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ABSTRACTABSTRACT 
Zin.c uptakeuptakebybyplantsplants maymay be influenced by its reactionreaction withwith organicorganicZinc be influenced by its 

ligandsligands inin thethe rhizosphere.rhizosphere. Therefore,Therefore, fourfour experimentsexperiments werewere con
ductedducted toto examineexaminethetheeffectseffects ofof anan organicorganic ligandligand (citrate)(citrate) andand pHpH onon 

con-

uptake Theii).thethe u)ltake ofof ZnZn byby wheatwheat (Triticum(Triticum aestivumaestivum L.L. emend.emend. Theil). PlantsPlants 
for 21 to 28 d in a 0-0.05werewere growngrown for 21 to 28 d in anutrientnutrientsolutionsolution (containing(containing ~.05 

ILmol L -I Zn)Zn) inin aa temperaturetemperaturecontrolledcontrolledtank,tank,eithereither inin thethe absenceabsence 
oror presencepresence ofof citratecitrate andand atat constantconstant oror variablevariable pHpH (3.7-7.1).(3.7-7.1). DryDry 
/~mol L-1 

mattl~r weightsweights ofof plantplant partsparts andand ZnZn contentcontent inin thethe shootsshoots werewere dematter de
termined.TheTheactivitiesactivities ofof ZnZn inin thethe nutrientnutrient solutionsolution werewere estimated.estimated. 
ShootShoot drydry mattermatterofof thethe wheatwheat plantsplants inin eacheach experimentexperiment correlatedcorrelated 
wellwell withwith eithereither Zn.J[H+)Znr/[H+] oror ~(molesE(moles ZnJcharge)/[HZnJcharge)/[H+) (Zn(Zn+] 

TT~-= totaltotal 
Zns = eacheachzinczincspecies).species). BothBoth parametersparameterscouldcouldexplainexplainthethe relrel

term/ned. 

Zn,Zn, Zn, = 
one equaativeative shootshoot drydry mattermatter ofof thethe plantsplants fromfrom allall experimentsexperiments inin one equa

~tiontion fYO’ = BE-c~; r =0.790.79andand0.77,0.77,respectively).respectively). InIn thethe absenceabsence= AA ++ BE-u; r = 
in-ofof citrate,citrate, shootshoot drydry mattermatter asas wellwell asas ZnZn contentcontent increasedincreased withwith in

creasingcreasing pHpHandandincreasingincreasingtotaltotal ZnZnconcentrationsconcentrations insolution.solution. InIn thethe 
presencepresence ofof citrate,citrate, thethe shootshoot drydry mattermatter ofof wheatwheat plantsplants thatthat werewere 

in 

gro~ ingrown innutrientnutrientsolutionsolution withwith constantconstant pHpHincreasedincreasedwithwiththethe totaltotal 
ZnZn concentrations.concentrations. However,However, theeffecteffectofof thethe totaltotal ZnZn concentrationsconcentrations 
inin thethe solutionsolution containingcontaining citratecitrate withwith variablevariable pHpHwerewere lessless importantimportant 
thanthan thethe effecteffect ofof pH.pH. 

the 

ZZ INCINC ABSORPTIONABSORPTIONBYBYPLANTSPLANTSusuallyusuallyincreasesincreases withwith 
ZnZn concentrationconcentration inin solutionsolution (Carroll(Carroll andand LonerLoner

agan,agan, 1968).1968). However,However,otherotherfactorsfactors suchsuch as thethe pres
enceence ofof organicorganic ligandsligands andand pHpH maymayalsoalso affectaffect uptakeuptake 
(Chaudhry(Chaudhry andand Loneragan,Loneragan, 1972;1972; HalvorsonHalvorson andand 

as pres-

Lindsay,Lindsay, 1977).1977). ZincZincabsorptionabsorptionbybyplantsplants usuallyusually dede
÷ presumcreasescreases asas thethe concentrationconcentration ofof HH + increasesincreases presum

H÷ablyably becausebecause ofof thethe directdirect effecteffect ofof H+ toxicitytoxicity andand 
becausebecause ofof anan indirectindirect effecteffect ofof competitioncompetition betweenbetween 

~÷ H÷ ions forZnZnz+andand H+ ions foruptakeuptakesitessitesononthethe rootroot surfacesurface 
(Chaudhry(Chaudhry andand Loneragan,Loneragan, 1972).1972). TheThe effecteffect ofof pH 
maymay bemodifiedmodified by thepresencepresence oforganicorganic ligands_be by the of ligands. 
InIn thethe presencepresence ofof DTPADTPA (diethylenetriamine pentaa(diethylenetriarnine pentaa
cetic of Zncelie acid)acid) thethe uptakeuptake of Zn byby maizemaize waswas lowerlower atat 
pHpH7.57.5 thanthan atat pHpH 5.25.2 (Halvorson(Halvorson andand Lindsay,Lindsay, 1977).1977). 
EthylenediaminetetraaceticEthylenediaminetetraacetic acidacid (EDTA)(EDTA) alsoalso de-de
pressedpressed thethe uptakeuptake ofof ZnZn atat pHpH 7.5 but to a lesserlesser 
extent.extent. BothBoth syntheticsynthetic ligandsligands complexcomplex ZnZn moremore stronglystrongly 
atat pHpH 7.5,7.5, andand hencehence itit waswas thoughtthought thisthis waswas thethe causecause 
ofof decreaseddecreased uptake.uptake. However,However,thethechargechargeofof thethe metalmetal 

