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Screening Corn for Al Tolerance Using Different Ca and Mg Concentrations’

R. Dean Rhue and C. O. Grogan?

ABSTRACT

Cations such as Ca and Mg can protect roots from the
toxic effects of Al. However, little use of this fact has
been made in screening for Al talerance. This study was
undertaken to determine the elfects of Ca and Mg con-
centrations in screening solutions on the toxicity of Al
in roats of corn inbreds (Zea mays L.). Two-day-old corn
seedlings were grown for 12 days in dilute nutrient solu.
tions containing 0.25 m¥ Al Treatments consisted of
Ca or Mg at concentrations of 0.5, 1.0, and 2.0 mM. The
pH was adjusted to 4.60 initially with no further adjust.
wments, The large solution: root volume ratio resulted
in only small pH changes during the 12-day screening.
These small pH changes had little or no effect on the
toxicity of Al in corn roots. Increasing the concentration
of Ca decreased the severity of Al toxicity in roots of
corn inbreds. However, there were marked differences
among inbred lines in the ability of their roots to grow in
these screening solutions at all levels of Ca. For exam-
ple, roots of the inbred lines WI5S3R and Yal7 were sus-
ceptible and tolerant, respectively, to Al at all three
levels of Ca, whereas A239 showed symptoms of severe Al
tonicity at 0.5 m¥M and 1.0 mM Ca but produced good
root growth at 2.0 mM Ca. Thus, a wide range in tol
erance to Al was observed in these screening solutions by
varying the concentration of Ca. At equal concentra-
tions, Mg was as elfective as Ca in protecting corn roots
from Al This technique could be utilized for screening
species where a knowledge of the range in tolerance
among individual genotypes is desired.

Additional index words: pH, Roots, Toxicity, Zea mays
L.

HF first observable effect of Al in most plants is

on root elongation. Clarkson and  Sunderson
(1969) showed that elongation of enion (Altium cepa
I..) roots was reduced within 3 hours by 10=3 Af Al and
had stopped completely within 8 hours.  Henning
(1975) treated wheat  (Triticum aestivum L) roots
with 10 ppm Al and found that root clongation of an
Al-sensitive variety was completely stopped within 12
hours. In both the onion and wheat roots, the num-

1 Joint contribution from the Dep. of Agronomy, Cornell Univ.,
lhaca. N.Y.. as Agronomy Paper No. 1195 and the Dep. of
Plamt Breeding and Biometry, Cornell Unive This stady wis
supported by a grant from USAID under rescavch contract ta-c
1101 entitled Soil Fertility in the Humid Tropics. Received 28
Feb. 1977, .

3 Researeh assaciate, Dep. of Agronomy, Cornell Univ., Tthaca,
N, aned formaly professor of plant needing and  biometry,
Cornell Univ., Tthaca, N.Y., now with CSRS, USDA, Washington,
n.c.

ber of mitotic figures within the root meristem de-
creased concomitantly with root elongation.

Species and varieties within species differ in the
degree to which a given concentration of Al interferes
with root growth (Foy, 1974; Henning, 1975; Kerridge
et al., 1971; Reid et al,, 1971). When placed in the
same solution, an Al-sensitive variety may show severe
inhibition of root growth but root growth of an Al
tolerant variety may be litle affected. This differen-
tial root growth is a precise measure of differential
tolerance to Al and, at the same time, provides a quick
and reliable method ol comparing plants for A} tol-
erance.

Factors which affect the toxicity of Al are the con-
centration of Al, pH, temperature, and concentration
of salts, particulatly those of Ca and Mg (Vidal and
Broyer, 1962; Moeore, 1974; Foy, 1974).%4 In general,
any degree of toxicity can be obtained with a given
genotype by varying one or more of these factors. The
biggest problem in developing a screening technique
capable of separating plants clearly on the basis of
differential root growth is finding an appropriate com-
bination of these factors to use. One approach is to
start with solutions in which Al is very toxic and, by
varying one or more of the above factors, gradually
reduce the toxicity, At some reduced level of stress,
roots of the more tolerant genotypes will grow quite
well while those of the more sensitive genotypes will
remain severely damaged until a lower level of stress
is obtained. In this way, the relative tolerance of
plants over a wide range of stress condlitions can b
observed. . .

