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

R. Dean Rhue and C. 0. Grogan2 

ABSTRACT 	 ber of mitotic figures within the root meristein de-

Cations such as Ca and Mg can protect roots from the creased concomitantly with root elongation. 
toxic effects of Al. However, little use of this fact has Species and varieties within species differ illthe 
been made in screening for Al tolerance. This study was degree to which a given concentration of Al interferes 
undertaken to determine the effects of Ca aiid Mg con. with root growth (Foy, 197-1; Henning, 1975; Kerridge 
centrations in screening solutions oilthe toxicity of Al 

placed illthe
in roots of corn inbreds (Zea mays L.). Two-day-old corn et al., 1971; Reid et ;al., 1971). When 
seedlings were grown for 12 days in dilute nutrient solu. samlle solution, al Al-sensitive variety may show severe 
tions containing 0.25 nM Al. Treatments consisted of inhibition of root growth blut root growth of all Al-
Ca or Mg at concentrations 6f 0.5, 1.0, and 2.0 m.l. The tolerant variety may be little affected. This differen­
plf was adjusted to 4.60 initially with no further adjust 	 tal root growth is a precise measure of differential

Pmeuts. The large solution: root volume ratio resulted g p 

in only small i1l changes during the 12-day screening. tolerance to Al and, at the saine time, provides a quick 
These small p1 changes had little or no effect on the and reliable nethod of comparing plants for Al tol. 
toxicity of Al in corn roots. lnrreasing tle concentration ertance. 
of Ca decreased the severity of Al toxicity in roots of Factors which affect the toxicity of Al are the con­
corn inbreds. However, there were marked differences 
among inbred lines in the ability of their roots to grow in centration of Al, p" , temperature, and concentration 

these screening solutions at all levels of Ca. For exam-	 of salts, paritictlarly those of Ca and Mg (Vidal and 
pile, roots of the inbred lines WI53R and Val7 were sus- Broser, 1962; Moore, 197-1; Foy, 1974)1.4 In general, 
ct'pfible and tolerant, respectisely, to Al at all three any" dgree of toxicity be obtained with aia given 
levels of Ca, whereas A239 showed sinptoms of severe Al 

more of these factors. Thetoxicity at 0.5 ntm and 1.0 ul0 Ca but produced good genotype by varying one or 
root growth at 2.0 in.1I Ca. Thus, a wide range in tol. Iiggest problem illdevdoping a screening technique 
erance to Al was observed in these screening solutions by capable of separating plants clearly on the basis of 
sarying the concentration of Ca. At equal concentra- differential root growth is finding il appropriate cota­
tions, Mg was as effective as Ca in protecting torn roots 

tactors'ise.
One approach isto
from Al. This technique could he utilized for screening bination of these to 

sltecits where a knowltlge of the range in tolerance start with solttions illwhich Ai is very toxic and, by 
among individual genotypes is desired, varying one or more of the above factors, gradually 

Additional index iords: pH, Roots, Toxicity, Ze maysred(uce the toxicity. A\t some reduced level of stress, 

L. 	 roots of tile more tolerant geinotyl.es will grow quite 
well while those of the more sensitive genotypes will 
reinain severely damaged until a lower level of stress 

T ilFlitst observable effet of Al in most plants is is obtained. In this way, the relative tolerance of 
T on root elongation. Clarkson and Sanderson plants over a wide range of stress conditions can be 

(I !9i!) showed tIhat elongation of onion (A1611111 re!/p observed. 
L.)roots was re(luced within 3 hours by 10-: Al Al and The degree of stress imposIl oin roots by a given 
had stopped completely within 8 hours. Henning concentration of Al can be controlled to a large ex­
(1975) treated1 wheat (Triticuin aestivum L.) roots tent by the concentration of Ca and Mg present in 
witll 0()1pni Al and found that root elongation of ai solution. All3 showed that A!. concetlratiovts which 
At-sensitive variety was completely stopped within 12 normally resulted in severe danage to whett roots had 
hoturs. II both file onion ant wheat roots, tile littili- little or no effect when the concentration of Ca or 