7.5 but to a 

complexcomplexmaymay have alsoinfluencedinfluenced the extentextent ofof up
take.take. DeKockDeKockandandMitchellMitchell (1957)(1957) foundfound thatthat uptakeuptake 
ofof metalmetal ionsions decreaseddecreased asas thethe chargecharge ofof thethe complexcomplex 
withwith EDTAEDTAandand DTPADTPAincreased.increased. 

SeveralSeveral differentdifferent typestypes ofof organicorganic ligandsligands existexist inin 
thethe rhizosphererhizosphere (Stevenson(Stevenson andand Ardakani,Ardakani, 1972)1972) andand 
somesomeofof thesethese havehave beenbeen shownshown toincreaseincrease thethe conto con
centrationcentration ofof ZnZn inin thethe soilsoil solutionsolution (Chairidchai(Chairidchai andand 
Ritchie,Ritchie, 1990).1990). ThereThere isis onlyonly limitedlimited informationinformation onon 
thethe effecteffect ofof naturallynaturally occurringoccurring organicorganic ligandsligands onon ZnZn 
absorptionabsorption byby plants.plants. Hence,Hence, thethe objectiveobjective ofof thesethese 
experimentsexperiments waswas toto studystudy thethe ZnZn absorptionabsorption byby wheatwheat 

have also the up-
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plantsplants inin thethe presencepresence andand absenceabsenceofofcitratecitrate atat variousvarious 
pHpH values.values. 

MATERIALSMATERIALS ANDAND METHODSMETHODS 

FourFour experimentsexperiments werewereconductedconductedtotoexamineexaminethetheeffectseffects ofof 
anan organicorganic ligandligand (citrate)(citrate) andand pHpH onon thethe uptakeuptake ofof ZnZn by 

in aGamenyaGamenyawheatwheatgrowngrown in anutrientnutrientsolutionsolution (Table(Table 1)1) atat 20 
±+-- I°C.1°C. PreliminaryPreliminary experimentsexperiments indicatedindicated thatthat thethe nutrientnutrient 
concentrationsconcentrations inin TableTable 11 werewere adequateadequate forfor plantplant growth.growth. 

ExperimentExperiment 11 

WeWeinvestigatedinvestigated thethe hypothesishypothesis thatthat increasingincreasing pHpH increasesincreases 
ZnZn uptakeuptake bybywheatwheatandandthetheextentextent ofof thethe increaseincrease dependsdepends onon 
thethe concentrationconcentration ofof totaltotal solublesoluble Zn (ZnT ). A completecomplete fac
torialtorial designdesign waswas usedused toto studystudy thethe growthgrowth ofof wheatwheatinin nutrientnutrient 
solutionsolution containingcontaining threethree totaltotal solublesoluble concentrationsconcentrations ofof ZnZn atat 
33 pHpHvaluesvalues(Table(Table2).2).AllAlltreatmentstreatmentswerewereinintriplicate.triplicate. 

TheThe seedsseeds werewere germinatedgerminated atat 2020 ±-+ I°C 

Zn(ZnT).A fac-

1°C onon aa wirewire meshmesh 
250/.~molL-t- 1suspendedsuspendedaboveaboveananaeratedaerated solutionsolution containingcontaining 250 J.Lmol L

Ca(NO3)2,h, 22 p,J.Lmolmol L-tH3H3BO3and 4 J.Lmol FeEDTA.FeEDTA.L-I L_ICa(N03 B03 and 4 ~mol L-* 
CalciumCalciumandand Bareareessentialessential forfor rootroot growthgrowth becausebecause theythey mainB main
taintain thethe integrityintegrity of the root membranemembrane (Haynes(Haynes andand Robbins,Robbins,of the root 

the1948).1948). WhenWhen thefirstfirst leafleaf waswas fullyfully openopen (7-10(7-10 d),d), threethree wheatwheat 
plantsplants werewere transferredtransferred toto eacheach 2.5-L2.5-L potpot containingcontaining anan aerated,aerated, 
completecompletenutrientnutrient solutionsolution (Table(Table 1).1). ZincZinc waswas suppliedsupplied asas purepure 

0.27 MHCI.metalmetal dissolveddissolved inin 0.27 M HC!.OtherOtherreagentsreagentswerewereanalyticalanalytical 
grade,grade, andand macronutrientsmacronutrients werewere purifiedpurified withwith dithizonedithizone andand 
chloroformchloroform (Hewitt,(Hewitt, 1952).1952). NutrientNutrient solutionssolutions werewere replacedreplaced 
everyevery 2424 h.h. 

