlas 66 is associated with the tolerance mecha-

nism for this variety. It could be related to movement of Al or to

exposure of some active site. This site (process 2) may not be so

well protected in the less tolerant varieties. The site for process

(3) (or process (3) itself) may be more protected in all varieties than

the site for process (2). But, it too becomes affected at higher rela-

tive concentrations, i. e. relative to the tolerance of particular

varieties. As for Rb, it is quite feasible that the sites for meta-

bolic accumulation of Mn lie within the plasmolemma rather than at

its outer surface. Tanada (1962) and Handley, Metwally and Over-

street (1965) have observed that for Ca stimulation of Rb uptake,

some time is needed for the Ca to penetrate to the Rb uptake sites

before stimulation is apparent.

It is acknowledged there are weaknesses in the above explana-

tion. For instance, why is there no decrease in the non-labile root-

Mn fraction by 0.2 ppm Al at pH4. 5 in the sensitive varieties? The
+[H ] presumably is affecting this fraction at this pH value. Perhaps

some intermediate Al concentration (between 0.2 and 2.0 ppm Al)

would show this effect of inhibition in the root and stimulus to the

shoot for these varieties. It warrants further study.
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Potassium

There were large depressions in K content of roots and shoots

associated with treatments in which Al severely reduced root elonga-

tion and plant weight. In experiment # 1 (Appendix Table 2), the K

content of roots and shoots of Thatcher was depressed 50 percent at

3.2 ppm Al. At this concentration root weight was reduced 90 per-

cent. At 0.8 ppm Al where root weight was reduced by only 40 per-

cent, there was no reduction in K content of roots or shoots. No

depression occurred in Atlas 66 at these concentrations. Similar

depressions, to those for Thatcher, in both root and shoot K did

occur whenever root growth was severely stunted (Experiment # 2,

Appendix Table 4; Experiment # 4, Appendix Table 8).

In the other experiments at the 20 day harvest, there were

slight depressions in shoot but not root content of K for treatments

where root elongation was not severely affected. In experiment # 2

(Table 18 and Appendix Table4b), this appeared to be associated with

the Al induced Mg deficiency. The decrease was greater in the Al-

moderately tolerant than tolerant varieties, i. e. associated with the

greater decrease in Mg content of those varieties. However, in ex-

periment # 3 (Appendix Table 6) where Mg concentrations were higher

and no Mg deficiency occurred, K content of shoots of Atlas 66 still

showed a slight but consistent decrease. An increase in K content
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of the roots in this experiment with increasing Al solution concentra-

tions was not consistent with data from other experiments. In ex-

periment # 4 (Appendix Table 8), there was no change in K content of

roots or shoots at the 0.2 ppm Al solution level. The pH did not af-

fect K content of shoots or roots. There was no Al x variety inter-

action where growth was not affected.

The large K decreases in shoots and roots where roots were

severely damaged is to be expected from tissue in which meristema-

tic activity has ceased. It is probably an indirect effect resulting

from the direct effect of Al on cell division and thus disorganization

of the tissue. The smaller decreases where there was no obvious

root damage might be more directly attributable to a direct effect of

Al. However in comparison to effects on Mg and Mn and even Ca

content, they were of much smaller magnitude. They did not occur

at such low Al solution concentrations and were not obvious at the

10 day harvest. The changes do attract attention, though, in that

they only occurred in the shoot and not in the root in contrast to Mg

and Mn.

Phosphorus

There were three distinct reactions of P to Al treatments in

this set of experiments. In the most obvious reaction, large de-

creases in P content of roots and shoots occurred in varieties where
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the Al treatments severely reduced root elongation (Appendix Tables

2, 4 and 8). In every instance there were corresponding depressions

in K content. This is not suggesting there is a relationship between

the two elements, rather that these similar and corresponding de-

pressions were the result of the direct effect of Al on cell

division and differentiation of tissue. However there is one dif-

ference. Whereas with K, root and shoot content were similar; less

of the P was transported to the shoots. The P deficiency symptoms

which occurred in the Al-sensitive varieties at high Al solution levels

developed with time. This is evident from P analyses at 10 and 20

days (Appendix Table 4). Thus the P deficiency appears to be a

consequence of the immediate effect of Al on root growth. The de-

ficiency symptoms appeared at approximate critical levels (Chapman,

1966) and indicate P in the shoots was available. In all instances

where these large decreases in P content of roots and shoots

occurred, there were more tolerant plants growing unaffected in the

same container.

In experiment # 2 for those varieties whose root elongation

was not affected by Al, at 20 days the P content of shoot and root in-

creased significantly with increasing Al levels. Uniquely, the pro-

portion of P translocated to the shoots increased with the increase in

Al concentrations. Table 18 illustrates this response for Atlas 66

and Druchamp and contrasts it with that for the sensitive Gaines in
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Table 18. Effect of Al concentration at pH on Mg, K and P uptake by three wheat varieties at the
120 day harvest (Experiment # 2).

Variety
Nutrient Soln. Root

Length Mg(%) K (%) P (%)
Al

(ppm) (cm) Shoot Shoot Root Shoot Root

Atlas 66 0 31 . 124 6. 7 5. 2 .64 .57
(Al-tolerant) 0. 8 32 .084 6. 2 5. 1 . 69 . 62

1.6 27 .061 6.0 5.1 .77 .68
3.2 31 .055 5.6 5.2 .89 .76

Druchamp 0 39 .106 7.1 5.0 .64 .59
(Al-mod. tolerant) 0.8 35 .065 6.3 5.4 .74 .66

1.6 34 .055 6.0 5.4 .81 .54
3.2 36 .048 5.1 5.4 .99 .56

Gaines 0 37 .114 7.3 6.2 .68 .62
(Al-sensitive) 0.8 18 .081 6. 3 5. 4 .67 .6S

1.6 3 .068 3.4 3.1 .26 .49
3. 2 1 .063 1. 8 n. a. . 09 n. a.

L. S. D. within varieties 4 .009 0. 6 0. 10
0.05 '

1
Nutrient contents expressed as % of dry matter.

which a concurrent K decrease occurred. This Al induced P re-

sponse does appear to be related to the Al induced Mg deficiency.

It was not evident at 10 days, and in Experiment # 3 where Mg con-

tents were above deficiency levels, there was no effect of Al on the

P content of shoot or root (Appendix Table 6).

The third type of reaction by P to Al treatment was observed

in experiment # 4. For Atlas 66 at pH4. 5, 2. 0 ppm Al, a small but

significant increase in root P was accompanied by a similar decrease

in shoot P (Appendix Table 8). This is a classical but not exclusive

type of reaction for experiments in which P and Al have been added



81

in excess of solubility products (Wright, 1943). According to the

hypothesis of Clarkson (1966, 1967), the additional P is combined

with Al in an adsorption-precipitation reaction exterior to the cyto-

plasm. Limited hydrolysis did occur in the pH4. 5, 2.0 ppm Al

treatment. However, interpretation of the increased P content of

the roots in this experiment is not simply explained by an exterior

adsorption-precipitation reaction: (i) though Al content of the roots

was higher in the three other varieties grown in the same container,

root-P in these varieties decreased in the manner of the first type

of reaction; (ii) though hydrolysis occurred in the pH4. 9, 0.2 ppm

Al treatment and Al content of the roots of all varieties was similar

to that of Atlas 66 at pH4. 5, 2. 0 ppm Al, no change in either shoot

or root-P occurred in any of the varieties; and (iii) in these solu-

tions, P replacement was in accord with the total growth in the con-

tainers.

Therefore, it appears the solubility product o f Al(OH)3 w a s

exceeded before the solubility product of A1PO4.2H20 and

Al (OH)3 did accumulate on the cell walls as suggested by the higher

Al contents. The experiments of Clarkson (1966, 1967) do meet

these conditions in that Al was given as a pretreatment in excess of

the solubility product of A 1( OH )3 H i s root material was then

exposed to 20 or 100 µM P solutions with no pH control. Under these

conditions P appears to have combined with the surface Al. In the
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present study where 10 p.M P was present at pH4. 5 in the presence

of precipitating Al, an explanation of external precipitation of P is

contradictory to the decrease in P content in the other varieties at

pH4. 5, 2.0 ppm Al. It is also contradicted by the absence of change

in the P content at pH4. 9, 0.2 ppm Al, where considerable Al was

also apparently precipitated on the roots. It could be argued that,

though there was a decrease in P content in the other varieties at

pH4. 5, 2.0 ppm Al, the decreased translocation suggests some ex-

ternal precipitation of P. However, it is also noted that, though

growth of Atlas 66 was not affected at pH4. 9, 0. 2 ppm Al, shoot

growth was slightly affected at pH4. 5, 2. 0 ppm Al. Thus, as sug-

gested in the proceeding discussion on Mn, some metabolic inhibi-

tion is indicated. However the reasons given by Randall and Vose

(1963) for a metabolic stimulation of P uptake are not applicable here

as their work applied to an increase in both root and shoot-P at low

Al concentrations. Other evidence of Rorison (1965) and Clarkson

(1966) that Al inhibits incorporation of inorganic P into organic P

compounds better explains the data of this experiment. It is quite

reasonable that the increase in root-P in Atlas 66 at pH4. 5, 2. 0 ppm

Al, is internal and not necessarily complexed with Al.

Iron and Zinc

Limited analyses were made for these elements. Effects of Al



83

and pH were evident but not striking in extent. Where examined,

contents were adequate for growth.

There appeared to be a differential response by varieties to

the effect of Al on the Fe content of shoots. In experiment # 2

(Appendix Table 4a), there was an appreciable decrease with in-

creasing Al levels in Nord Desprez and Redmond but not in other

varieties whose yield was little affected by Al. There was, how-

ever, a uniform decrease in Fe content of shoots and a concurrent

increase in the roots where yields were severely depressed by Al.

Increasing Al solution concentrations had no appreciable ef-

fect on the Zn content of shoots of Atlas 66 or Thatcher in Experi-

ment # 1 (Appendix Table 2). In experiment # 4 Al did slightly re-

duce the Zn content of shoots and roots of Atlas 66 at pH4. 9, 0.2

ppm Al and of roots at pH4. 5, 2.0 ppm Al (Appendix Table 8). This

reduction in root content at these treatments was associated with a

high root-Al content. The effect of pH was more marked than that of

Al. The Zn content of both shoots and roots increased in the same

proportion with increasing pH.

Paterson (1964) reports a decrease in Fe content of roots and

a larger decrease in Zn contents of shoots and roots for corn

hybrids with increasing Al solution concentrations. Nutrient solu-

tion concentrations of Zn and Fe were 10 times and root contents

from 10 to 30 times higher than for the experiments reported here.
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As shoot contents were similar, it appears most of the accumulation

of Fe and Zn on roots was due to adsorption, the Zn perhaps co-

precipitating with the Fe. The pH of solutions was not strictly con-

trolled. Thus, a lower pH due to hydrolysis of Al could account for

less precipitation of Fe and accumulation of Zn in the experiments of

Paterson (1964).

Nature of Inheritance of Al Toxicity

Variation within Selections

In experiment # 2 one selection, 61-112 -66-2, exhibited two

distinct classes of plants at three Al solution concentrations. This

is illustrated in Figure 11. In one class root elongation was in-

hibited by Al, while in the second class it was unaffected except at

the highest Al concentration (Appendix Table 3). There were no

apparent intermediate types. Selection 61-122-66-2 had been

developed by bulking phenotypically similar F4 head rows together

from the cross, Nord Desprez x Selection 1012
6. Nord Desprez

and Selection 101 are Al-moderately tolerant and Al-sensitive, re-

spectively (Appendix Tables 3 and 5).

Subsequently, additional selections from the above parents

6
The superscript "2" refers to Selection 101 being crossed back
twice to Nord Desprez.
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Figure 11. The two distinct classes of plants which resulted from growing Selection
61-112-66-2 in nutrient solution containing, from the left, 0, 0.8, 1. 6
and 3. 2 ppm Al.
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were tested for their tolerance to Al. The results are summarized

in Table 19. Again two distinct classes of plants were apparent.

This observed discontinuous variation suggested that the differential

tolerance to Al between Nord Desprez and Selection 101 was quali-

tatively inherited.

Table 19. Reaction of six experimental selections of wheat to Al.

Selection Pedigree Reaction to Al

63-120-66-5
61-112-66-2
63-159
63-130
63-189
65-116

Nord Desprez x 1012

Nord Desprez x 101

Moderate tolerance
mixedl
mixed
mixed
sensitive
sensitive

I
Two classes, one moderately tolerant, one sensitive.

Inheritance

Seed of the F
1

and F2 generations of crosses between Dru-

champ, Selection 1744, Selection 101 and Brevor were used to

study the inheritance of tolerance to Al inhibition of root develop-

ment. Druchamp and Selection 1744 are moderately tolerant, while

Selection 101 and Brevor are sensitive to Al (Appendix Tables 3 and

5). Inheritance studies were made on the following combination of

crosses:
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Druchamp x Selection 101

Druchamp x Brevor

Selection 1744 x Selection 101

Selection 1744 x Brevor

Selection 101 x Brevor

Seed from the reciprocal F
1

progenies from the cross, Selection

1744 x Selection 101, were examined separately, otherwise the reci-

procal F
1

seed were bulked.

Frequency distributions for root length, at 10 days, of the

parental strains and F
1

and F
2

progeny when grown together either

in the presence or absence of Al are presented in Figures 12, 13,

14, 15 and 16. The classes resulting from visual sorting of the

cross, Selection 1744 x Selection 101, are shown in Figure 17.

The occurrence of small plants unaffected by Al tends to skew

the frequency diagrams towards short root length. These small

plants were observed in parents and F
2

seedlings in both the ab-

sence and presence of Al (Figure 17). They may have resulted from

uneven ripening conditions for the seed, seed weight and germination.

Thus, some of the variation in the F2 plants in the Al solution may

be explained as due to non-genetic factors. A more normal distri-

bution was obtained for tolerant plants by expressing results in terms

of shoot: root ratio. However, the criterion of root length did give

distinct classes and was considered adequate for presentation. The
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Figure 17. Classes resulting from visual sorting of two parents, Selection 1744 and Selection
101, the reciprocal F1, and the F2 generations when grown together in nutrient
solution with either 0 ppm or 2. 4 ppm Al. Lower numerals indicate the number
of plants in each class.
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classes were clearly distinguishable by root appearance (Figure 17).

The performance of reciprocal F
1

progenies from the parents,

Selection 1744 and Selection 101, displayed no evidence of cytoplas-

mic inheritance (Figure 17, Appendix Table 10). Reciprocal F1

datawere combined for presentation. While all of the F
1

progeny of

Brevor x Selection 101 were susceptible to Al, all of the other F1

progeny were tolerant to Al. At the Al concentrations and the pH

employed, the dominant nature of the tolerant phenotype is apparent.