The degree of stress imposéd on roots by a given
concentration of Al can be controlled to a large ex-
tent by the concentration of Ca and Mg present in
solution.  Ali® showed that Al concenirations which
normally resulted in severe damage to wheat roots had
little or no effect when the concentration of Ca or
Mg was increased to higher levels. Conversely, roots
of the most Al-tolerimt cultivars, such as ‘Atlas 66°,
could be severely damaged by relatively low concen-

3ALL S ML EC 19730 Tofluence of cations on aluminum toxicity
in wheat (Triticum aestivum Vill, Host), Ph.D. thesis, Oregon
State Univ., Corvallis,

‘Zandstra. H. G 19710 Aluminum toxicity in some highl
weathered soils of the tropics.  Ph.D. thesis, Ithaca, Cornel
Univ,, fthaca, ’
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Table 1. Ca and Mg treatments used to screen corn inbreds for
Al tolerance.

Treatment Ca(NO,), MgSO,
mv
1 0.5 0.5
2 1.0 0.5
3 20 05
4 0.5 1.0
] n5 20

Table 2. Composition of screening solution.

Ca(NO,), -
MgSO, -
KNO, 0.5mu
(NH,);:50,4 0.05 m\
KH1P04 0.1 mVf
Mn SO, 2.0 uM
Cu S0y 0.3 uv
Zn S0, 0.8 uvt
Na Cl 30.0 uv
Fe CDTAY 10.0 uv
NI!MOOQ 0.3 uvm
H;BO, 10.0 uv
Al3(50,4); 0.125 m©

trations of Al provided the concentration of Ca and
Mg were also low.

The purpose of this paper is to describe a tech-
nique for screening corn (Zea mays L.) inbreds for Al
tolerance in which Ca and Mg were used to control
the degree of Al toxicity. A wide range in tolerance
to Al was observed among corn inbreds when grown
in 0.25 mM solutions containing ditferent levels of
Ca and Mg. The principles involved in this screening
procedure should be applicable to screening other
plant species where a knowledge of the range in toler-
ance to Al within the species is desired.

MATERIALS AND METHODS

Corn sceds. which had been soaked overnight in aerated tap
water, were placed between layers of moist paper towel in petri
dishes and incubated at approximately 30 C. Within 24 10 36
howrs, these seeds had germinated and had produced radicles
ranging from 2 to 5 mm long. These 2-dayv-old seedlings were
then grown for 12 more davs in complete nutrient solutions
containing Al

Ticatments consisted of Ca as Ca(NO,), or Mg as MgSO, at
the levels given in Table 1. All other nutrients plus Al were
added to each solution in accordance with Table 2. Al was
added as AL (5O,),-18H,0. Results of experiments by the senior
author showed that substitution of CaS0O, for Ca(NO;), had
virtually no cffect on the rvesults as reported here. Nutrient
solutions containing Al are referred to in this paper as screening
solutions.

Four scedlings of each of nine inbred lines were giown to-
gether in 20 liters of screening solution containing one of the
Ca or Mg treatments listed in Table 1. Al treauments were
replicated at least twice. The plants were harvested and the
lengths of the primary roots measured. Relative root lengths
were claulated for each inbred liné by dividing the root length
obtained in a given Ca or Mg weatment by that obtained in a
control solution which had received no AL The data were an-
alyred by an analysis ol vaviance for a completely randomized
factorial” experiment.

The pH ol a screening solution immediately after dissolution
of the AL(SO)), wis about 4.0, The pH was adjusted to 4.60
with KOH immudiately before placing the scedlings in these
solutions. Selutions 1eceived no further pH or nutrient adjust.
ments during the 12.day screening but pH was measured and
recorded at frequent intervals,

Screening was done in plastic buckets placed on the floor of
the laboratory. Each bucket was fitted with an acrylic lid which
supported three acrylic tays. Each tray had a plastic screen

Fig. 1. Differential effects of Al on root growth of two inbred
lines of corn: left, R158; right, NY511,

60

40

W153  ND408  A554 coms

RELATIVE ROOT LENGTH

201

JnsERRRImam.

Vad7 Va7 WB4A CO220
Fig. 2. Effect of increasing concentrations of Ca(NO,), on
relative root length of inbred lines. For each inbred line, the
concentrations were, from left to right, 0.5, 1.0, and 2.0 mM.
Solid bars indicate roots severely damaged by Al crosshatch.
ed bars indicate no visible evidence oo Al toxicity, The
LSD (0.05) for relative root length is 0.14,

fastened over the hottom which was maintained in direct contact
with 20 liters of screening solution. The germinated seeds were
placed disectly on these plastic screens with their radicles pro-
truding through the saeen into the solution helow.