+-_SolutionSolution pHpH valuesvalues fromfrom 4.0-5.24.0-5.2 ± 0.050.05 werewere createdcreated byby
-~of 0.1 L KOHKOHandandadjustedadjusted to thethe desireddesiredthethe additionaddition of 0.1 molmol L -1 to 

values,values, onceonce atat thethe timetime thethe nutrientnutrient solutionsolution waswas replacedreplaced andand 
The of K wasthenthen 1010 hh later.later. The amountamount of K addedadded was alwaysalways <4%<4% ofof 

thethe amountamountsuppliedsuppliedbybythethe completecompletenutrientnutrient solution.solution. 

ExperimentExperiment 22 

theWeWestudiedstudied theeffecteffectofof increasingincreasing citratecitrate concentrationconcentration onon 
thethe uptakeuptake ofof ZnZn byby wheatwheat atat aa constantconstant pHpH ofof 5.55.5 _+± 0.10.1 
(Table(Table 2).2). TheThe experimentexperimentwaswasananincompleteincompletefactorialfactorialofof threethree 
totaltotal solublesoluble concentrationsconcentrations ofof ZnZn andand threethree concentrationsconcentrations ofof 

The andcitrate.citrate. The experimentalexperimental preparationpreparation and methodmethod werewere thethe samesame 
asas inin experimentexperiment1,1, exceptexcept aplantplant densitydensityofoffivefive plantsplants perper 55 
LL potpot waswas usedused andand pHpHwaswascontrolledcontrolledatat pHpH5.55.5+--± 0.10.1 byby 

a 

-~thethe presencepresence of 1 mmolmmol LL-I MESMES(2-[N-morpholino](2-[N-morpholino] ethaneethane 
sulphonicsulphonic acid)acid) asas describeddescribed byby EwingEwing andand RobsonRobson (1990).(1990). 
CitrateCitrate waswas addedaddedasas thethe potassiumpotassiumsalt.salt. TheThenutrientnutrient solutionsolution 

of 1 

TableTable 1.1. ConcentrationsConcentrations (p.mol L_1)ofof basalbasal nutrientsnutrients inin wheatwheat 
growthgrowth experiments.experiments. 

(/tmol L-1) 

NutrientsNutrients Exp.Exp. 1,1, 3,3, andand 44 Exp.Exp. 22 

L-1MacroMacro ---- ConcentrationConcentration ILmol/tmol L -, --
NH~NO~ 
Ca(NO~)~.4H20 
KHzPO~ 
K2SO,~
MgCI~.6HzO 
CaCI~ 
(NH,)2SO, 

NH.N°3 
Ca(NO,h.4H,O 
KH,PO. 
K,SO. 
MgCI,.6H,O 
CaCl, 
(NH.),SO. 

-
-

100100 
500500 
2020 
200200 
100100 

401~ 

150 

400 
2020 
ISO 
100100 
100100 
5050 

MicroMicro 
HaBOjH,BO, 22 22 
CuSO~.SH20CuSO•.5H,O 0.10.1 0.10.1 
M~O4.H20 
FeSO~ 
MnSO•.H,O 
FeSO. 

0.250.25 
44 

0.250.25 
44 

322322� 
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inTableTable 2.2. TreatmentsTreatments imposedimposed in Exp.Exp. 1-4.1-4. 

~. 10tActualActual ZnZnconcentrationsconcentrationshavehavebeenbeenmultipliedmultipliedbybyeithereither1010'oror 1()6. 

TreatmentsTreatments 

ExperimentExperiment 
no.no. TotalTotal ZnZn TotalTotal citratecitrate pHpH 

p, mol L -~ I£mol L- 1 

1 0.0080.008 00 4.04.0 
00 4.64.6 
00 5.25.2 

0.0150.015 00 4.04.0 
00 4.64.6 
00 5.25.2 

0.0500.050 00 4.04.0 
00 4.64.6 
00 5.25.2 

22 0.0040.004 00 5.55.5 
0.0080.008 00 5.55.5 

1919 5.55.5 
0.0150.015 00 5.55.5 

1616 5.55.5 
5050 5.55.5 

33 0.0040.004 00 4.74.7 
0.0080.008 00 4.74.7 

2525 4.54.5 
0.0150.015 00 4.64.6 

2020 4.54.5 
6565 4.04.0 

44 0.0150.015 00 4.74.7 
00 4.54.5 
00 3.73.7 

6565 6.36.3 
6565 6.96.9 
6565 7.17.1 

~ 
concentrationconcentrationofofeacheachZnZnspeciesspeciesdivideddivided by its charge)charge):j: E(the~(the by its 

waswas replacedreplaced everyevery 7272 andand 48 h in thethe firstfirst and secondsecond weeksweeks48 h in and 
ofof thethe experiment,experiment, respectively,respectively, andand everyevery 24 hthereafter.thereafter.24 h 