Further the segregation data, summarized in Table 20, support a

single gene difference between the Al-moderately tolerant and Al-

sensitive varieties used in this study.

Table 20. Observed and expected ratios of tolerant:sensitive phenotypes in the F2 generation when
a single gene difference is assumed for tolerance to Al.

Ratio
Pedigree tolerant : sensitive 2

X Probability
Observed Expected

Druchamp x 101 144:44 141:47 0.255 O. 70-0. 50
Druchamp x Brevor 155:54 157:52 0. 078 0. 80-0. 70
1744 x 101 344:122 350:116 0. 352 0. 70-0. 50
1744 x Brevor 345:128 355:118 1.072 0.50 -0. 30
Brevor x 101 0:207 0:207 0. 0 1.00

The distinct bi-modal classes and the x.2 values are convincing

evidence for a single dominant gene controlling moderate tolerance

to Al inhibition of root development. Within the material studied

there is no evidence to dispute allelism or indicate the effect of
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modifying factors. Accordingly, it is tentatively suggested that the

dominant gene for moderate Al tolerance be designated by the symbol

At. The recessive allele governing susceptibility would, therefore,

be at. However, further segregation studies from crosses of

widely different pedigree are desirable to establish conclusively the

single character and allelism of this gene. Progeny of sensitive and

tolerant selections from the F2 generation should also be tested for

further segregation. The nature of inheritance to the greater toler-

ance displayed by Atlas 66 has not been investigated or is implied in

the above discussion.

Comparative Varietal Response on Acid Soils

Differential tolerance and heritable differences among wheat

varieties to Al toxicity have been demonstrated in nutrient solution.

It was considered appropriate to examine the performance of these

varieties in soils containing exchangeable Al.

Foy et al. (1965a) have shown that similar differences exist

between Al-tolerant Atlas 66 and Al-sensitive Monon when grown in

nutrient solution containing Al or on Bladen clay loam of pH4. 6 and

KC1 ex. Al, 4.3 meg/100 g. These workers have also shown a dif-

ferential response to liming between three Al-tolerant varieties,

Atlas 66, Fronteira and Seneca and three Al-sensitive varieties,

Monon, Gaines and Thatcher, when grown separately on Tatum silt
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loam of pH42 and KC1 ex. Al, 5.93 meq /100 g (Foy et al. , 1965b).

In this study, the main intent was to compare the performance

of varieties whose difference in degree of tolerance to Al appeared

to be controlled by a single gene. Druchamp and Gaines were select-

ed as these are the most commonly grown varieties in western

Oregon. Gaines was not used in the inheritance studies. However,

it is a sister line to Selection 101 and Brevor is in its parentage.

Brevor, Selection 101 and Gaines all show a similar degree of sen-

sitivity to Al (Appendix Tables 3 and 5). Atlas 66 was included be-

cause of its demonstrated high tolerance to Al.

Figure 18 shows the root development of these three varieties

when grown on soils of increasing KC1 ex. Al content. Both Dru-

champ and Gaines show increasing sensitivity with increasing KC1

ex. Al content. However, Druchamp does display increased toler-

ance over Gaines in both root length and lateral development. Atlas

66 had normal root development on all soils. This is in agreement

with its high tolerance to Al inhibition of root development. It is

also apparent from the plants growing on the Astoria silt loam that

the difference in tolerance between Druchamp and Gaines is less than

that between Druchamp and Atlas 66.

In experiment # 2-S, the three varieties were compared in their

response to liming on three hill soils from western Oregon. Soils of

less extreme acidity were chosen as being more representative of
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Astoria silt loam

pH5. 3

KCl ex. Al, 7.9 meq/100 g

Steiwer silt loam

pH5. 0

KC1 ex. Al, 3. 0 meq/100 g

Jory silty clay loam

pH5. 1

KC1 ex. Al, 1.1 meq/100 g

Figure 18. Root development, of from left, Atlas 66, Druchamp and Gaines wheat, when grown or
from top, Astoria silt loam, Steiwer silt loam and Jory silty clay loam surface soil.
(Experiment # 1 -S).
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those used for arable cropping. Results for shoot yield and tiller

development are shown in Table 21.

Both Druchamp and Gaines responded to liming. How -

ever, the greater response by Gaines than by Druchamp indicates its

greater sensitivity to acid soil conditions. Atlas 66 did not respond

positively to liming on these soils of low KC1 Ex. Al content. This

is in contrast to a 180 percent increase reported for the Tatum silt

loam (Foy et al., 1965b). The positive response to liming by Dru-

champ and Gaines is also illustrated by the increased tillering,

which is again more striking in Gaines than Druchamp. Figure 19

shows the relative growth of the three varieties on the limed and un-

limed Jory silty clay loam. Differential varietal responses in yield

and tillering are quite apparent. The increased root development by

Gaines as a result of liming is shown in Figure 20.

The reason for the negative response by Atlas 66 on the limed

Jory silty clay loam was not determined. The yields of Druchamp

and Gaines were also comparatively lower on this treatment than on

the limed Dayton silt loam at a similar pH. The poor response is

associated with the previous use of the soil for growing alfalfa as

yields of all varieties were higher on a freshly limed Jory silty clay

loam (Table 22).

The differential varietal responses on these acid soils parallel

those obtained in nutrient solution in the presence of Al. This is



Table 21. Response by three wheat varieties to liming acid soils containing low amounts of exchangeable Al (Experiment # 2-S).

Soil Treatment Shoot yield (g dry wt/pot)3 Tillers per plant
1Series CaCO3 pH Ex. Alt Atlas 66 Druchamp Gaines Atlas 66 Druchamp Gaines

(me/100 g) (me/100 g)

Jory 0 4.75 1.1 .53 .25 .13 1.7 1.0 1.0
silty clay loam 4 5.43 0.1 .44 .44 .37 1.0 1.7 2.2

Dayton 0 4.90 1.0 .52 .43 .33 1.3 1.3 1.6
silt loam 4 5.47 0.0 .54 .57 .47 1.3 1.8 3.0

Powell 0 5.22 0.8 .64 .47 .32 1.9 1.4 2.2
silt loam 4 5.72 0.1 .65 .60 .53 2.0 1.8 3.0

L. S. D.
0.

varieties
to

01', within varieties
. 07
.07

1

2

3

pH, 1:2:: Soil:H20, at time of harvest.

Ex. Al, KC1 extractable, from incubation experiment of M. Janghorbani, see footnote 1.

Average of 3 replications. Harvest at 3 weeks after planting.
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Figure 19. Comparative growth of Atlas 66 (A), Druchamp (D) and Gaines (G) wheat on
unlimed (left) and limed (right) Jory silty clay loam at 3 weeks. (Experiment
# 2-S).

Figure '20. Root development of Gaines wheat in unlimed (left) and limed (right) Jory
silty clay loam at 3 weeks (Experiment # 2-S).
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evident in both yield data and root development. The thickened and

stunted roots of Gaines are similar in appearance to those from

nutrient solutions containing toxic concentrations of Al, excepting

those grown in soil have longer primary roots and slightly less

lateral development at 12 days (Figure 18). The essential similar-

ity in response is strong evidence that differences in varietal re-

sponse are due to differential reaction to soil Al. It might be sug-

gested that Mn could be a toxic factor in the Dayton silt loam as Mn

toxicity has been demonstrated for bush beans grown on this soil

(Jackson, Westermann and Moore, 1966). However the lack of re-

sponse by Atlas 66 on both Dayton silt loam and Powell silt loam (in

which Mn content is not high), together with an absence of any Mn

toxicity symptoms (Neenan, 1960) in other varieties on the Dayton

soil, refute this suggestion for these varieties.

That the differences in varietal response are due to differential

reaction to soil Al is reinforced by results obtained in experiment

# 3-S. In this experiment treatments were designed to change soil

Al, Ca and Mg status with little change in pH. The treatments and

results are shown in Table 22.

The maximal response by the Al-sensitive Gaines in the

' 6meP + 2meCO
3

' treatment is essentially a response to the re-

moval of free Al (exchangeable + soluble) from the system by pre-

cipitation with the added P. This is not a nutrient response. More
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than adequate P would have been available at 3 me added P. Also

sufficient P was available to Atlas 66 and Druchamp in other treat-

ments. The response has occurred with essentially no change in pH

from the control treatment. Druchamp also responded but not sig-

nificantly over the ' 2meCO
3

' treatment.

Table 22. Response of three wheat varieties to Ca and Mg carbonate, sulphate and phosphate
amendments on a Jory silty clay loam (Experiment # 3-S).

Soil Treatment Shoot Yield (g dry wt/pot)3 Tillers per plant3

Amendment
1

pH
2

per 100 g Atlas Druchamp Gaines Atlas Druchamp Gaines

0 4.90

1 me CO3 5.10
2 me CO3 5.32

1 me SO 4.824.812 me SO4
4

1 me CO3 + SO
4

4. 94
2 me CO3 + SO4 4.96

3 me P+ 1 me CO
3

4.92
6 me P+ 2 me CO

3
4.92

L. S. D. o. os ' between
varieties =

L. S. D.
O. 05'

within
varieties =

.57

.59

.59

.62

.67

.62

.66

.66

.61

. 06

. 07

.26

. 37
.51

. 35

.44

. 37
.41

.51
.55

.17

.28

. 31

. 19
.21

. 24
.33

.33
.47

1.7

1.7
2.2

2. 2
1.8

2. 2
2.0

2.3
2.5

1

1.2
2. 3

1. 2
1.5

1.0
1. 3

2.D
2.8

1

1. 2
2.0

1. 2
1. 3

1.0
2.0

2.5
3.2

1
CO3, CaCO3:MgCO3:: 2:1; SO4, CaSO4:MgSO4:: 2:1; P, H3PO4.

2pH, 1:2:: Soil: H2O, at time of harvest.
3
Average of 3 replications.

The unanticipated response to sulphate further serves to dis-

tinguish the differential tolerance of the three varieties to Al. The

tolerant Atlas 66 did not respond to liming but did respond to the
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addition of sulphate, even though this treatment has a lower pH than

the control. The moderately tolerant Druchamp responded to the

addition of sulphate at the lower pH, but the yield was less than for

the ' 2meC0
3

' and 'P' treatments. On the other hand, the sensi-

tive Gaines showed no response to sulphate unless it was accompan-

ied by an equivalent amount of carbonate.

Gaines exhibited P deficiency symptoms in the control and

' 1meS0
4

' treatments. The root system in both treatments was

poorly developed, similar to that shown for the ' 0 CaCO3 ' treat-

ment in Figure 20. (P deficiency was also evident in Gaines in this

latter treatment). It is contended, as for the appearance of P de-

ficiency in nutrient solution experiments, that the P deficiency was

resultant on the inhibitory effect of Al on root development. That

the 50 ppm basal application of P was available is confirmed by the

maximal yield of Atlas 66 at pH4. 82 in the sulphate treatments. The

similar response by Atlas 66 in the sulphate and phosphate treat-

ments is probably due to the release of sulphate by the large addi-

tion of P in the latter treatment (Harward and Reisenauer, 1966).

The results from these experiments confirm those of Foy et

al., (1965b) that there are differential responses by wheat varieties

on acid soils containing exchangeable Al. In addition, they show

differences persist in less acid soils with lower exchangeable Al

contents. The use of high P amendments has substantiated that the
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response to liming by Al-moderately tolerant and Al- sensitive varie-

ties is a response to lowering of available Al. Most importantly,

these results confirm the heritable differences observed in nutrient

solution cultures.
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GENERAL DISCUSSION

Nutrient Culture System

Munns (1965) demonstrated the feasibility of using a nutrient

culture system for the study of the effects of Al on plant growth in

which the parameters of pH and the Al and P concentration can be

kept constant. Almost without exception in all other studies where

Al and P had been used in the same nutrient solution, the solubility

products for aluminum hydroxide and variscite were exceeded, or

pH was not adequately controlled, or both. Also where plants were

exposed alternatively to Al and P, there were similar deficiencies

in control of Al concentration and pH. This study further emphasizes

the desirability of control of pH and the Al and P concentrations.

The nutrient culture system clearly distinguished differences

in tolerance to Al between wheat varieties. As such it proved to be

suitable for screening large numbers of varieties and, in inheritance

studies, progenies for tolerance to Al. Shea (1966) described a

nutrient culture system for screening varieties for efficiency of K

utilization. However, it was necessary to transfer seedlings. The

system mentioned by Dessureaux (1960) for screening alfalfa for

tolerance to Al appears to have the same limitation. Obviating the

need to transfer plants saves time and reduces the risk of mixing
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plants. Because Al has an immediate effect on the germinating

seedling, plants need only be grown for a short period. Thus large

numbers can be grown in the same container with little exhaustion of

nutrients. Foy et al. (1965b) used an acid soil high in exchangeable

Al for screening wheat varieties for tolerance to Al. This method

clearly illustrated differences in tolerance to Al. However with soil,

actual Al concentrations cannot be accurately described or reproduced.

Also with soil there is the probability of plants reacting differentially

to other factors than Al. Thus, Foy et al. (1965b) found Omar and

Triumph yielded 2.47 and 1.30 g/pot, respectively, on an acid

Bladen clay loam; whereas, in this study the reaction of these varieties

was found to be reversed (Appendix Table 9).

The use of controlled pH and Al concentration enabled the

recognition of the importance of pH in relation to Al inhibition of root

elongation. That plants have different reaction to Al depending on

pH might be regarded as a criticism of nutrient solution for screening

plants for tolerance to Al. However, it was also shown that the

direction of differential tolerance remains the same at different pH

values (Table 9).

It was possible to isolate both the separate and interacting

effects of pH and Al on nutrient uptake. While previous studies with

wheat have served admirably for distinguishing differences in toler-

ance to Al (Foy et al. , 1967a) or in suggesting effects of Al on
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nutrient uptake (Johnson and Jackson, 1964), interpretation has been

complicated by associated effects of pH and uncertainty of actual P

and Al concentrations. MacLeod and Jackson (1967) did analyse for

Al and use average values remaining soluble to interpret their results.

But this required exacting analysis for Al and daily change of solu-

tions. Also it is considered that conditions in which Al or P, or

both, are precipitating on the roots are not indicative of those in acid

soils. Harward et al. (1955) have suggested that pH should not be

controlled when Al is added to culture systems, as any acidity result-

ing from hydrolysis of Al is an effect associated with Al. It is not

conceded that this is a natural effect. Even if it were, interpretation

of results must still take these separate effects of Al and pH into

account. Further, nutrient solution is not as strongly buffered as

is a soil system, and in the former pH changes can arbitrarily be

made to go either up or down, both in the presence and absence of Al,

depending on the choice of nitrate and phosphate salts.