Mg was increased to higher levels. Conversely, roots 
I JoIit ontri..aion fr t Patp ofoe.gronomy. Cornell Uii.. of most Al-tolerant cultivars sttch as 'Atlas 66',nelD. 	 tileliaitl. N.'., ats.\gronomyu} Paper Nol. I1!1 andti he Dep, of coutl be severely tlaniaged by relaitively lows concen-

C lliell tUnis. T his stu lywas 
tt 'edingand Iliolnellt'y. 

sUliporlt-ed hy a graitt flt USAID under resalrih contract ta-c­
I'laill 
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Table I. Ca and Mg treatments used to screen corn inbreds for 
Al tolerance. 

Treatment Ca(NOjll MgSO 4 

- mt 

1 0.5 0.5 
2 1.0 0.5 
3 2.0 0.5 
4 0.5 1.0 
5 (1.5 2.0 

Table 2. Composition of screening solution. 

Ca(NO,)z
MgSO 4 
KNO, 	 0.5 M.1 
(NH4)2S04 	 0.05 m.1l 
KHPO4 	 0.1 Mt 
Mn SO, 	 2.0 ;l
Cu S04 	 0.3 Wti 
Zn S04 	 0.8/Mtl
Na Ct 	 30.0 pi 
FeCDTAt 	 10.0 AV. 
Na2MoO 4 	 0.3 ±5I

10.0 AtflH3BO1 

A12(SO43 	 0.125 m.1 

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

The purpose of this paper is to describe a tech. 
niqlue for screening corn (Zea mays L.) inbreds for Al 
tolerance in which Ca and Mg were ttsed to control 
the dlegree of Al toxicity. Awiide range in tolerance 
to Al was observed antong corn inbred, when grown 
in 0.25 mM solutions containing diflerent levels of 
Ca and Mg. The principles involved in this screening 
pIotedttre should be a))licable to screening other 
plant species where a knowledge of the range in toler-
ance to Al within the species is desired. 

MATERIALS AND METHODS 

Corns-eds. which had been soaked overnight in aerated ap 
water, were placed between layers of moist paper towel in petri 
dishes and incubated at approximately 30 C. Within 24 to 36 
hours, these seeds had germinated and had produced radicles 
ranging from 2 to 1 int long. These 2-day-old seedlings were 
then grown for 12 more lays in complete nutrient solutions 
containing AL. 

T1neatmtnits consisted of Ca as Ca (NO,)2 or Mg as MgSO, at 
the levcls given in Table I. All other nutrients plis Al were 
added to each solution in accordance with Trable 2. A\ was 
added as Al (SO,).18H12O. Results of experiments by the senior 
author sho%%ed that sothstittition of CaSO, foi Ca (NO,), hat 
viitually no effect on thc results as reported here. Nutrient 
solutions containing Al are referred to in this paper as screening 
solutions. 

Four sceullitigs of each of nine inbred lines were giown to­
gether in 20 liters of screening solution containing one of the 
Ca or Mg trcatments listed in Table I..ll treatments were 
replicated at least twice. The plants iteic harvested and the 
Ingths of the pritnar roots mcastired. Relative root lengths 
wcre caltlated for each inbred line by diiding the root letigth 
obtained it.a gisen Ca or Mg treatment I that obtained in;i 
control solution which had rcccived no Al. rhe data were an-
alyled b) an anal) si ol ariance for a cotitpletely randoii/ed 
factorial expein t. 