ExperimentExperiment 33 

AnAnincompleteincompletefactorialfactorial designdesign waswasusedused tostudystudythetheeffecteffect 
ofof citratecitrate on ZnZn uptakeuptake byby wheatwheaton atat acidicacidic pHpH valuesvalues (4.3-4.7 

to 
(4.3--4.7 

---± of Zn0.05)0.05) andand threethree totaltotal concentrationsconcentrations of Zn consideredconsidered toto bebe 
deficient,deficient, moderatelymoderately deficientdeficient andand adequateadequate forfor plantplant growthgrowth 

as(Table(Table 2).2). TheThe experimentalexperimental proceduresprocedures werewere thethe samesame as in 
1Exp.Exp. 1exceptexcept thethe plantplant densitydensity whichwhich waswasfivefive plantsplants perper 55 LL 

pot.pot. CitricCitric acidacid waswas thethe sourcesource ofof thethe citratecitrate andand pHpH variation;variation; 
Zn(NO3)2.ZnZn waswas suppliedsupplied asas Zn(N03)2' 

ExperimentExperiment 44 

aTheThe effecteffect ofof a widewide rangerange ofof pHpH (4.3-7.1)(4.3-7.1) onon ZnZn uptakeuptake 
byby wheatwheat inin thethe presencepresence andandabsenceabsenceofofcitratecitrate waswas studiedstudied 

con-usingusing anan incompleteincomplete factorialfactorial designdesign (Table(Table 2).2). TheThe ZnZn con
centrationcentration usedused waswas consideredconsidered adequateadequate forfor plantplant growthgrowth inin 
thethe absenceabsence ofof citrate.citrate. TheThe pHpH valuesvalues werewere adjustedadjusted toto thethe 

_-_ 0.050.05 (Table(Table 2) withwith 5 mLmL2) 5 ofof 0.05,0.05, 0.1,0.1, ordesireddesired valuesvalues ± 
-~ 	 -~ 0.150.15 molmol L-' KOHKOH or 0,0.01, oror 0.150.15 molmol L-' HC!. SourcesSources 

ofof ZnZn andand citratecitrate werewere thethe samesame asas inin Exp.Exp. 3.3. TheThe experimentalexperimental 
preparationpreparation andand methodsmethods werewere thethe samesame asas inin experimentexperiment 11 
exceptexcept thethe plantplant densitydensity whichwhich waswasfivefiveplantsplants perper pot.pot. 

L or 0, 0.01, L HCI. 

PlantPlant AnalysisAnalysis 

TheThe plantsplants inin eacheach ofof thethe experimentsexperiments werewere harvestedharvested atat 2121 
d,d, exceptexcept forfor Exp.Exp. 2,2, inin whichwhich thethe plantsplants werewere harvestedharvested atat 2828 

of wasd.d. TheThe totaltotal freshfresh weightweight of thethe plantsplants was measured,measured, andand shootshoot 
70 ± 5°C5°C forforandand rootroot drydry weightsweights determineddetermined afterafter dryingdrying atat 70 ±� 

atat leastleast 72 h. The shootsshoots were digesteddigested72 h. The in inHN03 HCIO,
were HNO3andand HCI04 

(Johnson(Johnson andand Ulrich,Ulrich, 1959),1959), andand thethe concentrationconcentration ofof ZnZn in 

Speciation~ZnZn Speciationt 
I(l£moles:j:~(/tmoles~:

~ - ZnJcharge)ZnZnZ++ ZnOH+ ZncitZncit Zn/charge)
~)	 6) a) ~)(x 10')� (x 10') (x 10')( x 10	 ( x 10 ( x 10 ( x 10

I£mol L-I ----------- ~tmol L-I 
7.677.67 1.911.91 -- 3.843.84 
7.677.67 7.777.77 -- 3.853.85 
7.647.64 29.5429.54 -- 3.853.85 

14.414.4 3.663.66 -- 7.207.20 
14.414.4 14.6414.64 -- 7.217.21 
14.414.4� 47.3947.39 -- 7.237.23 
48.048.0 12.2112.21 -- 24.024.0 
48.048.0� 43.2143.21 -- 24.024.0 
47.947.9 139.9139.9 -- 24.124.1 

3.813.81 24.6324.63 -- 1.931.93 
7.627.62 49.2649.26 -- 3.863.86 
3.723.72 23.9823.98 4.004.00 5.885.88 