The nutrient culture system proved adequate for the facility in

which it was placed and for the studies carried out. For larger

genetic and nutrient experiments, a rapid continuous flow system

with automatic pH control similar to that described by Asher, Ozanne

and Loneragan (1964) would be desirable.
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Effect of Al on Growth

The first obvious effect of Al on growth of Al-sensitive wheat

varieties is inhibition of root elongation, the degree of which depends

on both Al concentration and pH. Root weight is affected before shoot

weight, but between 10 and 20 days the inhibition in shoot growth

becomes as marked as that for root growth. It is clear that this

inhibition of root elongation is due to the inhibitory effect of Al on

mitosis (Clarkson, 1965b) and the resulting depression in shoot

growth is a consequence of this inhibition of root development.

For the moderately tolerant varieties it was shown that the

complete cessation of root elongation with increasing Al solution con-

centrations was more gradual than for the sensitive varieties. Thus,

though there was partial inhibition of Druchamp and Selection 1744

at 3.2 ppm Al, pH4, complete cessation was not evident until 12.8

ppm Al (Figures 4 and 5).

In the tolerant Atlas 66 there was no marked reduction of

growth in any treatment at high effective Mg solution concentrations.

There was a slight reduction in shoot and root length in the pH4. 5,

2.0 ppm Al treatment at 10 days, but this did not persist to 20 days.

At pH4. 5, 2. 0 ppm Al with a lower effective Mg solution concentra-

tion, shoot length and yield and root length were reduced at 10 days

but only root length at 20 days. This greater initial reduction may
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have been a direct effect on germination but also may have been due

to the plant overcoming an initial inhibitory effect of Al. There was

a similar and apparently more severe initial inhibition of freshly

germinated sensitive varieties at partially inhibitory Al solution con-

centrations. Thus in experiment # 1 at 0.8 ppm Al, root length of

Thatcher was inhibited 54 percent at 14 days but only 40 percent at

26 days (Figure 1). Average inhibition of root elongation for the five

sensitive varieties grown in experiment # 2 was 51 and 46 percent at

10 and 20 days, respectively (Appendix Table 3).

These results are similar to those of Foy et al. (1965a, 1967a)

in that there are clear differences between wheat varieties in toler-

ance to Al. But there are several differences. The most obvious

is that Foy et al. (1967a) report a marked reduction in the growth of

Atlas 66. For different experiments, but with initial pH4. 8 and 6

ppm added Al, changes in shoot and root yields of Atlas 66 were -50

and +25 percent, -50 and -65 percent and -50 and -54 percent for

final pH values of 6.7, 4. 3 and 4.8, respectively. Because of variable

pH and uncertain actual Al concentrations it is difficult to directly

compare these results with those of this study. With 6 ppm added

Al there must have been an initial decrease of pH due to hydrolysis of

Al or precipitation with the 4 ppm added P; in fact a decrease to

pH3. 6 is mentioned for one experiment. However, inhibition of

Atlas 66 in these experiments of Foy et al. (1967a) is not necessarily
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in conflict with the absence of it in the present study. Hydrolysis of

Al occurs slowly and the Al concentration in the experiments of

Foy et al. (1967a) could have remained sufficiently high for a suf-

ficient length of time for damage to occur. As was shown in this

study, toxicity for any given concentration is proportionately greater

the higher the pH (provided Al remains in solution). Also in experi-

ments # 3 and # 4 there was an indication that Atlas 66 was becoming

susceptible at pH4, 12.8 ppm Al or pH4. 5, 2.0 ppm Al.

In the above experiments of Foy and coworkers there is greater

variability in degree of injury to Al from one experiment to another.

Another example is the apparent greater injury for Atlas 66 for 6 ppm

added Al, final pH4. 8 (Figure 3 in Foy et al. , 1967) than for 9 ppm

added Al, pH maintained at 4. 6 ± 0.2 (Figure 5 in Fleming and Foy,

1968). Variability in pH control probably accounts for most, of this

variation.

The increased root weight but decreased shoot weight shown

for one experiment of Foy et al. (1967a) is similar to the trend

observed at pH4.0, 2.0 ppm Al in experiment # 4 of the present study.

It does open the possibility that onset of sensitivity to Al in Atlas 66

may be through a different mechanism than for the sensitive and

moderately tolerant varieties.
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Effect of Al on Nutrient Uptake

Earlier in this dissertation it was contended that the majority

of the reported effects of Al on nutrient accumulation appeared to be

largely of an indirect nature. While the results of the preceding

research do show direct effects of Al on nutrient uptake, the above

hypothesis is supported in that the most striking effects on nutrient

uptake were associated with large reductions in yield or a pH variable.

Aluminum directly reduces yield of sensitive varieties through

inhibition of cell division in meristematic areas of the roots. Com-

plete inhibition of mitosis may occur within 24 hours (Sampson et al. ,

1965). In contrast the Al induced Mg deficiency at low pH and low

effective Mg solution concentrations reduced growth only after ten

days. Thus, the rapid complete inhibition of mitosis, which can be

induced at any stage in plant growth, obviously does not result from

an effect of Al on nutrient uptake. Rather it is through the apparent

specific effect of Al on DNA replication (Sampson et al. , 1965) which

results in abnormal (Rorison, 1958) and undifferentiated tumour like

(Rees and Sidrak, 1961) tissue that nutrient uptake is primarily

affected. It is likely similar changes would be found in organic con-

stituents if these were examined.

Where the effect of H+ concentration was considered with that

of Al concentration on nutrient uptake, H was shown to have as great
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or greater effect than Al at equivalent concentrations. This inhibitory

effect of H was essentially similar for all varieties. The effect of

H+ is most likely one of competition with the ion in question for the

uptake mechanism and external negative sites on the roots (Jacobson,

Moore and Hannapel, 1960).

Nevertheless, there were some significant direct effects of Al

on nutrient uptake. The most striking and consistent effect was the

Al induced inhibition of Mg uptake in both roots and shoots and which

resulted in yield reductions at low effective Mg solution concentra-

tions. In comparison to the intensive study given to the effect of Al

on uptake of Ca and P, little attention has been focused previously on

Mg. Also, earlier data is rather inconclusive. The apparent Al

induced depression of Mg uptake reported for barley shoots (Rees

and Sidrak, 1961) and barley roots (MacLeod and Jackson, 1967) is

confounded with effects of yield and pH. Data from this study show

that Al induced inhibition of Mg uptake occurs irrespective of changes

in yield or pH. Paterson (1964) concluded Al induced inhibition of

Mg uptake was only associated with low P contents. However, a re-

examination of his data show that for corn while there was little effect

on shoot content, Mg-root contents were still depressed by Al when

plant P content was high. Also in this experiment of Paterson (1964)

it is likely the effective Al concentration was very low due to pre-

cipitation of Al with the high amount of added P.
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There were also significant direct effects of Al on Ca, Mn, K

and P uptake but effects were not as consistent or of the same mag-

nitude as for Mg. In particular, the direct effects of Al on K and P

content were of very slight magnitude.

The Al inhibition of Ca uptake was more gradual than that for

Mg. Whereas there was a significant decrease in Mg uptake at 10

days, there was no significant decrease in Ca uptake until 20 days.

This was not due to initial nutrient in the seed since the Mg content

of the seed was approximately four times the Ca content. Johnson

and Jackson (1964) have suggested that a portion of the Ca accumula-

tion mechanism may be completely inhibited by some low Al con-

centration. This would explain the lack of increased effect at con-

centrations higher than 0.8 ppm Al in experiment # 2 (Figure 7),

but is in conflict with the absence of any effect at 10 days.

In experiment # 4, there was an interesting Al x pH x varietal

interaction on Mn content of the roots. Whereas Al had little effect

at pH4 for all varieties, at pH4. 9 the Al inhibition was in accord

with the sensitivity of the varieties to inhibition of root elongation.

In contrast to Mg, there was no depression by Al on Mn content of

the shoots. Other reports of depressions in Mn uptake by shoots can

be explained by pH changes in the Al treatment solutions or marked

depressions in yield due to Al inhibition of mitosis, or both (Harward

et al. , 1955; Rees and Sidrak, 1961; Hiatt and Ragland, 1963;
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Paterson, 1964). The large depressions in root-Mn observed in

sensitive varieties at pH4.9 are similar to those found by Maas (1967)

for excised barley roots.

Inhibition of nutrient uptake has received more attention than

other aspects of Al toxicity. One reason is because of its early

association with P deficiency but which is now seen to be the result

of other metabolic effects of Al. Another reason is that it is rela-

tively easy to analyze for all those elements which can be determined

on one digest. Thus, little attention has been devoted to NO3,

SO4= or H
2

PO4 (This criticism is also accepted in part with re-

spect to this study!) Now that it is recognized Al has relatively

minor direct effects on total nutrient content, more attention should

be devoted to possible effects of Al on the function of the nutrients.

This is discussed briefly in the next section.

Nature of Aluminum Toxicity

Toxic or inhibitory effects of Al on physiological processes

differ in kind and degree. The most obvious effect, that of inhibition

of root development, has been repeatedly stated. Other physiological

effects that have been noted are inhibition of nutrient uptake and

incorporation of inorganic P into organic P compounds. There has

also been speculation as to other effects of Al on the function of P

and also of Ca. The adsorption-precipitation reactions of Al and P
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on cell surfaces as expounded by Clarkson (1967) are not strictly

physiological effects but could indirectly inhibit plant growth.

Inhibition of Cell Division

For cereals it appears that for Al levels normally encountered

in acid soils, inhibition of root development with its subsequent effects

on other plant functions is the most important toxic effect of Al on

growth. Root development is affected through the Al inhibition of cell

division (Clarkson, 1965b). Al interacts directly with the nucleus as

is shown by a change in the nature of the genetic DNA following pre-

treatment with Al (Sampson et al. , 1965). Further from the observa-

tion of Sampson et al. (1965) that the complete cessation of mitosis

occurs at about 24 hours, it can be concluded that Al is affecting

multiplication of the chromosomes during interphase (Kihlman, 1966).

Al inhibition of cell division is dependent on the entry of Al

in an active form into the cell. The results of this study suggest that

this movement of Al through the plasmolemma is controlled by con-

centration of Al in the substrate, its valency form and pH. In

nutrient solution, toxicity increased with an increase in Al concentra-

tion and a pH increase from 4.0 to 4. 5. This increase in pH from 4

to 4.5 in the absence of an extensive Al(OH)
3

precipitate results in a

greater proportion of divalent to trivalent Al ions (Table 1). There-

fore, it is suggested that divalent Al is more toxic with respect to
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Al inhibition of cell division than trivalent Al as suggested by

Rorison (1958). However, as suggested previously, the increased

toxic effect at pH4. 5 may be, in addition to the concentration of

A10H2+, a function also of the reduced competition of Al3+ on

Al0H2+ uptake and an increased ion uptake at the higher pH.

In contrast, the suggestions of the ability of a plant to lower the

pH in the microzone surrounding the root (Foy et al. , 1965a) and to

hold more Al on the roots through a higher C.E. C. capacity (Vose and

Randall, 1962; Foy et al. , 1967a) appear to be of secondary impor-

tance in determining the entry of Al into the roots in nutrient solution

cultures where pH and Al levels are maintained. In this study, all

Al was in solution at pH4. Further, toxicity increased with an in-

crease in pH from 4 to 4.5. The actual concentration of Al on the

roots had little effect on the Al inhibition of root development for any

variety both in the absence (Experiment # 2) and presence (Experiment

# 4) of hydrolysis of the Al.

In the soil or in the presence of large amounts of free Al(OH)3,

it has been suggested that AlOH2+ rather than Al3+ is the dominant

ion (Raupach, 1963d). Thus in soil substrate, concentration of Al

would be the main determinant of toxicity for any one variety. More

significantly, if A1OH2+ is more toxic than Al3+ then critical toxic

concentrations, in the soil or in nutrient solution in the presence of

an excess of Al(OH)3, would be much lower than indicated in this
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present study where all Al was in solution. However,

nutrient solution studies have shown that a certain minimal concentra-

tion must be maintained for toxicity to occur. Cumulative effects of

exposure to low Al concentrations or build up of Al on the roots

through hydrolysis did not cause toxicity.

The question of entry of Al has been considered. But how does

the Al interact with the nucleus to cause abnormal DNA replication?

In a discussion of a paper by Rorison (1958), Bunting speaks of 'an

indiscriminate affinity (of Al) for proteins, ' while Hewitt reports 'it

is well known that nucleic acids have a high affinity for Al'. In a

search of the literature and consultation with several biochemists,

no specific reference to such reactions has been found. The stability

constants for several simple organic ligands including the organic

acids are higher for A13+ than ions as Ca++ and Mg++ but of much

the same order as Cu++ and Fe
3+ (The Chemical Society, 1964). No

values were given for nucleotides or amino acids. Moreover, a high

affinity does not necessarily mean impairment of metabolic function.

Rorison (1958) has pointed out that Al has a high affinity for pectin.

This may explain why Al is attracted to the cell wall. But a high

root-Al content as in experiment # 4, at pH4. 9, 0.2 ppm Al, had no

apparent effect on growth processes.

Sampson et al. (1965) do not suggest how Al may be interacting

with the nucleus to cause a change in the nature of the DNA. On the
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other hand, Clarkson (1966) has suggested Al may inhibit the incor-

poration of inorganic P into the sugar phosphates through inhibition of

the enzyme hexokinase. Evidence was given for inhibition of yeast

hexokinase by Al citrate. In the present study the effect of Al on the

phosphorylation of glucose by purified yeast hexokinase was briefly

examined. The reaction may be considered as follows (Hammes and

Kochavi, 1962):

k k
Mg++ + ATP 1= MgATP; Enzyme + Glucose = E-G;

E - G + MgATP
k

3
X1

k
4 E- G- 6- P + MgADP;

E-G-6-P
k

5
k

6=--- E+G-6-P.; MgADP Mg
++ + ADP.

It was hypothesized that, rather than directly inhibiting the

enzyme, Al may inhibit the hexokinase reaction through complexing

with adenosine triphosphate (ATP). It was shown that Al complexed

with ATP such that several times symmetry concentration of Mg was

required to displace it. Also, Al-ATP had a different chromato-

graphic behaviour than Na -ATP. Both Al added as Al-ATP and Al

citrate inhibited phosphorylation of glucose. It is probable Al is

competing with the site normally occupied by Mg. As such it need

not be directly binding that phosphate group which is transferred but

inhibiting the reaction at that stage (X1) when the two reactants are

bound to the enzyme. This evidence is not sufficient to prove the
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nature of inhibition of the hexokinase reaction by Al. It does show

that Al can complex strongly with a nucleotide. It also suggests

alternatives for Al interference with DNA replication, either through

affecting energy transfer or by directly complexing with the nucleo-

tides required for DNA synthesis.