Thte pil of a screetting solttion initnediatel aftet dissolution 
of the .\I. was I.0. was to(SO,)., ali1nt The pit adjtsted .1.60 
with KOH itnc Iia tlv before placing tie seedlings in these 
soutions. Sololions ictiecd no ftnrther pH or nttrient adjtst, 
nits duritg tie 12.day screening but pi1 was ieasured ant 

necorded at frctliett intervals. 
Screening was done in plastic buckeis placed oiltilefloor of 

the laboratory. E.aclt Iltt ket was fitted wit Iit acrlic lid whicht 
sttpported thrce atr)lic tia. act tra had a plastic screct 

Fig. 1. )ifferential effects of Al oi root growth of two inbred 
lines of corn: left, R158; right, NV5II. 
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Fig. 	 2. Effect of increasing concentrations of Ca(NO.). on 
relative root For cactlength of inbred lities. inbred line, the 
concentrations were, from lt to right, 0.5, 1.0, and 2.0 ral. 
Solid bars indicate roots seserely damaged by Al; cross-hatch. 
ed bars indicate no vihbl evidence o Al toxicity. The 
LSD (11.05) relatise length is0.14.for root 

lasten, idtlic holtm whih was maintaitied ilt direct contact 
willI20 litei ol '(I(I(tlilg sol liol. lbhe gertttita ted sceds were 
pla(cld dit1tI ott thic-se plastic screens withI tleir radicies pr­
truding tltthigh the ,cedit into the solttlitn below. 

%light s(ittce rotisting of two I011 IiIetal halide larips 
was sttosletldd apPIxifa tel 11.5tl alto e the strface of tile 
lntlitelllIthtills. '1lit' It- himlps Irene tn toitile clock set 
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give 12 hour%(i (ontimu,%light per day. The spec lii dislri-
1)ilion antd crop resontse to tiese lamnps Iiiduer gieetihouse iolldi-
2ionswas reported ,y Duke et311.(1975).ITemperature has a marked effect on the toxiity of Al iii 

slltiO2 (1). 11. Moore, personal communication). For this rea-
soil,atlenperaitre-coitrolled en1vironntn was preferred for 
screeniig. Our laboratory temperature is maintairled with only 
a small variationl. Solution temperatures which occurred during 
311experilments reported herein were 24#1 C.Although 

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 (lays in 
a screening solution with 1.0 mnM\ Ca (No 3)2 and 0.5 
nM lMgSO.4. The roots of NY511 showed symptoms 

which are typical of Al toxicity. The roots were severe-
ly stunted, thickened, and dtscolored. Other studies 
suggest that in roots this badly damaged by Al, nulch 
of the epide:nmal, cortical, and neristenatic tissue was 
dead (Keser et al., 1975; Henning, 1975). Lateral roots 
were also severely damaged and failed to grow after 
emerging fron the root surface. Roots of R158 showed 
none of these symptoms, even though both inbreds 
had been grown together in the sane solttion. Roots 
of R158 were able to grow quite well at this level of 
stress. 

It is this differential ability of roots to grow at 
a given level of Al stress that can be used to separate 
Al-tolerant from Al-sensitive inbred liles. Using 
screening solitions containing 1.0 inM Ca (No3 )2 and 
0.5 Il MgSO 4, one could screen large numtbers of in-
bred lines and classify them as tolerant or sensitive 
based on differences in root growth illustrated in 
Fig. I. 

Ilowever, screening at a single level of stress will 
ail to provide useful information about tile range in 

tolelance which Inay exist amiong tile genotypes of in-
terest. In order to obtain this additional information, 
0tle should vary tile degree of Al stress and screen many 
genotIes together under a wide range of stress coi-
ditions. Although this is oftent done using solutions 
with1different Al concentrations, it should be possible 
it)obtain the sanle results by varying the Ca concen­
tIrIotio. 

Effect of Ca on Al Toxicity in Corn Roots 

thereasing the onsnre t ho f a in 
creening soons. educedtoxicityexpiressede ofwas 

(cornt toots. The reduced toxicity wdas ) 
;in increase in relative root lengths and 2) a decrease 
in the number of inbred lines whose roots showed 
visible sylptotnis of Al toxicity. Figure 2 shows the 
effect of increasing Ca concentration on relative root 
lengths of 18 inbred lies. 