\ dight source comsisting of two 1L,000-W metal halide lampy
wis sinpended approximately 1.5 m oabove the surface of the
nutrient solations. “The two Tamps were on a time clock set to
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give 12 hours of continuous light per day. The specual distri-
bution and crop response to these Tamps under greenhouse condi-
tions was reported by Duke et al, (14975).

Temperature has a marked effect on the toxidty of Al in
solution (D, P, Moore, personal communication). For this rea-
son, i temperature-controlled environment was  preferred  for
screening. Our laboratory temperature is maintained with only
a small variation. Solution temperatures which occurred during
all experiments reported herein were 24+1 C.

RESULTS

At the end of 12 days in these solutions, root systems
of various inbred lines ranged from severely damaged
to well developed and fibrous. Figure 1 shows the
differential effects of Al on roots of two inbred lines
of corn which had been grown together for 12 days in
a screening solution with 1.0 mAf Ca (Nog), and 0.5
mM MgSO,. The roots of NY511 showed symptoms
which are typical of Al toxicity. The roots were severe-
ly stunted, thickened, and discolored. Other studies
suggest that in roots this badly damaged by Al, much
of the epidermal, cortical, and meristematic tissue was
dead (Keser et al., 1975; Henning, 1975). Lateral roots
were also severely damaged and failed to grow after
emerging from the root surface. Roots of R158 showed
none of these symptoms, even though both inbreds
had been grown wogether in the same solution. Roots
of R158 were able to grow quite well at this level of
SUEESS,

It is this dilferential ability of roots to grow at
a given level of Al stress that can be used to separate
Altolerant  from  Alsensitive inbred lines.
screening solutions containing 1.0 mM Ca (Nog). and
0.5 mM MgSO,, one could screen large numbers of in-
bred lines and classify them as tolerant or sensitive
bhised on differences in root growth illustrated in
Fig. 1. '

However, screening at a single level of stress will
fail to provide useful information about the range in
tolerance which may exist among the genotypes of in-
terest. In order to obtain this additional information,
one should vary the degree of Al stress and screen many
genotypes together under a wide range of stress con-
ditions. Although this is often done using solutions
with different Al concentrations, it should be possible
o obtain the same results by varying the Ca concen-
tration.3

Effect of Ca on Al Toxicity in Corn Roots

Increasing the concentration of Ca as Ca (NOg)a in
these screening solutions reduced the toxicity of Al in
corn roots. The reduced toxicity was expressed as 1)
an increase in relative root lengths and 2) a decrease
in the number of inbred lines whose roots showed
visible symptoms of Al toxicity. Figure 2 shows the
eftect of increasing Ca concentration on relative root
lengths of 18 inbred lines.

At the lowest concentration of Ca, only 1 of the
18 inbreds shown in Fig. 2 had roots which were able
to grow in these solutions: Vad7, Val7, W61A, and
(:0220. Roots of the other 14 showed symptoms of
wvere Al toxicity, i.c., swelling, stunting, and dis.
coloration. At the highest concenuration of Ca, there
were [our inbreds with roots still showing symptoms of
wevere Al toxicity (e.g., WISSR, NDHOB, AbdL, and
COT13). Between these two extremes, at least two other

Using

groups of inbreds could be identified: 1) those whose
roots grew well in screening solutions with 1.0 mM
Ca but showed symptoms of severe Al toxicity in solu-
tions with 0.5 mM Ca (e.g., WIB2BN) and 2) those
whose roots grew well in screening solutions with 2.0
mM Ca but showed symptoms of severe Al toxicity in
solutions with 1.0 mM Ca (e.g., A239).

Although relative root lengths generally increased
as the level of Ca was increased, the greatest increases
were associated with a change in the ability of the roots
to grow in these solutions. The most striking examples
of this were the 58 increase for Oh43 when the Ca
concentration was increased from 1.0 mM o 2.0 mM,
and the 539, increase for Pa33 when the Ca concen-
tration was increased from 0.5 mM to 1.0 mM. Above
and below the point where the roots were able to make
this transition, the changes in relative root length with
increase in Ca concentration were much smaller.

Figure 3 shows four of the 18 inbreds whose root data
are given in Fig. 2. ND408 and Val7 represent the
extremes in tolerance identified by this technique.
Neither showed striking responses to increasing levels
of Ca in the screening solution. The response of AZ39
was in marked contrast to that of WI53R, which
showed symptoms of severe Al toxicity even at the
highest concentration of Ca used. This Figure also
illustrates the effect of Ca concentration on the rela-
tive tolerance of certain inbreds. For example, at the
lower Ca concentrations, A239 appeared as sensitive
to Al as WI53R, but at the higher Ca concentration,
A239 appeared as tolerant as Val7.