Another pertinent observation from this preliminary study was

that Al did not inhibit but actually stimulated the reduction of glucose-

6-phosphate by glucose-6-phosphate dehydrogenase. Al may have a

high affinity for proteins but it does not necessarily interfere with

their function. It is pertinent to note that, at physiological pH values,

Al must be complexed with some organic carrier from the point of

entry into the cell. Otherwise it is doubtful whether it would pene-

trate as far as the nucleus without precipitating. There is no

measure of how much Al is in the cortical cells or whether it moves

from there to the shoot. However, presumably that which passes

through the endodermis moves freely to the shoots as staining shows

there is no accumulation in the endodermis or pericycle (Ikeda et al. ,

1965). Movement to the shoot is obviously unaffected in Al accumu--

lator species (Webb, 1954).

In the experiments of Clarkson (1966), from which he concluded

Al pretreatment of barley roots reduced incorporation of 32P into

sugar phosphates and RNA but did not affect ATP synthesis, it is not

possible to relate this to the effect of Al on inhibition of cell division.



118

Roots were not exposed to 32P until after 48 hours of Al pretreat-

meat' at which time all cell division had presumably ceased. On the

other hand, Rorison (1965) does report a reduced incorporation of
32P into both nucleotide and hexose phosphate fractions for a legume,

Onobrychis sativa Lam. , after a four hour Al pretreatment. Thus

there is contradiction as to the effect of Al on phosphorylation. It

is possible that the reduced RNA synthesis accounts for the increased

nucleotide pool found by Clarkson (1966). However the specific,

rapid and complete nature of the inhibition of Al on cell division would

seem to preclude any general metabolic effect of Al on either

phosphorylation or energy transfer. Specificity is suggested by the

only partial inhibition of phosphorylation after cell division had

presumably been completely inhibited (Clarkson, 1966) and by the

stimulus to K uptake following pretreatment with 103 N Al, which

concentration would have been toxic to cell division (Fawzy et al. ,

1954).

Inhibition of Nutrient Uptake and Function

The Al induced inhibition of Mg uptake was shown to be

reversible in that Al induced Mg deficiency could be overcome by

increasing effective Mg solution concentrations and that the inhibitory

effect was less the higher the effective Mg solution concentration.

From the data of experiment # 4, there appears to be
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competition between Mg and Al for exchange sites on the roots. Thus

at 0.2 ppm Al, a large decrease in root-Mg from pH4. 5 to pH4. 9 was

associated with a large increase in Al content of the roots. At

pH4. 5, 2.0 ppm Al increasing the effective Mg solution concentration

caused a considerable reduction in Al content of the roots.

However, the only marked effect of this apparent competition

for exchange sites was in those treatments where hydrolysis of Al

was occurring. Additional observations also suggest the functional

significance of this apparent direct competition between Al and Mg

for exchange sites on the roots does require qualification. In experi-

ment # 2 at pH4 and 0.8, 1. 6 and 3. 2 ppm Al, there was a greater

reduction in the Mg content of the roots and shoots than in experiment

# 4 at pH4. 5, 2.0 ppm Al, with the same low effective Mg solution

concentration. And significantly, the Al content of the roots was not

higher but much lower at pH4 than at pH4. 5. This increasing effect

of high Al solution concentrations on Mg uptake at the lower pH is in

contrast to the reduced effect of Al on root elongation at the lower pH.

It suggests that Al 3+ is more effective than AlOH2+ in inhibiting Mg

uptake. In so far as this effect was not observed at the high effective

Mg solution concentration at 0. 2 ppm Al (Experiment # 4), this inter-

action between pH and the Mg and Al solution concentrations on Mg

uptake requires further study for full elucidation.

Other workers have reported reversible or competitive effects
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of Al with nutrient cations. Thus Munns (1965) showed that Al

inhibition of Ca uptake in alfalfa at low Al concentrations (<0.2 ppm

Al) could be reduced by increasing the Ca concentration of the nutrient

solution. Lance (1967) reports overcoming an Al pretreatment

induced inhibition of Ca uptake in cotton by increasing the Ca con-

centration to 15 mM. He suggested that Al is affecting nutrient

uptake in cotton through an effect on membrane permeability. How-

ever results of excised root experiments with barley, in which Al

pretreatment reversed the loss and so enhanced the uptake of K at

low pH values, do not support a deleterious effect of Al on membrane

permeability (Fawzy et al. , 1954). An Al induced reduction in

sorption of Cu by wheat roots was attributed to competition between

these two elements for root adsorption sites (Blevins and Massey,

1959).

It is contended that the direct effects of Al on nutrient uptake

are mainly a result of some external competition with the affected

elements. At pH4. 9, O. 2 ppm Al, where the greatest reduction of

uptake of root-Mg occurred, Al and Mg appear to be competing for

both exchange sites made available by the increase in pH and possibly

uptake sites for some fraction of root-Mg not transported to the

shoots. This is supported by the higher Mg contents of the 0.2 ppm

Al treatment at pH4. 9 than at the 0 ppm Al treatments at lower pH

values and by the absence of inhibition of shoot uptake. At lower pH
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values, depending on Al and Mg solution concentrations, the sig-

nificant reductions in both root and shoot content suggest some

additional metabolic component is being affected. The greater reduc-

tion in root than shoot content may represent some non-metabolic

component but, too, probably includes the very labile component

identified by Moore, Overstreet and Jacobson (1961). That the effect

on the metabolic component is a partially reversible one suggests that

Al is competing with a binding site for Mg uptake (Moore et al. , 1961).

Johnson and Jackson (1964) have suggested Al affects Ca uptake

and transport differently. There was little accumulation of 45 Ca in

the roots in the presence of Al during the 24 to 48 hour period as

compared with larger accumulation in the shoots. In contrast, in

this study where Al did reduce Ca content the cumulative effect was

greater in the shoots than the roots. Calcium content is much lower

in the roots than the shoots. Also the Ca uptake into the shoot appears

to be independent of that into the bulk of root tissue, i. e. the cortical

cells. Moore, Mason and Maas (1965) showed that accumulation of

45Ca in the xylem exudate of barley was 35 times greater than

absorption of Ca by excised roots. This in part explains the different

transport observed by Johnson and Jackson (1964). The reversed

trend in uptake rates they observed between shoot and root may have

been in part due to initial isotopic exchange in the roots and delay in

uptake into the shoots because of the low pH (Arnon et al. , 1942).
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The idea of alternate mechanisms or pathways, as proposed by

Munns et al. (1963b), was suggested as an explanation for differential

effects of Al on Mn uptake in the different varieties. That a greater

inhibition of uptake into the non-labile Mn fraction of roots apparently

resulted in a stimulus of Mn into the labile fraction and thus to the

shoots suggests the two mechanisms are not independent. As only

one Mn concentration was used there is no information on reversal of

this inhibition. However, it does appear that Al concentration rather

than Al root content determines the inhibition into the non-labile

fraction. For Atlas 66 inhibition was much greater at pH4. 5, 2.0 Al

than at pH4. 9, 0.2 Al even though root-Al contents were the same.

Presumably Al was competing with the Mn for some binding site.

There were two isolated instances of apparently reduced trans-

location due to Al. These were an Al induced decrease of K shoot

content in experiment # 2 and a slight reduction in P transport in

experiment # 4 for Atlas 66 at pH4. 5, 2.0 ppm Al. No reason is

advanced for the former. The latter may be associated with the con-

current hydrolysis of Al in solution or the known Al inhibition of P

metabolism (Rorison, 1965).

Reasoning from the similarity of Ca deficiency symptoms to

those of Al toxicity, Jackson (1967) has suggested Al may restrict

the entry of Ca into specific reaction loci in the cells. However,

because of the rapid effect of Al on cell division (Clarkson, 1965b),
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the reaction, if important, would have to be one of displacing Ca.

He also notes that Ca and Mg and in some cases Mn have been

reported to play a role in stabilization of macromolecules. Removal

of Mg from ribosomes results in fragmentation of the particles.

Hultin (1964) suggests Mg is responsible for maintaining appropriate

spatial configuration of peptide chains with messenger and transfer

RNA on the ribosomal units. Because of antagonism of Al to Mg

uptake and possibly to Mg as a cofactor in the hexokinase reaction,

it is tempting to speculate that it may replace Mg in its structural

functions and so inhibit metabolic processes. But because of the

rapidity with which Al can inhibit mitosis and the dissimilarity of

Mg deficient roots to those affected by Al, such speculation does not

seem warranted.

Results from this study do not attach importance to external

Al-P adsorption-precipitation reactions as a factor in aluminum

inhibition of plant growth (Clarkson, 1966, 1967). Where Al and P

were kept in solution there was no increase in the P content of roots

over control treatments. The slight increase in P content of roots

of Atlas 66 at pH4. 5,2.0 ppm Al, may have been due to external

reaction of Al and P. However, P content of the shoots was well

above deficiency levels.
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Summation

It appears that the effects of Al on cell division and nutrient

uptake are independent of one another. These two physiological

functions are separate in the roots. Cell division occurs in the

meristematic tissue at the root tip. Nutrient uptake may occur into

this tissue, but the nutrient uptake with associated translocation to

the shoots occurs in the more mature vacuolated tissue immediately

behind the apical meristem. More significantly the uptake into the

meristematic tissue may be nonmetabolic in nature whereas the up-

take into the vacuolated tissue is largely metabolic (Handley, Vidal

and Overstreet, 1960). It is likely that permeability of the two tissues

is different. Aluminum may penetrate more readily into the cytoplasm

of the meristematic than vacuolated tissue. That other metabolic

activity in the root continues after apparent inhibition of cell division

(Fawzy et al. , 1954; Clarkson, 1966) does support this suggestion.

Too, Fleming and Foy (1968) report that staining indicated Al

accumulated principally in root tips, though it is not clear whether

the Al was confined to the area of meristematic activity.

However, there is some restraint to movement of Al into the

meristematic cells as Al concentration and pH both affect onset of

inhibition of cell division. On the other hand metabolic nutrient

uptake into vacuolated tissue may be affected without or with only
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partial penetration of the plasmolemma and at lower Al concentrations

than are necessary to inhibit cell division. Finally it is possible that

permeability to Al in meristematic tissue may be affected by a

separate effect of Al influencing the role of Ca on membrane

permeability.

Mechanism of Differential Tolerance to Al Toxicity

It has been suggested that differential varietal tolerance to Al

is directly associated with plant induced differential pH changes

around the roots (Foy et al. , 1965a). When the differential tolerance

persisted when varieties were grown in the same vigorously aerated

container, it was considered the pH differential could still exist as

microzones around the roots (Foy et al. , 1967a). Further these

workers have associated susceptibility to Al with higher root cation

exchange capacities and higher Al content of the roots.

The results of this study suggest that none of these hypotheses

are adequate to explain or even are necessarily associated with dif-

ferential tolerance to Al among wheat varieties. In the nutrient

experiments conducted at pH4, all the Al was in solution. Further,

a lower pH in the 'microzone' of the roots of the sensitive variety

would have operated against increased toxicity as toxicity was shown

to be induced at a lower aluminum concentration at pH4. 5 than at

pH4. In experiment # 2, the sensitive varieties did have a higher Al
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content of the roots than the tolerant or some moderately varieties

at 0.8 ppm Al, However, there were other moderately tolerant

varieties with higher root-Al than the sensitive varieties. Further,

at higher Al solution concentrations, all tolerant and moderately

tolerant varieties grew unaffected with root-Al contents at which the

sensitive varieties had been affected at 0.8 ppm Al. No hydrolysis

of Al occurred in this experiment so the Al content of the roots was

a function only of the Al concentration and number of available

exchange sites. It might be argued that in the soil differential pH

microzones around the roots would increase Al solubility and thus

susceptibility of the plant to Al. Actually, the data presented by

Foy et al. (1965a) show that both the sensitive and the tolerant variety

increased the pH from the control, only the increase by the sensitive

variety was less than that by the tolerant variety. Might not the

lesser increase in pH by the sensitive variety have been a consequence

of a reduced root system in this variety? That the same degree and

direction of differential tolerance was found in this study when

varieties were grown in soil or nutrient solution does not suggest

that a pH differential is a causal factor in determining differential

tolerance to Al,

There were no differences in nutrient content which could be

regarded as determining differential tolerance to Al. However,

there was a differential reaction to the effect of Al on Mn content
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which was associated with differential tolerance (Figure 9). The

decrease in root-Mr, content in the sensitive varieties was such as

to suggest the binding site for Mn uptake into the non-labile fraction

of these varieties was less protected from exposure to Al. This

effect was not associated with a decrease in permeability of the

plasmolemma as root-K contents were not affected.

Although these studies have thus eliminated several explanations

for the mechanism of differential tolerance to Al, they have not pro-

vided an alternate explanation. But the demonstration of an apparent

single gene for moderate tolerance to Al does offer a new means of

looking for a mechanism. Though pleiotrophic effects are possible,

it is most likely the mechanism is a simple one. The use of isogenic

lines would reduce plant differences to that of the mechanism of dif-

ferential tolerance.

The difference in moderate tolerance to Al probably is a result

of differential entry of Al into the meristematic cells. At the same

Al solution concentration sensitive varieties had a higher Al content

of shoots than the more tolerant varieties. It is recognized that this

Al transported to the shoots has most likely entered through the

vacuolated tissue. Nevertheless it is also probable that there is a

similar directional difference between the sensitive and tolerant

varieties for movement of Al through both the plasmolemma of

meristematic and vacuolated tissue. This differential movement of
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Al into the meristematic cells is yet to be established.

There is also the possibility that tolerance may be toleration

of a greater amount of Al in the cell. The support for this is that at

6.4 and 12.8 ppm Al in solution in experiment # 3, Atlas 66 had shoot-

A 1 contents higher than those at which sensitive varieties were

affected in other experiments; yet the growth of Atlas 66 was not

reduced. But the Al content of the shoots of Atlas 66 is not neces-

sarily an indication of the amount of Al in the meristematic cells.

Aside from this speculation, it is emphasized that solution studies

should be made at pH and Al concentrations where hydrolysis does

not occur so as to minimize the large background of Al on the root

external to the cell.

Inheritance of Tolerance to Al Toxicity

Many characters have been found which are controlled by a

single gene in hexaploid wheat (Ausemus, McNeal and Schmidt, 1967).