At the lowest concentration of Ca, only -1of the 
18 inbreds sliown in Fig. 2 had roots which were able 
to grow in these solutions: Xa1,7, Val7, \V\r6IA, and 
(:0220. Roots of the other HI showed syutptoms of 
severe Al toxicity. i.e., swelling, stunting, and dis-
coloration. At the highest concentration of Ca, there 
were folor ibreds with roots still showing symptols of 
stVte Al toxicity (e.g., AVi53R, NI),108, A55-1. and 
C3 13). Between tlese two extremes, at least two olher 

groLIpS of inlbreds could be identified: I) those whose 
roots grew well in screening solutions with 1.0i Al 
Ca but showed symptoms of severe Al toxicity in solu­
tions with 0.5 muM Ca (e.g., W182BN) and 2) those 
whose roots grew well in screening solutions with 2.0 
nM Ca bit showed symptoms of severe Al toxicity in 
solutions with 1.0 nl \ Ca (e.g., A239). 

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%o increase for Oh13 when the Ca 
concentration was increased from 1.0 l to 2.0 111, 
and the 53%", increase for Pa33 when the Ca concen­
tration was inoureased 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 nuch smaller. 

Figure 3 shows four of the 18 inbreds whose root data 
are given in Fig. 2. ND,108 and Val7 represent tile 
extremes in tolerance identified by this technique. 
Neither showed striking responses to increasing levels 
of Ca in the screening solution. The response of A239 
was in marked contrast to that of NVI53R, whihli 
showed synptoms 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 NI53R, but at the higher Ca concentration, 
A239 appeared as tolerant as Val7. 

We have found that a concentration of .1.0 nh,1 Ca 
will protect roots of inbreds such as WI153R and 
NI).108 from the Al in these screening solutions. At 
the other extreme, roots of the more tolerant lines 
such as \'a17 are severely damaged by 0.25 nM .X 
solutions provided the Ca concentration is also reduced 
to 0.25 nM. Thu:,, a wide range in tolerance among 
inbred lines of corn could be observed -in these screetn­
ing solutions using (Cit concentrations ranging from 
0.25 nlM to .1.0 maM. These res'ults ;ate similar to
 
those of Ali in that a wide range ill tolerance to Al
 
was also observed amrong wheat varieties as the con­
centration of Ca in Al toxic solutions was increased.
 

Effect of Mg ol Al Toxicity in Corn Roots 

Magnesitum as MgSO 4 appeared to be as effective in 
protecting corn roots fromt Al as Ca when used at eqtial 
concentrations (Fig. .1). Tie increases in relative root 
length were not only similar to those obtained with all 
equivalent concentration of Ca, but NMg was also etjual­
ly effective in preventing the appearantce of Al toxicitN 
symptoms. Thus, the ranking of corn inbreds witfi
 
respect to Ahuslerance was te sae regardless of 
whether Ca o rang was used th sm he degree of 
Attoxicity.
 

pH Changes inSolutions With Different Ca and
 
hn g Levels 

pH has a marked effect on the toxicity of Al in
 
solution. The pl-I of these screening solutions was
 
adjusted to .l.60 initially with no further ph-I adjist­
tients. The pHI changes shown in Fig. 5 were t, liical
 
'If t hose which occurred in screening solutions t1i g
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Fnt 

Fig. S. Effect of Increasing concentrations of Ca(NO,), on root growth of four Inbred lines. 
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Cc W153R ND408 A239 NY821 PaW703y W64A C0220 

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 L.S.D. (0.05) for relative root length is 0.14. 


6.10 - uDAYS 

Conc. (mM) 

6.00- Ca Mg Al 


4.90; A 1.00 .50 25 

pH 2.00.50 .50 .25254110- 00 1.00 
0 .50 2.00 .25 

4.70- 1.00 .50 .00' 

4.60- _ 

0 2 4 6 8 10 12 ­

various Ca and Mg concentrations. 

the Cat and Mig treatments in Table 1. Included for 
cornparison are pH changes which occttrred in aIcon­
trol solution Which contained no A]. Note that pHC724 

inrased with increasing Ca or Mg concentration and 
that )H was slightly higher in the Ca treatments than 

inte corresponding Mg treatment. In order to de-
terinine to what extent the p)H differences in Fig. 5 
might have contributed to tile reduced toxicity of Al 
i,,solutions receiving additional CatorMg,expelis 

nlts were condutcted in which corn inbreds wvere 
screened in solutions with a constant level of Ca anod
Mg b~ut with different pH's. 