14.314.3� 92.3692.36 -- 7.247.24 
7.607.60 49.0449.04 6.856.85 10.710.7 
3.683.68 23.7623.76 10.910.9 12.712.7 

3.843.84� 3.823.82 -- 1.921.92 
7.677.67� 7.127.12 -- 3.843.84 
6.176.17� 3.663.66 1.211.21 4.304.30 

14.114.1 12.1312.13 -- 7.217.21 
11.911.9 7.457.45 2.012.01 7.977.97 
12.412.4 2.532.53 1.081.08 7.307.30 

14.414.4� 13.2613.26 -- 7.217.21 
14.414.4 8.898.89 -- 7.207.20 
14.414.4 1.451.45 -- 7.207.20 
2.292.29 102.7102.7 12.512.5 13.7113.71 
2.182.18 337.6337.6 12.412.4 13.8013.80 
2.132.13 587.5587.5 12.212.2 13.3013.30 

TableTable 3.3. ExperimentExperiment1.1. TheTheeffectseffects ofof totaltotal ZnZn concentrationconcentration 
[Znx],inin solutionsolution [ZnT)' andand pHpH onon drydry weight,weight, ZnZn concentrationconcentration 

andand ZnZncontentcontentofofwheatwheatshoots,shoots, rootroot freshfresh weightweight andand thethe 
root/totalroot/total freshfresh weightweight ratio.ratio. 

Root/Root!TreatmentsTreatments ShootsShoots 
RootRoot TotalTotal 

ZnZn ZnZn freshfresh freshfresh 
[Zn-r] drydrywt.wt. contentcontent wt.wt.[ZIlTI pHpH cone.cone. wt.wt. 

-1	 pg g-1 gg plant-Iplant-,pmol LI£mol L-I g plant-~g plant- 1 I£g g-I ~g plant-~I£g plant-I 
0.0080.008 4.04.0 0.0360.036 14.1014.10 0.500.50 0.410.41 0.650.65 

4.64.6 0.0700.070 15.3215.32 1.071.07 0.650.65 0.520.52 
5.25.2 0.1060.106 14.9114.91 1.601.60 0.680.68 0.420.42 

0.0150.015 4.04.0 0.0460.046 17.4017.40 0.800.80 0.450.45 0.580.58 
4.64.6 0.0970.097 15.4715.47 1.491.49 0.670.67 0.460.46 
5.25.2 0.1750.175 13.6713.67 2.402.40 0.880.88 0.390.39 

0.050.05 4.04.0 0.0700.070 21.3721.37 1.471.47 0.370.37 0.390.39 
4.64.6 0.1060.106 17.9517.95 1.901.90 0.690.69 0.450.45 
5.25.2� 0.1770.177 17.7517.75 3.143.14 0.920.92 0.400.40 

AnalysisAnalysis ofof VarianceVariance 

[ZnTI *** *** *** NSNS ***[ZnT] ••• ••• ••• ••• 
*** NSNS *** ••• ***pHpH ••• ••• *** ••• 

[ZnTI[Znxl x× pHpH *• NSNS NSNS NSNS *** 

.,••• SignificantSignificant atat thethe 0.05 and 0.001 probabilitylevels,levels, respectively,respectively,* *** 0.05 and 0.001 probability
I~S,NS, NotNot significant.significant. 

thethe digestdigest waswas determineddetermined byby atomicatomic absorptionabsorption spectrophospectropho-
CT).tometrytometry (Perkin(Perkin ElmerElmer 5000,5000, Wilton,Wilton, Cf). 

SpeciationSpeciation CalculationsCalculations 

TheThe activitiesactivities ofof thethe freefree Zn ionion (ZnZn 2 +), hydrolysedhydrolysed Zn(Zn2÷),
÷) and Zn citrate (Zncit-) 1 3)(ZnOH(ZnOH +) and Zn citrate complexcomplex (Zncit -)(Table(Table 1andand 3) in 

thethe nutrientnutrient solutionssolutions werewere calculatedcalculated withwith aa chemicalchemical equilibequilib
(Cabaniss, 1987) and the thermoriumrium programprogram TITRATORTITRATOR (Cabaniss, 1987) and the thermo

dynamicdynamicstabilitystability constantsconstants at 20°C20°C givengiven byby LindsayLindsay (1979)(1979)at 
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0.0 Io- "'- .....J 
I ¯ 

0.0 
0o 0.0020.002 0.0040.004 

Zni/charge)/[H:L{molesY(moles ofof Zni /charge)/[H +] 