However, to this author's knowledge, this is the first reported

evidence of single gene control for a nutritional factor. Such control

has been reported in other plant species. Weiss (1943) presented

conclusive evidence for a dominant gene, Fe, controlling utilization

of Fe in soybean. Pope and Munger (1953a) present similar evidence

to that in this study for a dominant gene, Mg, controlling Mg uptake

in celery and also evidence (Pope and Munger, 1953b) for a single
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recessive gene controlling B deficiency in celery. More recently,

Bernard and Howell (1964) reported a single gene, 112, controlling

incomplete dominance for tolerance to phosphorus sensitivity in soy-

bean, while Shea (1966) gives evidence for a single recessive gene,

ke, controlling K utilization in snap bean.

Initial reports of single gene control of characteristics in wheat

have often been amended due to subsequent evidence. Similarly the

apparent single gene reported here is undoubtedly not the only factor

controlling inheritance to Al inhibition of root development. Evidence

has been presented for the greater tolerance of other varieties to the

inhibition of root development by Al. Thus one or more major genes

with several modifying genes may be involved. Further, inhibition

of root development is not the only inhibitory effect of Al on plant

growth. In experiment # 4, there was a suggestion of a decrease in

shoot weight of Atlas 66 at pH4. 5, 2.0 ppm Al without any accompany-

ing reduction in root length or root weight. The data of Foy et al.

(1967a) also show a decrease in the shoot weight of Atlas 66 without

a decrease in root weight. Thus over the whole spectrum of Al

toxicity, inheritance may involve both mono- and multigenic control.

Consideration is now given to the natural development of

tolerance to Al. Hewitt (1963) has suggested that acid soil conditions

may induce more rapid mutation rates. This was based on evidence

of increased chromosomal aberrations in Ca deficient cells
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(Steffensen, 1955) and on the distinct spindle inhibiting effect of Al

and other heavy metals (Levin, 1945). Rios and Pearson (1964)

observed many enlarged binucleate cells were present in the

meristematic regions of roots damaged by Al, while it is now

recognized that Al does directly affect cell division (Clarkson, 1965b;

Sampson et al. , 1965). It is thus understandable how somatic muta-

tions more favourable to tolerance of Al inhibition of cell division

may arise. In perennial plants there is a good possibility that gamete

cells may arise from this material but the possibility is much less in

annual plants. Also, because of low amounts of Al transported to the

shoots in cereals, there is little possibility of Al directly inducing

meiotic mutations.

Nevertheless, it is clear that the selection pressure of high soil

aluminum has influenced the development of Al-tolerant wheat

varieties. This was pointed out by Foy et al. (1965b). Atlas 66 was

selected in North Carolina, an area where wheat is grown on acid

soils. It is also obvious from the reaction of varieties adapted to

the Pacific Northwest. The most sensitive varieties such as Gaines,

Brevor and Selection 101 were those developed from Pullman,

Washington, on soils of neutral pH. The varieties which have been

most extensively used for breeding and production on the more acid

soils of western Oregon such as Druchamp, Nord Desprez and

Selection 1744 show moderate tolerance to Al, Gaines is now grown
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in western Oregon, but its greatest success has been on the valley

alluvial soils of moderate pH ( >5. 5). These soils are not selective

for tolerance to Al since the experimental selections of mixed

reaction to Al, listed in Table 19, were selected on one of these soils.

In the absence of any selection pressure for Al tolerance there

has not been any trend towards selection of tolerant phenotypes. In

fact there is a slight indication that selection may be in the opposite

direction and that tolerance is linked to some unfavourable character-

istic; or conversely that sensitivity is linked to some desirable

characteristic. Many of the varieties which are in the parentage of

Gaines do show at least moderate tolerance to Al, Norin 10, which

was recently used to introduce short straw, is also moderately toler-

ant to Al. Of the varieties in the parentage of Gaines which have been

screened for Al tolerance, Florence is the only one which shows the

same degree of sensitivity (Appendix Table 9). Florence was in the

variety development program used to introduce resistance to smut.

Perhaps this is linked with the apparent gene which Florence carries

for sensitivity to Al. If this is the case linkage may not be strong

since some selections, as Triumph and Selection 67-138, with

Florence in their pedigree are moderately tolerant to Al (Appendix

Table 9).

Again it is observed that some of the more tolerant varieties,

as Atlas 66 and Blueboy, and Anderson (Foy et al. , 1965a), have the
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Brazilian varieties, Frontiera or Frondosa, in their pedigree.

These latter varieties have shown good growth on soils high in

exchangeable Al (Foy et al. , 1965b). They were used as sources of

resistance to leaf and stem rust. It is likely they have also contributed

tolerance to Al. However, in contrast to the selections made on the

less acid soils in Oregon and Washington, there would have been

selection pressure for tolerance to Al on the acid soils of North

Carolina and Virginia.

This preliminary evidence for the genetic control of moderate

tolerance to Al toxicity is of significance for several reasons. Sus-

ceptibility to at least some degree of Al toxicity can be easily

eliminated from breeding material. It encourages further investiga-

tion into the nature of inheritance of more complete tolerance to Al

toxicity. Such tolerance, if simply inherited, would facilitate the

introduction of high yielding varieties into areas where wheat is grown

on acid soils. Secondly, isogenic lines may be developed which would

be of value in biochemical studies of the nature of Al toxicity.

Actually the phenotypes of mixed reaction to Al toxicity from other-

wise morphologically similar selections (Table 19) approach mono-

genic lines. Only limited backcrossing would be needed to reduce

phenotypic dissimilarities other than that due to inhibition of root

development. Thirdly, though it is recognized that this is just one

of several instances of elucidation of the nature of genetic control of
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nutritional characteristics, it has stimulated local interest in the field

of plant variation and plant nutrition. It is through modifications to

both the plant and the soil that the full potential of a soil for crop

production can most economically be realized.
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CONCLUSIONS

Because of the breadth of topics considered in this study it is

appropriate to summarize the significant contributions to the existing

knowledge and studies on Al toxicity.

(1) The nutrient culture system used clearly and reproducibly

distinguished differential tolerance of wheat varieties to Al.

It allowed investigation of the inhibitory effects of Al on growth

and nutrient uptake without the confounding affects of Al

precipitation or Al-P precipitation, or both, and pH change.

(2) Experimental evidence suggested that the primary factors

determining onset of Al inhibition of root elongation are Al con-

centration, Al valency state and pH. Aluminum appears to

enter the cell more readily at a higher pH and as the divalent

rather than trivalent ion. As such the divalent ion is more

toxic to Al inhibition of root elongation. In nutrient solution,

the ability of a plant to lower pH, cation exchange capacity of

the roots or absolute Al content of the roots all appear to be of

secondary importance in determining onset of Al toxicity in any

one variety or determining differential tolerance between

varieties. As the extent and direction of differential tolerance

in soils high in exchangeable Al was similar to that in nutrient

solution,there was also no evidence of the primary importance
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of these other factors as determinants of Al toxicity in the soil.

(3) The H+ concentration had a significant effect on the uptake

of Ca, Mg and Mn in the pH range normally used in studies of

Al inhibition of nutrient uptake. As it also affected onset of Al

inhibition of root development, rigid pH control is indicated for

nutrient solution studies concerning Al toxicity.

(4) At low effective Mg solution concentrations, Al markedly

inhibited Mg uptake in both roots and shoots. The inhibition was

partially reversed by increasing effective Mg solution concentra-

tions. Uptake of Ca and Mn were also inhibited to a lesser

extent by Al. These changes occurred at constant pH in the

absence of Al inhibition of root elongation. However, Al inhibi-

tion of nutrient uptake under these conditions was generally

of less magnitude than that due to an equivalent change in H+

concentration. All nutrient changes were of secondary

importance compared to the Al inhibition of root development,

which effect appears independent of Al induced changes in

nutrient uptake.

(5) The inheritance of tolerance to Al inhibition of root elonga-

tion between Al-moderately tolerant and Al-sensitive varieties

appears to be controlled by a single dominant gene. This find-

ing is considered the most significant contribution of the present

study. It will stimulate further research into the nature of
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inheritance of maximal tolerance to Al toxicity and should

encourage the development of isogenic lines for both agronomic

and biochemical studies of Al toxicity.

(6) A response to liming by some wheat varieties grown on

acid soils from western Oregon was attributed primarily to the

lowering of the exchangeable Al. This was substantiated by the

use of varieties of differential tolerance to Al.
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Appendix Table 1. Effect of pH and Al nutrient solution concentration on shoot and root length
of Atlas 66 ( A) and Thatcher ( T) wheat at 4, 9, 14 and 26 days after planting.
Mean of 2 replications.

pH

Al
( ppm) Variety

4 days 9 days 14 days 26 days
Shoot
( cm )

Root
( cm)

Shoot
(cm)

Root
(cm..)

Shoot
_(.cna)

Root
(cm)

Shoot
4cm)

Root
(.cm)

5 0 A 4.0 5.4 19.9 18.8 32.6 29.8 53.9 51.8
T 4.3 6.3 19.1 18.3 31.8 29.9 47.2 55.3

4 0 A 3.6 4.8 18.8 13.7 30.6 22.2 49.3 48.0
T 4.4 6.0 18.9 14.1 31.2 23.4 45.4 47.2

4 0.1 A 3.4 4.4 19.9 14.2 32.4 21.0 51.8 48.3
3.8 5.4 18.5 15.4 31.8 23.8 46.3 47.6

4 0.2 A 4.2 5.1 19.9 15.0 33.0 23.7 52.5 48.2
T 4.0 5.7 19.6 14.4 32.8 24.7 47.2 47.3

4 0.8 A 3.9 4.4 20.0 14.4 33.0 21.8 49.8 45.2
T 4.5 2.8 17.8 7.2 31.2 10.9 43.4 28.2

4 3.2 A 3.6 4.4 19.9 13.6 32.4 21.4 49.2 45.6
T 3.2 0.5 14.3 1.3 18.0 1.5 21.8 1.5

L. S. D.
0. 5

,between varieties 2.9 2.2 3.3 5.4
,within varieties 3.2 2.2 3.6 5.9

1
Yield data are given in Tables 4 and 6.



Appendix Table 2. Experiment #1. Effect of pH and Al nutrient solution concentration on nutrient uptake by Atlas 66 and Thatcher wheat at the
14 and 26 day harvests. 1

Nutrient So In.
Al Ca, % Mg, % K, % P % Fe, ppm Mn, ppm Al, ppm Zn, ppm

Variety pH ( ppm) Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot

( i) 14 days

Atlas 66 5 0 . 32 . 080 .160 .285 6.8 5.4 .62 .66 78 310 99 250 < 4 18

4 0 .23 .090 . 132 . 154 6.4 6.0 .63 .65 101 260 28 51 4 19 46
0.1 .22 .074 , 112 . 119 7.0 6.8 .57 .62 96 270 28 54 < 4 45
0.2 .22 .097 .102 .117 6.4 6.1 .61 .63 95 240 29 54 < 4 62 42
0.8 .23 .075 .107 .105 7.0 6.0 .65 .64 90 220 29 53 < 4 138
3.2 .22 .076 .083 .092 7.0 6.2 .69 .70 89 180 31 43 4 430 41

Thatcher 5 0 .53 .120 .174 .257 7.0 6.2 .78 .69 80 250 115 197 < 4 12

4 0 .45 .090 .138 .136 7.1 7.0 .87 .75 101 240 29 28 < 4 19 40
0.1 .41 .091 .118 .111 7.4 7.0 .78 .70 96 230 28 29 < 4 62
0.2 .38 .093 .107 .090 6.7 6.6 .84 .70 94 230 28 25 <.. 4 114 41
0.8 .37 .086 .100 .101 7.1 6.5 .70 .71 84 190 24 27 8 327
3.2 .40 .119 .125 .071 3.3 3.2 .46 .66 44 530 12 22 12 880 37

L S. 0.05'
11

between variety . 09
within variety . 13

. 019

. 022

(Continued on next page)



Appendix Table 2. Continued.

Nutrient Soln.
Al Ca % Mg, % K,% P,% Fe, ppm Mn, ppm Al, ppm Zn, ppm

Variety pH ( ppm) Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot
( ii) 26 days

Atlas 66 5 0 .35 . 145 142 .219 7.6 5.9 .71 .69 108 470 86 340 < 4 12

4 0 .26 . 132 . 120 . 114 7. 8 6. 0 .75 .66 78 260 36 124 '-' 4 23
0. 1 .27 . 141 . 107 . 106 7. 7 6.6 .74 .70 94 330 36 105 < 4 58
0.2 .24 .116 .106 .091 7.6 6.6 .72 .62 79 220 38 123 c 4 67
0. 8 .29 . 144 .097 .087 7. 7 6.6 .77 .68 82 240 38 118 < 4 180
3.2 .32 .119 .071 .070 7.3 5.7 .78 .71 71 180 33 98 8 440

Thatcher 5 0 .40 . 150 144 .200 7.3 6. 8 .80 .73 101 520 88 210 < 4 19

4 0 .33 . 119 . 120 . 110 7. 5 7.9 .91 . 80 82 230 36 58 < 4 36
O. 1 .37 . 127 . 107 .092 7.5 7.9 .82 .75 95 300 34 50 < 4 92
0.2 .38 . 107 . 106 . 080 7.4 7.9 .87 .69 85 200 39 56 < 4 114
0.8 .41 .118 .097 .068 7.4 7.4 .84 .76 83 260 39 62 4 340
3.2 .48 .121 .117 .044 2.6 2.6 .25 .40 67 380 33 22 28 780

L. S. D.
0. 05'

between variety . 06 . 012 . 005 . 010 0.5 0. 4 . 13 03 n. s. 52 23 33 25
11 , within variety, . 09 020 .019 . 016 0.6 0. 7 . 14 .07 130 23 68 30

114
day shoot content and 26 day shoot and root content--mean of 2 replicate analyses. 14 day root content--single analysis on bulked

replicates. All nutrient contents expressed on a dry matter basis.



Appendix Table 3. Experiment #2. Effect of Al nutrient solution concentration at pH 4 on shoot and root length, at 5, 10 and 20 days after planting,
and shoot and root yield, at 10 and 20 days after planting, of 12 wheat varietiesl. Mean of 3 replications.