Screening solutions with 1.0 inil Ca (NO3)2z anrd 0.,5 
Ind% MgSO4 wvere adjusted to the following initial 
ipH's: ,1.50, ,4.55, ,4.60, anti ,4.65. The Al wVas added 
and pH adjusted with KOH inmmediately b~efore lplac ­

inqg No additional pH-thie seedlings in these solutions. 
adjustments were niade during the 12-day screening 

I'ut p H was ineasured and recorded periodically
thiroughout the screening. Ani additional treatineft 
was included to detertmine what effect aging of ;I 
screening solution at p)H ,4.60wotuld have oin the sub-
Set tent toxicity of Al. in both and theChanges 1)l-I 
el,:ive aultoits of polynticlear and crystalline phase 
Al species ocur whien Al solutions to which smiall 
ainountsiof base have been added are aged! (Sinith anrid 
Hem, 1972). Tlhose changes occurring within the first 
21 hours of aging ~ouldl affect both pH anti toxicity of 
AI thn'ivtng equ~ltent T herefore,.1 Sus 12-thy screening. 
an atlditional,solution wvas made tip ) 21 hours in ad-
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Fi 6. pH changes which occurred in screening solutions of 
initial pH 4.50, 4.55, 4.60, and 4.65. 
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Fig. 7. Root growth of two corn inbreds in screning solutions 

of initial pll 4.50, 4.55, 4.60, and 4.65. 

Vanlce and the p)H atljtus'etl to .1.(60. At the end of' 21 
hours, tile MH was read lasted to .I.60l anod the Seedlings 
plac ed-in tese tg ed soltions as escribed previously. 
Each treatment was rep~licated twvice. 

The pl-H changes which occurred in these sohtitioiis 
are shown in Fig. 6. Each -data point in Fig. 6 is the 
average of twvo replications. Generally, Solutions, of 
lower initial pH maintained I lower 1pithroughout 
the screening than solutions of higher initial pHl. Ag­
in\ ;I screening solution at p1H ,4.61for 21 hoturs be­
fore adding the germinated seeds, haid ; marked effect 
Oil tile Sublsequent pl-. The range in pH- amlong the 
solutions in+Fig. 6 (i.e., ,4.2to -1.70) was slightly 
greater than that ob~servedl in Fig. 5. The etlect of' 
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Ilese p- tletllentis oil coii root growilh is shown 
in Fig. 7. Regarldless of the pil, roots of C782-15 wete 
more tolerant to tile Al in these solutions than those 
of Ayil01A. Even in the lowest pl- rtnge. root growti 
of C782-.5, pa.rticulirlv in Le, tus of Ilteral root tie-
veloptitent, was far slperior to that of AN 10 IA.These 
results indicate [Ihat pAI in tile range Irom 1.50 ito-1.. 
had little effect oilthe sevcritv of A] toxic ity iii roots 
of 0orn ilbreds. This, it is coc ltded that the mta-ked 
response of torn root- illustrated in Fig. 2 and .Ite-
stilled largelh front the additional Ca and Mg and not 
Ifom the pIH differences tmeasured ationg t hese solu-
lions (Fig. 5). 

DISCUSSION AND CONCLUSIONS 

The ability of Ca and Mg to coltrol tile legree of 
Al toxicity illroots has been known for some little bill 
this inforniltion has Itot been tsed to an extent in 
developing techniques for s(reening plants for Al tol 
erance. Resilts presented here show the importance
of Ca and Mg toimtentitions ill coitrollitlg the Ie-
gree of Al toxicits in ioots of coln iiibredls growing in 
screening solitions. 