Fig, 1. The relationshiprelationship betweenbetween (a)(a) totaltotal Zn concentrationconcentration orFig. 1. The Zn or 
(b)(b) 2:(moles Zn,/charge)/[H+] andand shootshoot drydry mattermatter ofof wheatwheatY~(moles ZnJcharge)/[H +] 
IJiants atat pHpH 4.0 (0), 4.6 (e) andand 5.2 (0).plants 4.0 ((~)), 4.6 (0) 5.2 

andand MartellMartell andand SmithSmith (1977).(1977). TheThecalculationscalculations includedincluded re
actionsactions betweenbetween allall cationscations andand anionsanions inin TableTable 22 asas givengiven inin 
LindsayLindsay (1979).(1979). ActivityActivity coefficientscoefficients werewere calculatedcalculated withwith thethe 

re-

GuntelbergGuntelberg equation.equation. CarbonCarbon dioxidedioxide concentrationsconcentrations werewere as
sumedsumed to beequivalentequivalent to thethe atmosphericatmospheric concentrationconcentration be

as-
to be to be-

werecausecause thethe solutionssolutions were continuallycontinually aerated.aerated. 

StatisticalStatistical AnalysisAnalysis 

TheThe datadata were analyzedanalyzed bybyestimatingestimating standardstandard errors,errors, AnalysisAnalysis 
ofof Variance,Variance, simplesimple linearlinear and non-linearnon-linear regressionregression (y = A 

were 
and (y = 

+ Be-""), andand stepwisestepwise mUltiplelinearlinear regression.regression.+ Be-c"), multiple 

RESULTSRESULTS 

ExperimentExperiment 11 

ZincZinc deficiencydeficiency symptomssymptoms firstfirst occurredoccurred on Day 1313on Day 
on the youngestyoungest fullyfully expandedexpanded bladeblade of the plantsplants growno:n the of the grown 
withwith 0.008 I-tmol LL-1-I ZnZn at pHpH 5.2.5.2. TheThe symptomsymptom first 
appearedappeared asas aa bruisebruise patchpatch inin thethe middlemiddle ofof thethe leaves.leaves.

0.008/zmol at first 

OneOne toto 22 dd laterlater thisthis area becamebecame necroticnecrotic andand thethe nearea ne
croticcrotic area expandedexpanded to cover approximatelyapproximately 50%50% ofof thethearea to cover 
leafleaf area at harvest.harvest.area at 

TheThe plantsplants growngrown in solutionssolutions atat the otherother pHspHs atat 0.0080.008in the 

0.50.5 (a)(a) 

50 ~ 1650 t
16 

0.4 f .0 
"':'’ 
-~ 

§ 

t~ 

boO I I0.30.3 ,, - 0,006I,~ 0.006 0.0100.010 0.0140.014 
Q,) 
~
 
~
 

"1)(~rnol= TotalTotal ZnZnconcentrationconcentration (J.1lDol L'I)e 
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0.50.5"0 (b)
0 

..d !00 

1�o., 1~
 
0.4 

f 
,, I !0.30.3 --------"'--------1

0o 0.0030.003 0.0050.005 

÷ ]Y(moles of Zn i/charge)/[H:L{moles of Zn i /charge)/[H +] 

Fig.Fig. 2.2. TheThe relationshiprelationship betweenbetween (a)(a) totaltotal ZnZn concentrationconcentration oror 
(b)(b) ~(moles~(moles Zn,/charge)/IH+] andand shootshoot drydry mattermatter ofof wheatwheatZnJcharge)/[H ÷ ] 

(~,, Q, ") of (/~),plantsplants inin thethe absenceabsence CA, e, .) oror presencepresence of1616 (6), 19 
~ (0)((~)) oror S050 (0)([--]) ILmol L -I ofof citratecitrate atata a/zmol L- constantconstant solutionsolution 

pHpHofof5.5.5.5. 

~mol L-1I-tmol L -IZnZnstartedstarted developingdeveloping deficiencydeficiency symptomssymptoms 22 
dd later.later. TheThe symptomssymptoms inin thesethese plantsplants werewere moremore severesevere 
thanthan atat pHpH 5.25.2 andand thethe plantsplants werewere stunted.stunted. WheatWheat growngrown 
inin 0.0150.015 I-tmol LL -a-1 ZnZn atat pHpH 4.64.6 developeddeveloped symptomssymptoms 
onon thethe samesame day,day, butbut thethe symptomssymptoms werewerenotnot asas severe.severe. 

~mol 

-1ByBy harvestharvest timetime onlyonly plantsplants at 0.0150.015 and 0.05 p.mol L-l 
ZnZn atat pHpH 5.25.2 werewere withoutwithout symptoms.symptoms. 