Variety Nutr. So ln.
Shoot Length

(cm)
Root Length

(cm)
Shoot Yield Root Yield

(mg dry wt ) (mg dry wt.)
or Al 3 10 20 5 10 20 10 20 10 20

Selection (ppm) (days) (days) (days) (days)

Atlas 66 0 11 27 47 10 21 31 159 505 49 145
0.8 11 26 44 10 21 32 159 496 48 168
1.6 10 25 41 10 19 27 145 414 46 129

3.2 10 24 39 10 21 31 154 414 48 119

Seneca 0 10 23 50 8 18 31 156 520 48 167
0.8 10 24 44 8 17 27 167 521 51 171
1.6 10 24 44 8 17 27 154 458 49 133
3.2 10 24 42 8 17 29 154 379 49 91

Druchamp 0 10 24 46 10 20 39 144 478 46 144
0.8 10 23 38 9 21 35 144 328 47 83
1.6 10 22 35 9 21 34 14.9 249 49 53
3.2 9 19 30 5 19 36 104 197 46 52

Redmond 0 11 26 48 11 21 34 161 455 48 142
0.8 10 24 41 11 21 35 160 403 49 119
1.6 11 21 33 10 20 38 149 278 49 64
3.2 10 20 33 4 13 29 105 191 48 59

Gaines 0 9 20 34 10 21 37 115 375 40 12S

0.8 8 18 33 5 11 18 89 247 32 74
1.6 8 13 24 2 3 3 66 78 14 30
3.2 6 10 17 1 1 1 55 53 5 7

Brevor 0 10 23 41 9 19 31 118 394 40 117

0.8 9 19 35 5 8 15 77 193 29 76
1.6 8 15 27 2 3 4 78 110 11 26
3.2 6 11 17 1 1 1 70 67 4 6

L,S,D' 'between varieties 2 2 3 2 4 21 51 7 25
fl

O. 05
,within varieties 3 4 3 5 22 59 25

(Continue d on next page)



Appendix Table 3. Continued.

Variety Nuts. Soln.
Shoot Length

( cm )
Root Length

(cm)
Shoot Yield Root Yield

(mg dry wt) (mg dry wt)
or Al 5 10 20 5 10 20 10 20 10 20

Selection ( PPm ) (days) ( days) ( days) ( days)

Nugaines 0 9 19 34 10 21 37 116 343 40 98
0.8 8 18 29 5 10 19 88 256 31 85
1.6 7 14 23 2 4 4 66 79 17 33
3.2 6 11 18 1 1 1 58 59 5 7

Suwon 92 0 8 19 34 9 19 30 119 351 40 105
x Burt BC3 0. 8 7 17 29 4 8 15 77 190 30 59

1.6 7 14 23 2 3 4 73 94 12 28
3.2 5 12 16 1 1 1 74 59 3 6

(14-53 x Odin) 0 8 20 37 8 20 28 115 429 34 129
x C 11343 1 0.8 8 19 31 6 12 21 91 262 33 78

1.6 7 15 27 2 3 5 78 135 18 42
3.2 6 10 19 1 1 1 64 75 6 8

Nord 0 10 22 45 9 19 37 151 443 50 141
Desprez 0. 8 10 22 37 9 20 36 137 302 42 73

1.6 10 21 35 9 20 38 129 284 44 61
3.2 9 19 36 7 18 32 99 191 43 45

61-1458 0 8 19 34 8 17 32 114 352 37 111
0.8 8 19 31 9 18 29 116 235 39 65
1.6 8 19 30 9 20 30 113 219 38 51
3.2 8 17 31 7 17 30 90 182 35 45

61-112-66-23 0 9 20 20 10 19 33 124 397 43 132
( tall) 0.8 8 19 19 9 18 28 116 233 39 55

1.6 8 17 17 6 19 29 115 156 38 33
3.2 7 16 16 6 15 26 9S 136 39 22

61-112-66-2 0.8 17 12
( short) 1. 6 14 4 75 19

3.2 12 2 75 9
( Continued on next page)



Appendix Table 3. Continued.

1

2

3

Dry weights at 10 and 20 days are for 3 plants and 1 plant, respectively.

Results of only 6 varieties were statistically analysed. There was a significant variety x Al interaction for all sets of analyses.

In strain 61-112-66-2 there were 2 distinct groups of plants in the Al treatments. They were separated at the 10 day harvest. No short
plants were left for the 20 day harvest.



Appendix Table 4a. Experimeint #2. Effect of Al nutrient solution concentration at pH 4 on nutrient uptake by 12 wheat varieties at the 10 day
harvest.

Variety Nutr. Sok.
or Al Ca, % Mg, % K. % P, % Fe, ppm Mn, Pm Al, ppm

Selection (ppm) Shoot Root- Shoot Ro.ot. Shoot Root Shoot Root Shoot Root Shoot .Root. Shoot Root

Atlas 66 0 .23 .12 .112 .084 6.7 5.0 .70 .64 134 281 25 42 9 18
0.8 .23 .13 .101 .082 6.6 5.7 .74 .72 123 250 25 45 9 111
1.6 .24 . 12 .093 .077 6.7 6.0 .84 .76 124 204 29 45 10 200
3.2 .25 . 12 .090 .071 6. 7 6.3 .87 .77 114 165 28 51 7 290

Seneca 0 .26 .11 .116 .078 7.7 5.6 .90 .80 122 245 27 31 6 26
0.8 .25 .11 .098 .073 7.7 5.8 .97 .83 117 230 29 31 8 112
1.6 .25 .11 .087 .075 7.5 6.2 .97 .80 114 164 27 27 11 280
3.2 .28 .11 .084 .068 7.6 S.6 .98 .80 120 161 30 31 12 440

Druchamp 0 .21 .12 .101 .079 6.7 6.0 .85 .73 111 219 26 26 9 18
0.8 .22 .11 .083 .076 6.8 6.5 .85 .73 115 169 26 28 11 140
1.6 .22 .12 .078 .094 6.7 7.6 .82 .69 106 167 24 26 13 310
3.2 .24 .12 .079 .074 5.8 6.4 .64 .63 99 155 26 21 17 640

Redmond 0 .24 12 . 104 .109 8. 0 5. 5 .72 .70 203 276 25 21 3 17
0.8 .25 .14 . 092 .081 7.5 6.2 . 84 .75 196 194 26 20 2 260
1.6 .25 .14 .079 .069 7.4 6.6 .86 .70 161 203 24 22 2 480
3.2 . 2 1 .11 .079 .054 5.4 5.1 .49 .63 88 210 23 14 10 760

Gaines 0 .26 12 .115 .152 7.5 5.9 .91 .78 113 250 30 22 9 19
0.8 .27 .14 .081 . 09 1 7.0 6.4 .74 .82 96 300 25 22 9 210
1.6 .25 .14 .077 .066 3.5 2.6 .21 . 6 1 97 507 26 14 12 470
3.2 .26 n. a. . 076 n. a. 1.9 n. a. . 22 n. a. 66 n. a. 24 n. a.. 18 n. a.

Brevor 0 .28 . 13 .096 .118 7.3 4. 8 .74 .67 117 240 25 24 11 18

0.8 .24 .14 .095 070 5.5 S.2 .49 .56 90 285 24 13 10 220
1, 6 .21 . 15 .079 .056 2.8 2. 1 .23 .32 78 500 18 13 14 440
3.2 . 19 n. a. . 069 n. a. 1. S n. a. .27 n. a. 78 n. a. 15 n. a. 10 n. a.

( Continued on next page)



Appendix Table 4a. Continued.

Variety Nutr. Soln
or Al Ca, % Mg, % K % P, % Fe, ppm IsAn._PPin Al, ppm

Selection ( ppm) Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

Nugaines 0 .26 .12 .119 .153 7.7 6.4 .93 .79 114 248 30 22 7 12
0.8 .29 .11 .092 .085 7.2 6.5 .80 .78 120 260 28 21 8 210
1. 6 n. a. . 19 n. a. . 065 n. a. 2.6 n. a. . 52 n. a. 410 n. a. 12 n. a. 400
3.2 n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. n. a. xi. a. n. a.

Suwon 92 x 0 .28 . 13 .114 . 133 7. 1 5.9 .96 .71 118 300 32 20 13 19
Burt BC3 0. 8 .27 . 13 .092 . 071 6. 1 5. 5 .62 .63 94 366 32 14 10 320

1.6 .26 .14 .075 .064 3.6 3.0 .23 .64 96 715 29 13 17 740
3.2 .23 n. a. . 070 n. a. 2. 0 n. a. . 24 n. a. 81 n. a. 24 rt. a. 11 n. a.

( 14-53 x Odin) 0 .29 . 12 . 107 . 133 7.4 6.4 1.00 .72 116 282 34 26 5 23
x C 113431) 0.8 .29 .14 .086 .083 6.6 6.7 .89 .72 101 266 29 24 7 330

1.6 .24 .14 .080 .059 4.2 1.9 .25 .55 78 481 27 6 7 540
3.2 .25 n. a. . 079 n. a. 2.4 n. a. . 25 n. a. 68 n. a. 19 n. a. 5 n. a.

Nord 0 .25 12 .091 . 114 7.0 5.9 .78 .68 163 210 26 27 1 14
Desprez 0. 8 .23 . 12 .079 . 082 6.9 6.2 .90 .76 135 167 26 28 2 220

1.6 .22 .11 .076 .065 6.4 5.9 .78 .65 93 160 24 27 2 390
3.2 .23 .11 .076 .056 5.3 5.5 .62 .62 98 186 23 22 10 600

61-1458 0 .25 .13 .090 .079 7.6 5.5 .90 .75 121 189 26 18 2 22
0. 8 .25 .12 .083 .088 7.5 6.6 1. 04 .74 106 197 29 25 2 170
1.6 .24 .12 .073 .081 7.3 6.7 .98 .74 99 171 27 23 5 310
3.2 .27 .12 .073 .068 7.1 6.2 .89 .56 88 181 25 20 10 560

61-112-66-2 0 .25 .11 .096 .108 7.2 5.3 .84 .66 108 219 27 20 5 17
0.8 .26 .11 .078 .079 6.7 5.9 .92 .71 117 186 27 20 3 240
1.6 .26 .11 .076 .067 6.2 5.4 .87 .54 103 180 24 17 5 370
3.2 .26 .11 .074 .058 5.4 4.9 .71 .56 102 174 27 16 2 590

1
Nutrient values are single analyses of 3 bulked replicates, expressed on a dry matter basis.
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Appendix 4b. Experiment #2. Effect of Al nutrient solution concentration at pH 4 on nutrient
uptake by 7 wheat varieties at the 20 day harvest. 1

Nutr, Solt,
Ca. % Msz,% K,% P.% Al, PrimAl

Variety ( ppm) Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

Atlas 66 0 .26 .084 . 124 . 109 6.7 5.2 .64 .57 < 5 20
0.8 .23 .082 .084 .072 6.2 5.1 .69 .62 <5 136
1.6 .23 .077 .061 .062 6.0 5.2 .77 .68 <5 230
3.2 .25 .071 .055 .052 5.6 5.2 .89 .76 <5 350

Seneca 0 .31 .078 .119 .080 7.4 5.0 .81 .60 <5 30
0.8 .29 .073 .078 .060 6.9 4.9 .85 .68 <5 141
1.6 .25 .075 .059 . 058 6.4 5. 0 .91 .67 <5 260
3.2 .25 .068 .053 .046 6.0 4.6 1.15 .65 <5 380

Druchamp 0 .25 .079 .106 .084 7.1 5.0 .64 .59 <5 30
0.8 20 .076 . 065 .061 6.3 5.4 .74 . 66 < 5 162
1.6 .20 .094 .055 .051 6.0 5.4 .81 .54 5 280
3.2 .20 .074 .048 .041 5. 1 5.4 .99 .56 5 580

Redmond 0 .24 .093 . 103 .073 6.8 5.0 .61 .56 < 5 27
0.8 . 18 .098 .062 .059 6. 1 5. 1 .68 .55 < 5 260
1.6 . 17 . 081 .050 .047 S.7 5.0 .79 .54 5 420
3.2 .19 .079 .046 .041 5.5 4.7 .93 .57 <5 670

Gaines 0 .27 .085 .114 .103 7.3 6.2 .68 .62 < 5 28
0.8 .32 .090 .081 .069 6.3 S.4 .67 .65 5 250
1.6 .29 .098 .068 .046 3.4 3.1 .26 .49 6 420
3.2 .30 n. a. . 063 n. a. 1.8 n. a. . 09 n. a. 20 n. a.

Brevor 0 .33 .090 .097 .079 7.2 4.9 .66 .55 <5 29
0.8 .31 .098 .063 .054 4.6 5.2 .74 .48 < 5 240
1.6 . 19 .095 .055 .035 2.0 2.2 .17 .43 < 5 390
3.2 .24 n. a. . 061 n. a. 1.3 n. a. . 07 n. a. 17 n. a.

Nord 0 .24 .077 .097 .074 6.7 5.3 .64 .57 < 5 24
Desprez 0.8 . 17 .073 .058 .056 5.8 5.4 .72 .58 <5 150

1.6 . 18 .068 . 050 .046 5.4 S. 3 .86 .56 < 5 370
3.2 . 19 .072 .045 .041 4.7 S. 2 1.02 .57 10 510

L S. Db.

between varieties . 04 .007 0.5 .09
within varieties . 04 .009 0.6 10

1
Shoot content - -mean of 3 replicate analyses. Root content--single analysis on bulked

replicates. All nutrient contents expressed on a dry matter basis.
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Appendix Table 5. Experiment #3. Effect of K and Al nutrient solution concentration at pH 4 on
shoot and mot length and yield of 8 wheat varieties at 10 and 20 days after
planting.

Nutrient Solution Length (cm) Yieldl (mg dry wt)
Variety K Shoot Root Shoot Root

or Ca +Mg Al 10 20 10 20 10 20 10 20
Selection (rn al/ 1) ( ppm) (days) ( days) ( days) ( days)

4
Atlas 66 0 32 48 23 41 179 392 45 97

8+4 0.8 30 46 21 33 160 405 37 89
1.6 31 50 25 38 198 501 54 111

3.2 29 43 22 37 132 482 36 126

6.4 33 46 24 35 140 410 46 113
12.8 32 44 20 35 154 375 48 103

Blueboy

1744

Druch amp

2

8+4 0 34 48 26 40 183 408 48 99

3.2 32 46 23 35 170 416 46 98
4

8+4

2

8+4

4
8+4

2

8+4

4
8+4

2

8+4

O 25 41 22 40 160 403 56 96
0.8 24 42 25 38 168 379 53 88
1.6 25 43 24 39 183 349 59 87
3.2 25 43 21 41 174 365 56 98
6.4 24 33 20 29 123 170 40 55

12. 8 14 17 7 15 50 86 19 34

O 25 38 24 35 160 303 63 86
3.2 24 39 24 44 164 298 59 87

O 26 37 23 35 179 367 52 85

0.8 27 39 23 33 175 361 51 80
1.6 25 39 23 40 153 372 48 97
3.2 22 34 23 38 128 259 46 67
6.4 17 22 15 31 59 84 31 34

12.8 5 18 1 13 19 32 4 14

O 27 38 21 35 176 370 51 80
3.2 23 32 23 40 112 243 45 52

O 34 47 28 38 247 461 67 98
0.8 33 46 26 42 221 398 62 95
1.6 33 47 28 45 225 395 65 95
3.2 25 38 18 42 120 291 43 47
6.4 13 32 12 32 60 118 23 46

12.8 11 18 2 4 45 46 9 6

O 32 48 24 41 193 399 54 82

3.2 23 35 21 38 112 243 45 52

Norin 102
4

0 20 38 23 35 147 292 51 78
0.8 19 28 23 33 146 232 51 62
1.6 19 28 23 37 139 272 52 80
3.2 20 27 24 43 140 223 63 81
6.4 16 20 10 15 66 91 22 31

12.8 8 14 1 1 38 38 4 3
( Continued on next page)

8+4
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Appendix Table 5. Continued.