Figures 2 and -1 show the advantage of screetn-
ing )latnts itnlder a wide r.itge of AI toxicity: naliely, 
itc early indicates (Ile ratige itt tolerance existing 
among die genot)pes of interest. Ilowever, screeii 
large nuiller of geniotiJes i a brecling logrlaill Uilg 
nuterous stress levels wotild livolve otoisiderable 
timte, labor, and expe se. Knowledge of the probable 
range in toletice a.uotig genot\pes would, however,
allow one to choose a single stress level with soine ia-
tional basis. Ottr dala lot (o n inbreds show that there 
are tnan, stress levels within a wide rlange of tolerance 
that produtce marked diffeietes in root growtlt and 
that an) one of then cottld lie selected arbitrarils for 
screening inbred lilies. However the d[egree o[ Al 
stress obtained in s(reening solitions (ontaining 1.0 
m11 (a(NO).)2 and (.5 nl .IgSO divided the 18 
inbreds in Fig. 2 into two groups of nine

I 

each; i.e., 
nine had roots which were toleratit and nine had roots 
which were sensitive to the AI in these soltt ions A p. 

proximately I50 additional ittbredl lines have beenl 
screened at this level of stress atlldthese, loo, were o).
served to fall into two groutps of almitost equal ilin-
hers. These 150 lilies cotlstittl allexceptionally- lroid 
gemltsin base, having originated in sucih diverse 

geog a~l ira Io~iloiisI' .. (;a ialli, IeMteii
;i t~l \ 
geog ap hic atl loc attio nts as the I' '\ C ta tada, tst i tlh 
aid Western Elrope, and Al ik a. This level of stress, 
therefore, wolld seent to be i logi(al (hloice for fttuttle 
screening of large tiiitttbers of inbired lities. 

,1nImportant question Ir01n a breeding sitaindptoint
is, to what extent are difletences i tolerance alllll 
cot'nt inbrels ttnder getleli( control? We are still seek-
ing a precise aiiset to thIis ciquestion, bil the prelini.
nary evident e silggests that Al tolera ce in corn is coil-

trolled! at ;isingle louts and that tolet-anme is (oini-
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file ranlge iII Fig.
2) :inid 
nIalll. toler ce allilltolgiblrtel lilie', 

within inlaime ionpoile (11nluhtiled (l.ta) 
slgest Itlter thtat Al toletrallic is 0o11rolled b\ a 

tiesenultile allelic seles. I'h fiitiigs will be report'ed 
late'. 

Figure 1 delonstrates tha fhe elicit of C:a on the 
toxicity of Al is a non-specilit cation etlel. If (:: 
were speciflically reqcuired to thI loots fromtno1c Iese 
Al. Mg would not he able to re)litc (a ill I)rotel lig 
these roots. Ilowever. .Mlgappteared to he c(I tal lIel­
lettive. The s;litne agitlelall II Illbetle against 
speilicits lot Mg. lhese rest l are illagleetet wilI 
tlose of Al who showed that Ca and Mg were indis­
tinguislable in their ability to piotet wheat roots 
froti Al. 

Final]I, we have observed that a wide range in 
tolerance to .\I is tstial I found withinially groutp of' 
illbreds released toil a single experiment Station (Fig.
2). Two exaitop ;lite WisconsinIft lilies, WI531 
and WiI.A, antd the Catadian lines (:Ol 13 and (:0220. 
N1atii other examples folhl be tiled. lhis lange itl 
toletllte aMotng lil's tloni ; c 1ttonii breediig lt.(
gin illeIs iot Sill lt ising when lile (Oltsiteis Iheperlap 
great cliversi\ ifl gLtiilllanIi itse'l to prodlue iibtrel 
lite%. Iowe~er, Wide clletemes in toleraitte antong 
liles developed tront . ct-lliliOll htiecding llogralli also 
stiggest Ihat thele las beeit little o io Selection IotAI 
toleralice. (oitsItt(let l]. "(teellinig and selelion tl 
.- olctatit iiblred linies ina% be essential hl the rapid 
te\elopnetlt tol Al-loleranit con Iiblit. 
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