TheThe shootshoot drydry mattermatter contentcontent ofof thethe plantsplants increasedincreased 

at and 0.05/xmol L 

la). Maxi-asymptoticallyasymptotically withwith ZnZn supplysupply andand pHpH (Fig.(Fig. 1a). Maxi
mummumgrowthgrowthoccurredoccurred atat 0.015 p.mol LL-x-1 ZnZn atat pHpH 5.25.2 

/~mol L-1 in-
0.015/~mol 

andand 4.64.6 andand atat 0.050.05 p.mol L -1 ZnZn forfor pHpH 4.0.4.0. TheThe in
creasecrease inin yieldyield waswas 2.52.5 timestimes greatergreater atat pHpH 5.25.2 thanthan atat 
pHpH 4.0.4.0. TheThe differencedifference inin shootshoot drydry mattermatter couldcould notnot bebe 
explainedexplained byby aa singlesingle effecteffect ofof eithereither thethe concentrationconcentration 
inin solutionsolution of Znn Z, or H+.÷ However,However, therethere werewere goodgood 
asymptoticasymptotic correlationscorrelations betweenbetween shootshoot drydry mattermatter andand 

ZnOH+ZnOH (,-2 = 0.84),0.84), ZnT/[H+]+] (r(r2 ==0.85).and 

of Zn-r, Z, or H . 

÷ (r 2 = ZnT/[H 0.85) andthethe ratioratio 
ofof thethe sumsum ofof molesmoles perper chargecharge ofof ZnZn speciesspecies (Zni)(Zni) andand 
H+, E(moles Zni/charge)/[H +] (r 2 == 0.85,0.85, Fig.Fig. 1b).H+, ~(moles Zn/charge)/[H+] (,-2 lb). 

TheThe ZnZn concentrationconcentration ofof thethe shootsshoots increasedincreased withwith ZnZn 
asupplysupply (Table(Table 3).3). AtAt a constantconstant supplysupply ofof Zn,Zn, thethe Zn 

concentrationconcentration ofof thethe shootsshoots diddid notnot varyvary significantlysignificantly withwith 
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TableTable 4.4. ExperimentExperiment 2.2. DryDry weight,weight, ZnZn concentration,concentration, andand ZnZn 
contentcontent ofof wheatwheat shootsshoots atat variousvarious concentrationsconcentrations ofof Zn,Zn, 
[ZnTl, andandcitrate,citrate, [citrl, in solutionsolution atat pHpH 5.5.5.5.[ZnT], [cirri, in 

TreatmentsTreatments Shoots~"Shootst 

[ZnT][ZnT) Icier][citr) drydry wt.wt. ZnZn conc.conc. ZnZn contentcontent 

--- pmol L -~ #£moI L- 1 - -~ plantgg plant- 1 /tg g-i#£g g-I /tg plant -~#£g plant-I 
0.0040.004 - 0.320.32 aa 17.6217.62 5.755.75 
0.0080.008 - 0.380.38 abab 18.6218.62 8.988.98 
0.0080.008 1919 be0.410.41 bc 16.8816.88 7.257.25 
0.015O.ot5 - be0.450.45 bc 20.9720.97 9.659.65 
0.0150.015 1616 0.440.44 cc 17.1717.17 7.657.65 
0.0150.015 5050 0.460.46 cc 19.4819.48 9.359.35 

AnalysisAnalysis ofof VarianceVariance 

TreatmentsTreatments **•• NSNS NSNS 

** Significant 0.005 probability Not significant... Significant atat thethe 0.005 probability level,level, andand NS,NS, Not significant. 
b All a no commonletter aret a,a, b All valuesvalues withinwithin a columncolumn withwith no common letter aresignificantlysignificantly 

differentdifferent (p << 0.005).0.005).(/7 

pHpH(p(p <<0.05).0.05).DryDrymattermatteryieldyieldwaswasnotnotwellwellcorrelatedcorrelated 
withwith thethe ZnZn concentrationconcentration ofof thethe shoots.shoots. ZincZinc contentcontent 
increasedincreased asymptoticallyasymptotically withwith thethe ratioratio Y.(moles Zn~/~(moles Zn/ 
charge)/[H ÷] ZnT/[H+]charge)/[H+] andand withwith ZnT/[H+] (data(data notnot shown).shown). 

AtAt aa constantconstant concentrationconcentration ofof ZnZn supply,supply, rootroot freshfresh 
weightweight increasedincreased withwith pHpH inin aa similarsimilar mannermanner toto shootshoot 
growthgrowth (Table(Table3).3). 

WhenWhenrootrootfreshfresh weightweight waswasexpressedexpressedasas aa proportionproportion 
ofof totaltotal growthgrowth onon aa freshfresh weightweight basis,basis, thethe proportionproportion 

Znr con-significantlysignificantly decreaseddecreased withwith ZnT whenwhen pHpH waswas heldheld con
stantstant (Table(Table 3).3). TheThe percentagepercentage ofof totaltotal freshfresh weightweight 

toattributableattributable to rootsroots decreaseddecreased asas thethe ZnZn contentcontent ofof thethe 
and aplantsplants increasedincreased and reachedreached a minimumminimum valuevalue whenwhen ZnZn 