Nutrient Solution Length (cm) Yieldl (mg dry wt)
Variety K Shoot Root Shoot Root

or Ca+Mg Al 10 20 10 20 10 20 10 20
Selection (meg/1) (ppm) (days' (daysl (days) (days)

0 20 42 25 38 165 366 59 99
8+4

3.2 18 37 23 42 135 235 30 70

1227
8+44

0 33 41 25 39 252 396 71 99
0.8 33 39 22 35 222 357 60 78
1.6 32 43 23 35 160 352 43 85
3.2 28 38 18 32 127 235 48 69

6.4 22 23 10 19 99 99 33 40
12.8 13 20 1 2 69 41 8 6

Burt

101

2

8+4

4
8+4

2

8+4

4
8+4

2

8+4

O 35 45 25 32 241 384 70 94
3.2 26 37 18 37 99 213 42 65

O 32 41 28 41 266 380 76 89
0.8 25 41 13 23 128 349 37 81
1.6 19 34 4 7 82 150 25 48
3.2 17 22 2 2 79 79 9 10

6.4 13 21 1 1 66 68 6 7
12.8 3 5 0 0 21 12 2 1

O 30 46 28 43 184 411 54 92
3.2 18 21 2 2 86 70 9 10

O 26 38 23 39 178 362 54 99
0.8 22 34 18 26 113 229 40 54
1.6 20 30 5 13 79 100 30 31
3.2 13 22 2 4 91 53 10 12

6.4 10 21 1 2 50 45 4 5
12.8 6 11 1 1 9 17 1 2

O 25 36 28 27 167 265 54 54
3.2 16 21 2 4 69 59 11 9

1
Dry weights at 10 and 20 days are for 3 plane and 1 plant, respectively.

2
Occasional tall plants were evidence of outcrossing in this variety.



158

Appendix Table 6. Experiment #3. Effect of K and Al nutrient solution concentration at pH 4 on
nutrient uptake by four wheat varieties at the 20 day harvest.

Nutrient Soln.

Ca, % Mg, % K, % P, % Mn, ppm Al, ppm
Variety

or

Selgcti21aLafaplin

K

C a+Mg Al
Shoot Root Shoot Shoot Root Shoot Root Shoot Root Shoot Root

4
Atlas 66

8+4
0 .25 .080 . 166 7.2 5.2 .86 .70 42 47 6 25

0. 8 .20 . 084 . 123 6. 6 6. 3 .79 .71 38 n. a. 5 100
1.6 .19 .081 .116 6.6 6.3 . 9 0 .78 37 41 4 180
3.2 .24 .076 114 6.4 7.4 . 9 0 .76 40 n. a. 8 360
6.4 .22 .062 .098 5.9 6. 8 .83 .75 37 38 19 540

12.8 .25 .094 . 106 5.8 7.6 .81 .72 38 n. a. 53 102 0
2

8+4
0 .35 .076 .195 6.6 4.7 .93 .72 39 58 5 15

3.2 .28 .071 .138 6.0 5.7 .87 .76 40 51 15 330
4

1744 0 .23 . 133 Not Analysed
8+4 0.8 . 19 . 116

1.6 . 19 . 116
3.2 . 19 .093
6.4 . 2 1 . 113

2
0 .31 .163

8+4
3.2 .26 . 115

4
Druchamp 0 .24 150

8+4
.

0.8 . 19 114
1.6 .21 . 107
3.2 .26 119

6.4 .25 . 130
2

0 .37 176
8+4

3.2 .40 152
4

101 0 .35 . 178
8+4 0.8 .43 . 148

1.6 .38 . 123
3.2 .21 116

2
0 .42 .206

8+4
3.2 .38 . 163

1
Single analyses of one replication, expressed on a dry matter basis.



Appendix Table 7. Experiment #4. Effect of pki and,K, Mg and Al nutrient solution concentration on shoot and root length and yield of four wheat
varieties at 10 and 20 days after planting. 1 Mean of 2 replications.

Nutrient Solution Length (cm)

Variety

Yield1 ( mg dry wtl
K Shoot Root Shoot Root

Ca+Mg Al 10 20 10 20 10 20 10 20
(m c1/11 pl-I ( Ppm) ( days) j days) ( days) (days)

Atlas 66
8+24 4.0 0 19.9 40 18.0 39 183 830 56 223

0.2 19.6 38 16.4 39 166 830 50 238
4.5 0 21.0 39 20.0 48 165 690 50 164

0. 2 20.9 39 18.8 47 188 780 56 193
2.0 19.2 41 15.8 41 147 670 45 198

4.9 0 20.8 40 20.3 48 175 670 54 171
0.2 20.2 40 19.5 51 176 710 52 180

Druchamp

Gaines

4
8+2

2

8+4

4
8+2

2

8+4

4.5 0 20.6 40 20.3 51 186 750 54 193
0.2 21.0 40 19.0 43 208 810 51 207
2.0 18.7 40 16.0 38 151 670 52 202

4.0 0 19. 8 42 15.8 37 195 1050 58 270
0.2 20.0 39 16.3 38 200 990 62 258

4.5 0 20.8 43 19.2 43 188 800 65 207
0.2 20.2 43 18.3 42 188 920 57 247
2.0 17.0 26 9.1 19 118 210 40 100

4.9 0 21.3 44 19.9 40 191 780 58 181
0.2 20.6 42 19.6 45 183 900 58 230

4.5 0 20.0 43 19.2 44 190 830 57 217
0.2 20.3 41 19.0 40 207 870 62 219
2.0 15.5 26 4.7 12 119 220 30 74

4. 0 0 15. 1 31 18.6 36 134 640 45 150
0.2 15.4 32 19.5 35 140 710 51 159

4.5 0 16.2 32 22.0 40 128 570 48 138
0.2 15.3 31 21.2 40 134 540 48 132
2.0 18 5 --- 130 -- 27

(Continued on next page)



Appendix Table 7. Continued.

Nutrient Solution Length ( cm) 1Yield ( mg dry wt)
K Shoot Root Shoot Root

Ca+Mg Al 10 20 10 20 10 20 10 20
Variety (m e9/1) -RH 0,Pm) ( days) ( days) ( days) ( days)

4.9 0 15.8 32. 22.4 40 131 570 46 115
0.2 15.9 34 21.0 45 131 580 48 130

4
8+2

4.5 0 16.4 34 21.3 45 146 650 48 157
0.2 15.9 34 20.9 46 133 690 45 165
2.0 --- 19 3 140 22

2
4. 0 0 17.9 39 156 35 132 650 40 191Brevor

8+4
0.2 17.3 37 15.5 36 122 670 41 194

4.5 0 19.6 42 15.8 42 121 610 36 170
0.2 18.2 39 15.6 38 128 580 39 168
2.0 --- 22 --- 3 --- 130 -- 17

4.9 0 18.9 41 16.3 42 129 530 36 128
0.2 18. 9 42 15.0 41 120 530 40 164

4
8+2

4.5 0 19.4 40 17.6 43 142 590 45 172
0.2 17.4 38 15.0 40 120 570 40 171
2.0 --- 24 --- 2 --- 140 17

L. S. D. 0.05 within varieties
2

1.2 4 2.2 7 32 100 9 28

0.01 " 1.8 6 3.2 10 45 140 13 38
" 0.001 " 2.5 8 4.6 14 66 190 18 53

1
Dry weights at 10 and 20 days are for 6 and 3 plants, respectively.

2
Only Atlas 66 and Druchamp were statistically analysed at the 10 day harvest.

rn



Appendix Table 8. Experiment #4. Effect of pH and K, Mg and Al nutrient solution concentration on nutrient uptake by four wheat varieties at the
20 day harvest. 1

Nutrient Solution
K

Ca+Mg Al Ca, % Mg, % K, % P % Mn, ppm Al, ppm Zn, ppm
Variety (meg/1) pH (ppm) Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

2
Atlas 66

8+4
4.0 0. .33 . 111 . 158 .213 6.8 5.7 .65 .63 42 120 -- 4 17 32 56

0.2 .31 .101 .154 .173 6.8 6.1 .71 .64 48 99 <4 75 32 58

4
8+2

2
Druchamp

8+4

4
8+2

4.5 0 .37 . 123 . 178 .322 7. 3 5.8 .72 .66 50 239 <5 15 39 70
0.2 .34 .123 .162 .246 6.9 6.0 .70 .65 51 215 '5 104 37 67
2.0 .35 .113 .150 .138 6.7 5.6 .63 .73 73 134 9 1100 41 51

4.9 0 .40 .138 .186 .341 7.0 5.5 .64 .65 84 326 '=3 12 67 113
0.2 .38 .114 .187 .220 6.9 5.8 .66 .68 91 302 4 980 55 96

4.5 0 .45 .135 .145 .266 7.1 6.2 .73 .64 53 268 <4 18 41 73
0.2 .37 . 130 . 126 . 180 7. 0 6.3 .70 .65 52 243 <4 111 41 59
2.0 .36 .114 .094 .093 6.8 5.8 .67 .73 78 127 8 1900 36 59

4.0 0 .33 .097 . 141 . 143 7.3 6.3 .77 .70 52 121 <4 18
0.2 .28 .092 .131 .118 7.2 6.8 .80 .73 50 101 <4 82

4.5 0 .39 .120 .161 .184 7.2 6.1 .82 .72 64 241 <5 11

0.2 .35 .114 .148 .146 7.2 6.5 .82 .75 54 196 <5 93
2.0 .36 .100 .145 .052 4.0 2.8 .17 .41 54 28 15 1200

4.9 0 .43 . 122 .179 .197 7.2 5.6 .74 .65 98 327 <3 15
0.2 .37 .115 .172 .124 7.0 5.9 .74 .68 104 244 4 1200

4.5 0 .41 .121 .122 .151 7.2 6.4 .82 .72 56 270 <4 17
0.2 .35 .124 .104 .107 6.7 6.8 .79 .71 52 222 <4 116
2.0 .33 .095 .075 .036 3.1 2.5 .14 .39 36 32 15 2100

( Continued on next page)



Appendix Table 8. Continued.

Nutrient Solution

Ca, % Mg, % K, % P % Mn, ppm Al, ppm Zn, ppm

K

Al
(ppm)

Ca+Mg
Variety (meq/1) pH Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

2
0 .30 .098 . 155 . 197 7.4 6.1 .75 70 44 93 < 4 20Gaines 4.0

8+4 .
0.2 .28 .098 . 138 . 147 7.2 6.2 .76 .69 44 66 < 4 106

4.5 0 .37 . 114 . 169 .250 7.3 6.1 .84 .70 58 181 < 5 16
0.2 .32 . 125 . 152 . 192 7.3 6.1 .84 .72 47 153 < 5 146
2.0 .43 .160 .157 .064 2.7 2.5 .13 .41 27 10 12 2200

4.9 0 .39 . 125 . 186 .258 7.1 5.5 . 75 .66 86 296 < 3 16
0.2 .42 . 127 .202 .150 6.9 5.6 .76 .69 104 156 4 1380

4
0 .36 . 122 . 137 .217 7.1 6.5 .81 .69 54 218 < 4 224.5

8+2
0.2 .38 . 126 . 112 . 140 6.9 6.6 .77 .69 54 170 < 4 160
2.0 .40 .218 .128 .061 2.5 2.6 .12 .39 25 22 12 3000

2
0 .3S . 098 . 137 . 157 7.0 5.5 . 74 .60 44 45 < 4 21Brevor 4.0

8+4
0.2 , 33 103 . 130 . 127 6.8 6.1 .76 63 42 34 4 92

4.5 0 .37 . 121 . 147 .230 6.9 5.4 .80 .62 56 131 < 5 17
0.2 .38 . 129 . 136 . 169 6.9 6.0 .78 .62 48 97 < 5 150
2.0 .40 .169 .213 .072 2.2 2.6 .13 .47 26 7 14 2400

4.9 0 .41 . 125 . 163 .256 7.2 5.5 .74 .63 86 298 < 3 16
0.2 .44 .130 .194 .130 6.9 5.6 .74 .62 102 82 5 1140

4
0 .45 . 135 . 114 .201 7.1 6.0 .79 .63 50 166 < 4 224,5

8+2
0.2 .43 .134 .098 .117 6.8 6.2 .78 .62 49 101 .:4 197
2.0 .39 .150 .091 .056 2.1 2.8 .11 .53 20 15 14 3600

L. S. D. between varieties . 06 .015 .014 .011 0.4 0.4 .05 .OS 7 170.05'
, within varieties . 06 . 021 .016 .020 0.5 0.6 .07 . 06 13 22

1
Nutrient values are means of 2 replicate analyses, expressed on a dry matter basis.
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Appendix Table 9. List of all wheat varieties and selections screened for their tolerance to Al,
together with their pedigree, origin and tolerance rating. Shoot (S) and
root (R) length and yield of previously unscreened varieties and selections.

1
Variety/Selection Pedigree

and and
C. I. /P. I. No. origin

Soln. Yield
Trmt. Length (mg dry wt/ Notes Tolerance2

Al (cm) 6 plants) Rating
(ppm) ) S R S R

Atlas 66 Frondosa x Red- 0 25 22 160 59 At 2. 8 ppm T 5
C. I. 12561 hart 3-Noll 28; 2. 4 22 20 182 76 Al; roots had

North Carolina. 6. 4 23 22 214 66 normal appear-
12. 8 18 19 169 53 ance.

Big Club Intro. Poor germination, possible pH effect.
C. I. 4257 from Chile.

Blueboy (Norin 10 x Appendix Table 5. MT 3

C. I. 14031 Brevor) x (Ander-
son x Coker 55-9);
North Carolina.

Brevor Brevon x (Oro-
C. I. 12385 Turkey-Florence-

Fortyfold-Federa-
tion); Washington.

Burt 27-15 x (Rio x Rex);
C. I. 12696 27-15 same pedigree

as Brevor; Washing -
ton.

Capelle Desprez Intro.
P. I. 262223 from France.