We have found that a concentration of -0 mM Ca
will protect roots of inbreds such as WI53R and
NDH08 [rom the Al in these screening solutions. At
the other extreme, roots of the more tolerant lines
such as Val7 are severely damaged by 0.25 maM .\
solutions provided the Ca concentration is also reduced
to 0.25 mM. Thus, a wide range in tolerance wmong
inbred lines of carn could be observed in these screen-
ing solutions using Ci concentrations ranging from
0.25 mM 10 L0 mA. These results are similar to
those of Al in that a wide range in tolerance to Al
was also observed among wheat varieties as the con-
centration of Ca in_ Al toxic solutions was increased.

Effect of Mg on Al Toxicity in Corn Roots

Magnesium as MgSOy appeared to be as effective in
protecting corn roots [rom Al as Ca when wsed at equal
concentrations (Fig. 1). The increases in relative root
length were not only similar to those obtained with an
cquivalent concentration of Ca, but Mg was also equal-
ly effective in preventing the appearance of Al toxicity
symptoms.  Thus, the ranking of corn inbreds with
respect to Al tolerance was the same regardles of
whether Ca or Mg was used to control the degree of
Al toxicity.

pH Changes in Solutions With Different Ca and
Mg Levels

pH has @ marked effect on the toxicity of Al in
solution. The pH of these screening solutions was
adjusted to 1.60 initially with no further pH adjust-
ments. The pH changes shown in Fig. 5 were typical
of those which occurred in sereening solutions using
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. Effect of increasing concentrations of Ca(NO;), on root growth of four inbred lines.
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5

RELATIVE ROOT LENGTH

WiI53R ND408 A239

Fig. 4. Effect of increasing concentrations of MgSO, on relative
root length of inbred lines. From left to right: 0.5, 1.0, and
2.0 mM. Solid bars indicate roots severely damaged by Al;
cross-hatched bar indicate no visible evidence of Al toxicity.
The LS.D. (0.05) for relative root length is 0.14,

6.10 7
Conc. (mM)
6004 ' Ca Mg Al
1 ' a 50 50 25
4904 A 100 50 25
pH 0200 50 25
480+ @ 50 100 25
O 50 200 25
470+ m100 50 00
4.60
4.50-
T L] L] L] | ] L) L
0 2 4 6 8 0 12
DAYS

Fig. 5. pH changes which occurred in screening solutions with
various Ca and Mg concentrations. ’

the Ca and Mg treatments in Table 1. Included for
comparison are pH changes which occurred in a con-
trol solution which contained no Al. Note that pH
increased with increasing Ca or Mg concentration and
that pH was slightly higher in the Ca treatments than
in the corresponding Mg treatments. In order to de-
termine to what extent the pH differences in Fig. 5
might have contributed to the reduced toxicity of Al
in solutions receiving additional Ca or Mg, experi-
ments were conducted in which corn inbreds were
screened in solutions with a constant level of Ca and
Mg but with different pH's.

Screening solutions with 1.0 md Ca (NOg), and 0.5
mM MgSO, were adjusted to the following initial
pH's: .50, .55, 4.60, and 4.65. The Al was added
and pH adjusted with KOH immediately before plac-
ing the seedlings in these solutions. No additional pH
adjustments were made during the 12-day screening
but pH was measured and recorded periodically
throughout the screening. An additional treatment
was included to determine what effect aging of a
screening solution at pH 4.60 would have on the sub-
sequent toxicity of Al. Changes in both pH and the
relative amounts of polynuclear and crystalline phise
Al species occur when Al solutions 1o which small
amounts of base have heen added are aged (Smith and
Hem, 1972). Those changes occurring within the first
24 hours of aging could aftect both pH and toxicity ol
Al during a subsequent 12-day screening. Therefore,
an additional solution was made up 24 hours in ad-

650+
€ 404 T

5101

AN

$ 004 Control (no A)

pH 4 60 {aged)

pH 460
pH 465

pH455
pH 4 50

l?i%. &TH changes which occurred in screening solutions of
nitial pH 4.50, 4.55, 4.60, and 4.65.

Fig. 7. Root growth of two corn inbreds in screening solutions
of initial pH 4.50, 4,55, 4.60, and 4.65.

vimee and the pH adjusted to 160, Av the end of 24
hours, the pH was readjusted to 160 and the seedlings
placed in these aged solutions as described previously.
Each treatment was replicated twice.

The pH changes which occurred in these solutions
are shown in Fig. 6. Each .data point in Fig. 6 is the
average of two replications.  Generally, solutions of
lower initial pH maintained a lower pH throughout
the screening than solutions of higher initial pH. Ag-
ing a screening solution at pH 4.60 for 24 hours be-
fore adding the germinated seeds had a marked effect
on the subsequent pH. The range in pH among the
solutions in Fig. 6 (i.e., 442 0 170) was slightly
greater than that observed in Fig. 5. The cliect of
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these pH ueatments on corn root growth is shown
in Fig. 7. Regardless of the pH. roots of C782-45 were
more tolerant to the Al in these solutions than those
of Ayl0EA. Even in the lowest pH range. root growti
of C782:45, particularly in terms of lateral root de-
velopment, was far superior to that of AVIOIA. These
results indicate that pH in the range trom £50 to 4165
had little effect on the severity of Al toxicity in roots
ol corn inbreds. Thus, it is conduded that the marked
response ot corn roots illustrated in Fig. 2 and 1 re-
sulted largely from the additional Ca and Mg and not
from the pH differences measured among these solu-
tions (Fig. 5).

DISCUSSION AND CONCLUSIONS

The ability of Ca and Mg to control the degree ot
Al toxicity in roots has been known for some time but
this information his not been used to any extent in
developing techniques for screening plants tor Al tol-
erance. Results presented here show the importance
of Ca and Mg concentrations in convrolling the de-
gree of Al toxicity in roots of corn inbreds growing in
screening solutions,

Figures 2 and 1 show the advantage ol screen-
ing {)lnms under a wide range of Al toxicity: namely,
it clearly indicates the range in tolerance existing
among the genotypes ol interest. However, screening
large number of genotypes in i brecding program using
numerous stress levels would involve considerable
time, labor, and expense. Knowledge ot the probable
range in tolerance among genotypes would, however,
allow one to choose a single stress level with some ra-
tional basis. Our dati for corn inbreds show that there
are many stress levels within a wide range of tolerance
that produce marked differences in root growth and
that any one of them could be selected arbitrarily for
screening inbred lines. However, the degree of Al
stress obtained in screening solutions containing 1.0
mM Ca(NO;): and 0.5 mM MgSO; divided the 18
inbreds in Fig. 2 into two groups of nine each; i.c,
nine had roots which were tolerant and nine had roots
which were sensitive 1o the Al in these solutions. Ap-
proximately 150 additional inbred lines have been
screened at this level of stress and these, o, were ob-
served to fall into two groups of almost equal num-
bers. These 150 lines constitute an exceptionally broad
germplasin base, having originated in such diverse
geographical locions as the USA, Cinada, Eastern
and Western Furope, and Alrici. This level of stress,
therefore, would seem 1o be a logical choice tor Tuture
screening of Large numbers of inbred lines.

An important question from a breeding standpoint
is, to what extent are ditferences in tolerance awmong
corn inbreds under genctic controly We are still seck-
ing a precise answer to this question, but the prelimi-
nary evidence suggests that Al tolerance in corn is con-
trolled at a single locus and that tolerance is domi-
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nant. The range i tolerance imong inbred lines (Fig.
) and within maize composites  (unpublished datay
suggest (mther that Al tolerance is controtled by a
multiple allelic sevies. These tindings will be reported
later.

Figure 4 demonstrates that the effect ot Ca on the
toxicity of Al is a nonapecitic cation ettect. I Ca
were specifically required to protect these roots from
AL Mg would not be able o replice Cain protecting,
these roots. However, Mg appeared 1o be equally el
tective. The same argument can be made agains
speciticity for Mg, "These results are in agreement with
l’lO:L‘ of Ali* who showed that G and Mg were indis-
tinguishable in their ability o protect wheat roots
from Al

Finallv, we have observed that a wide range in
tolerance to Al is usually tound within any group of
inbreds released trom asingle experiment station (Fig.
A0 Two examples e the Wisconsin lines, WIH3R
and WOLA, and the Canadian lines COT13 and 0220,
Many other examples could be dted. This range in
tolerance wmong lines hrom a common breeding pro-
gram is perhaps not surprising when one considers the
great diversity of germplism used to produce inbred
lines. However, wide ditterences in tolerance anmong
lines developed from a common breeding progriom also
sugpest that there has been littde or no selecuon for Al
tolerance. Comsequently, sareening and selection ol
Altolerant inbred lines may be essential for the rapid
development of Al-tolerant corn Iivbrids.
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