Cheyenne Selection from
C. I. 8885 Crimean; Neb-

raska.

Chinese Spring from collection
of E. R. Sears.

Druchamp Intro, from
C. I. 13723 France; western

Oregon.

Elgin Selection from
C. I. 11755 Alicel; eastern

Oregon.

Appendix Table 3 S 0

Appendix Table 5 S 0

0 24 20 276 77 MT 1
2.4 21 21 164 47

6. 4 15 11 99 10

12.8 12 4 76 10

0 25 20 220 76 MT 2
2. 4 22 15 147 60
6.4 15 4 110 25

12.8 9 0. 5 64 5

0 30 20 310 103 At 12. 8 ppm T4
2. 4 28 19 254 88 Al-roots thick,
6. 4 23 18 222 98 laterals stubby.

12.8 18 10 120 46

Appendix Table 5 MT 2

0 23 21 229 81 MT 2
2, 4 22 20 202 67
6.4 15 13 106 47

12. 8 8 2 78 12
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Appendix Table 9. (continued)

1 Soln. Yield
Variety/Selection Pedigree

Trmt, Length Notes Tolerance2(mg dry wt/
and and 6 plants) RatingAl (cm)

C. I. /P. I. No. origin
(ppm) S R S R

Federation Intro, from 0 15 19 170 67 Germination MT 2

C. I, 4734 Australia; 2. 4 17 16 203 77 slow, perhaps
eastern Oregon. 6.4 10 3 112 35 pH effect.

12.8 7 1. 5 75 16

Florence Intro, from 0 24 22 280 80 S 0

C.I. 4170 Australia. 2. 4 20 3 198 31

(White Naples- 6. 4 14 1.0 169 14

Improved Fife- 12. 8 7 0. 5 88 11

Eden); Dakota.

Gold Coin Selection from 0 24 21 229 74 MT 2

C. I. 4156 Redchaff; New 2. 4 24 18 237 78

York. 6.4 16 10 132 28
12.8 9 1 83 18

Golden Selection from 0 30 20 228 74 MT 2

C, I. 10063 Gold Coin; 2. 4 27 15 193 55

eastern Oregon. 6.4 20 13 104 26

12. 8 10 3 71 8

Gaines (Norin 10 x Appendix Table 3 S 0

C. I. 13448 Brevor) Hybrid
50-B x Burt;
Washington.

Hope Vernal emmer x 0 27 22 234 76 S 0

C. I, 8178 Marquis; S. 2.4 19 2 120 22

Dakota 6.4 15 1 89 11

12.8 13 0, 5 86 11

Kenya 338 Intro, from 0 24 18 322 112 Germination MT 3
Kenya. 2. 4 22 13 204 49 slow in Al

6.4 14 13 142 49 trmts.
12.8 12 4 101 21

Kharkov 22 MC Selection from 0 20 17 181 67 S 0

C. I. 6938 Kharkov; 2.4 16 2 142 15

Quebec. 6.4 11 0. 5 95 10

12, 8 8 0. 5 84 8

Koga I Intro, from 0 20 17 200 60 T 4
Netherlands. 2. 4 23 18 288 93

6. 4 20 17 182 78

12.8 20 9 145 49

Moro P. I. 178383 x 0 26 21 202 61 At 2.4 ppm MT 1

C. I. 13740 Omar 2; eastern 2. 4 20 15 128 35 Al,primary roots
Oregon. 6. 4 7 0. 5 70 14 2 cm only.

12.8 7 0. 5 67 11



Appendix Table 9. (continued)

1
Variety/Selection Pedigree

and and
C. I. /P, I. No, origin

Soln,
Trmt, Length

Yield
(mg dry wt/

6 plants)
S R

Al (cm)
(ppm) .S R

Nord Desprez Intro, from Appendix Table 3
P. I. 174677 France; western

Oregon.

Norio 10 Intro, from Appendix Table 5
C. I. 12699 Japan.

Nugaines Sister line of Appendix Table 3
Gaines.

Omar Elgin 19 x Elmar; 0 26 20 189 54
C. I. 13072 eastern Oregon. 2, 4 23 17 158 46

6,4 14 8 100 27
12, 8 9 1, 0 78 10

Red Bobs Head selection 0 26 23 283 91

C. I. 6255 from Bobs; 2.4 21 3 194 37

Saskatchewan, 6.4 17 2 145 11

12.8 11 1 99 11

Red Egyptian from collection 0 26 21 300 85

C. I. 12345 of E. R. Sears, 2, 4 21 2 164 21

6, 4 9 0, 5 99 10

12, 8 9 0, 5 76 10

Redmond
C. I. 13256

Intro, Holland;
western Ore.

Appendix Table 3

Ridit Turkey x Florence; 0 22 22 188 73
C. I. 6703 Washington. 2, 4 17 2 143 23

6, 4 10 0, 5 86 6

12,8 9 0,5 76 3

Roedel Farmer 0 28 19 302 84

Selection; 2.4 26 20 280 82

Oregon. 6.4 12 2 125 11

12.8 10 1 116 14

Seneca
C. I. 12529

Portage x Ful-
caster; Ohio.

Appendix Table 3

Thatcher Marquis-Iumillo x Appendix Table 1
C. I. 10003 Marquis- Kanred;

Minnesota.

Timstein from collection 0 26 19 306 95

C. I. 12347 of E. R. Sears, 2.4 23 17 260 82

6.4 20 17 208 86

12.8 16 8 128 36

165

Notes Tolerance2
Rating

At 2. 4 ppm Al;
limited lateral
development,
Growth sl> Moro.

At 12. 8 ppm;
Al roots thick,
laterals stubby.

MT 2

MT 2

S 0

MT 1

S 0

S 0

MT

S 0

MT 2

T

S 0

T4



166

Appendix Table 9. (continued)

1
Variety/Selection Pedigree

and and
C. I. /P. I. No. origin

Soln.
Trmt.
Al

(ppm )

Length
Yield

2
Notes Tolerance

Rating
(mg dry wt/

6 plants)
S R

(cm)
S R

Triumph (Black hull- 0 20 18 181 59 MT 2

C.I. 12132 Kanred-Florence) 2.4 22 17 194 68

Oklahoma. 6.4 12 8 101 43

12.8 7 2 79 8

Turkey Selection from 0 21 18 166 63 MT 3

C.I. 3055 Crimean. 2.4 21 18 163 S7

6.4 17 14 118 54

12.8 8 3 60 6

63-120-66-5 Nord Desprez 0 23 20 236 66 MT 1

x 1012; western 2.4 19 15 147 54

Oregon. 6.4 11 7 94 18

12.8 9 2 80 11

63-130 Nord Desprez 0 25 21 265 68 MT 2
x 1012; western 2.4 20 16 207 60 and

Oregon. 15 3 128 27 S 0
6.4 8 0.5 77 13

12,8 6 0.5 80 11

63-159 Nord Desprez x 0 27 21 305 85 MT 2

1012; western 2.4 20 16 213 73 and

Oregon. 13 2 122 24 S 0
6.4 13 9 118 56

9 1 100 14

12.8 9 1 96 7

61-112-66-2 Nord Desprez x
1012; western

Appendix Table 3 MT 2
and

Oregon. S 0

63-189 Nord Desprez x 0 26 21 S 0

1012; western 1.6 21 4 --
Oregon.

65-116 Nord Desprez x 0 22 18 213 56 S 0
101; western 2.4 16 2 131 31

Oregon. 6.4 8 1 94 18

12.8 6 0.5 80 11

67-20 ( Capelle Desprez 0 24 21 270 74 MT 2
x 101) x Druchamp 2,4 18 18 196 65 and

(Bulk); western 14 4 141 36 S 0

Oregon. 6.4 14 11 127 62

4 0,5 111 18

12.8 10 8 94 6

7 0.5
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Appendix Table 9. (continued)

1
Variety/Selection Pedigree

and and
C. I. /P. I. No. origin

Soln. Yield
2

Trmt. Length (mg dry wt/ Notes Tolerance
Al (cm) ) 6 plants) Rating

(ppm ) S R S R

63-189-66-9 Capelle Desprez 0 29 19 230 63 S 0
x 1012; western 2.4 16 3 129 33

Oregon. 6.4 9 1 80 15

12.8 7 0.5 70 11

67-138 (Norio 10 x 0 24 19 267 77 Most resistant T 4
Redmond) x 2.4 23 20 278 82 of selections
Gaines; western 6.4 19 17 179 75 from western
Oregon. 12.8 13 7 108 43 Oregon.

55-1744 Norio 10 x Appendix Table 5 MT 2

C. I. 13275 Staring; western
Oregon.

101 Similar Gaines,
C. I. 12697
replaced Burt;

Appendix Table 5 S 0

Washington.

1 A Pullman selec- 0 19 17 192 68 S 0
tion, earlier cycle 2.4 13 3 115 19

than Gaines; 6.4 8 0.5 87 11

Washington. 12.8 5 0.5 45 5

61-1458 1744 x Druchamp;
western Oregon.

Appendix Table 3 MT 2

1227 Heines VII x Appendix Table 5 MT 2
Redmond; western
Oregon.

Suwon 92 x Burt Appendix Table 3 S 0
BC3; Washington.

(14-53) x Odin x Appendix Table 3 S 0
C. I. 13431;
Washington.

55-1673 Norio 10 x Staring; 0 21 18 232 67 S 0
western Oregon. 2.4 13 3 118 21

6.4 7 1 80 9

12.8 6 0.5 61 9

P. I. 178383 Intro, from 0 26 22 281 88 S 0

Turkey. 2.4 19 15 170 28
6.4 12 0.5 129 18

12.8 8 0.5 70 10

Pedigree given if crosses made in the U, S. A. ; origin refers to locality in which selection was made.
2 Tolerance rating: T = Al-tolerant; MT = Al-moderately tolerant; S = Al-sensitive. Additional

numerals given where screening permitted greater differentiation: 0 = Al-sensitive class; 1,2,3 =
Al-moderately tolerant classes; 4,5 = Al-tolerant classes.



Appendix Table 10. 1Frequency distribution of root lengths for the parents and F1 and F2 generations derived from five separate crosses.

Nutr. Soln.
Root length (cm): frequency of occurrenceAl

Pedigree Generation (rpm) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Druchamp Druchamp 0 1 1 2 2 4 4 2 1

x 101 101 1 1 1 1 2 1 3 2 1 1 1 2 1

F1 2
F2 2 1 1 2 5 44 1 1 1

Druchamp 1.6 1 2 2 4 3 5 1 2 2
101 2 8 9 4 1

F1 1 2 2 1

F2 10 15 15 3 1 2 3 6 9 9 19 20 30 22 13 7 3 1

Druchamp Druchamp 0 2 3 2 6 4 1

x Brevor Brevor 1 2 2 1 1 2 2 2 1 1 1

F1 1 1 3 2 1

F2 1 1 1 2 1 1 2 4 5 3 1

Druchamp 1.6 1 1 3 3 4 3 3 3 1

Brevor 3 10 8 3

F1 1 3 5 1 1 1

F2 2 15 21 15 1 4 3 5 7 9 14 19 22 24 17 13 12 4 3

1744 x 101 .1744 0 2 2 3 4 4 5 4 2
101 1 1 2 2 2 3 3 4 2 1 1 1 1

F1(1744 x 101) 1 1 2 2 1 1 1

F
1
( 101 x 1744) 1 1 3 2 2
F, 1 2 2 2 2 4 4 7 4 3 2 2 1

1744 2.4 1 2 2 3 3 4 5 9 10 8 2 1 1

101 4 15 24 6
F1(1744 x 101) 1 1 6 6 9 2 2
F1(101 x 1744) 1 2 2 4 9 6 3

F2 10 31 51 30 2 3 9 10 19 20 40 42 45 60 46 29 14 4 1

crs
(continued next page) 00



Appendix Table 10. Continued.

Pedigree Generation

Nutr. So ln.
Root length (cm); frequency of occurrenceAl

(ppm) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1744 x 1744
Brevor Brevor

F1
F

2
1744
Brevor

F

F2

101x 101

Brevor Brevor
F1
F2

101

Brevor
Fl
F2

0

2.4
21

9

0

2.4 3

3

2

21

24

40

13

17

12

65

8

63

9

7
10

99

16

2

22

1

2

1

1

3

1

1

3

1

2

1

1

1

4

1

1

2

1

3

1

6

2

1

2

12

1

2

2

3

1

20

2

2

2

4

2

27

2

3

3

4

2

31

1

1

1

3

3

2

3

5

10

34

2

1

5

4
3

4

10

12

50

2

2

2
4

5

4
5

5

8

14

52

2

4
4
4

1

4
5

5

4

5

44

2

4
4
4

1

2

5

1

5

32

2

5
5

5

1

2

18

3

3

3

6

1

1 1

1 1

S 2

2

1

5 4 2

1 Root lengths of plants measured at 10 days from planting except for those from the cross, 101 x Brevor, which were measured at 11 days.



Appendix Table 11. Chemical analyses of the five soils used in pot experiments.

Soil Test Incubation Experiment 2

Soil Series

-.0.-
1:2

(H2O)
Ca Mg K C. E C.

Base
saturation

( % )

P
(ppm )

CaCO
3

Al Ex. Mn
Acidity 1:2 )(H 20

after
incubation

(meg/100 g) (meq/100 g) (meq/ 100 g)

Astoria
silt loam 5.2 1.2 1. 8 1. 2 49. 7 8 2 0 7.9 8. 1 0. 11 5. 3

4 5.2 4.9 0.07 5.5
12 0.8 1.3 0.04 5.9

Dayton 5.4 4.2 1.6 0.2 21.2 24 14 0 1.0 1.9 >0.55 4.9
silt loam 2 0.4 0.6 0.31 5.4

4 0.0 0.3 0. 19 5.8

Jory S.3 4.6 2.5 0.2 1.8 41 9 0 1.1 1.3 0.12 5.2
silty clay loam 2 0. 3 0. 5 0. 08 5. 5

4 0. 1 0.3 0.05 5.8

Powell 5.6 3.0 0.8 0.9 17.4 27 52 0 0.8 1.3 0.11 5.2
silt loam 2 0.3 0.5 0.07 5.7

4 0. 1 0.06 0.03 6. 1

Steiwer
silt loam 5.0 1.0 0.4 0.4 23.5 8 3 3.0

1
Soil test values determined by Soil Testing Laboratory, Oregon State University; Chemical methods: Ca, Mg, K, C. E. C., by

NH4Ac (pH 7) extraction; P by NaHCO
3

extraction.

2
Incubation experiment--values pkovided by M. Janghorbani; soil incubated for 3 weeks; Chemical methods: Al, Ex. Acidity, Mn, by

1 N KC1 extraction.