-> 1.5/zgcontentcontent waswas 2; 1.5 p,g perper plantplant (Table(Table 3).3). AA similarsimilar trendtrend 
observed the ratio towaswas alsoalso obseIVedwhenwhen the ratioofofrootroot tototaltotal freshfresh 

aweightweightwaswasplottedplottedasas a functionfunction ofof thethe ratioratio betweenbetween thethe 
H÷,of Zn octotaltotal molesmoles perper chargecharge of Zn andand H+, thethe minimumminimum oc

-3. ratio _> 5 × 1010-3 •curredcurred atat thethe ratio;:::: 5 x 

ExperimentExperiment 22 

L-1harvest, at /.~mol ZB werewereAtAt haIVest, thethe plantsplants at 0.0040.004 JLmol L- 1 Zn 
stunted.stunted. TheseThese plantsplants hadhad ZnZn deficiencydeficiency symptomssymptoms asas 

1 	 ocexplainedexplained inin Exp.Exp. 1 However,However, thethe symptomssymptoms whichwhich oc
curredcurred byby DayDay 2020 diddid notnot becomebecome severe.severe. 

TheThe shootshootdrydrymattermatter contentcontentofof thethe plantsplants increasedincreased 
sigwithwith ZnZn supplysupply (Fig.(Fig. 2a).2a). However,However, therethere waswas nono sig

nificantnificant differencedifference (p(p<< 0.05)0.05) inin shootshoot growthgrowth inin thethe 
presencepresence andand absenceabsence ofofcitratecitrate atat eacheach ZnZn supplysupply ofof 

-1/~mol0.0080.008 andand 0.0150.015 p,mol LL-I(Table(Table4).4). DryDrymattermatter yieldyield 
increasedincreased withwith thethe ratioratio ofof thethe sumsum ofof molesmoles perper chargecharge 

H÷ofof ZnZn speciesspecies andand H + andand reachedreached thethe maximummaximum valuevalue 
2atat ratioratio ;::::0.003>0.003 (Fig.(Fig. 2b;2b; asymptoticasymptotic regression,regression, r2 == 

corre0.94).0.94). DryDry mattermatter yieldyield waswasalsoalso asymptoticallyasymptotically corre
latedlated withwith totaltotal ZnT/[HZna-/[H+]+](r2(r ~== 0.92).0.92). 

ShootShoot drydry mattermatter accountedaccounted forfor 75%75%ofofthethevariationvariation 
inin thethe ZnZn contentcontent ofof thethe shoots.shoots. TheThe ZnZn concentrationsconcentrations 
ofof thethe shootsshoots wereweresimilarsimilarinin allall treatmentstreatments (Table(Table 4).4). 

ExperimentExperiment 33 

TheThe firstfirst ZnZn deficiencydeficiency symptomsymptom appearedappeared onon thethe 
youngestyoungest fullyfully expandedexpandedbladesblades ofof thethe plantsplants atat 0.0040.004 

-1/~mol DayDay12,12, andand it waswas veryvery severesevereit 	 bybyJLmol LL-I ZnZn onon 
harvest 	 aphaIVest time.time. TwoTwo toto 33 dd laterlater thethe symptomssymptoms alsoalso ap

at 0.015/~mol L-1pearedpeared onon allall thethe plantsplants exceptexcept thosethose at 0.015 JLmol L- 1 

withwith nono citrate.citrate. AmongAmongthesethese plants,plants, thethe onesones atat 0.0150.015 

0.160.16 (a)(a) 

~ 2Oo 20 

•2 2525 

0.080.08 
~1l 6565 

0.00 L- -.&� ..... 
0.00	 ! , I 

0.00o 0.0080.008 0.0160.0160.000 

(gtnol )TotalTotal ZnZn concentrationconcentration (j.Ul101"1L·1
) 

0
0 

0.160.16 (b) 

0.140.14 0 

0.120.12 ? 
0.100.10 

! 

0.080.08 

4 
+ 

0.060.06 ! 

o0 0.000150.00015 0.00030.0003 

Y(moles ofI,(moles ofZnZni/charge)/[Hi/charge)/[H +] 

Fig.Fig. 3.3. TheThe relationshiprelationship betweenbetween (a)(a) totaltotal ZnZn concentrationconcentration oror 
(b)(b) 1:(moles Zn/charge)/[H+) andand shootshoot drydry mattermatter ofof wheatwheat 
plantsplants inin thethe absenceabsence (A, O, l)CA, 0, .)ororpresencepresence of 20 (0), 25 

Z(moles ZnJcharge)/[H ÷ ] 
of 20 (l--I), 

-~ (e) oror 6S (6) ,...mol L- 1 t v arious(0) 65 (A) ~tmol ofofcitrate acitrate at variouspHs.pHs. 

JLmol L-I ZnZn withwith 65 p,mol L-Icitratecitrate becamebecame stuntedstunted 
andand theirtheir rootsroots werewere veryvery shortshort andand producedproduced aa greatgreat 

of on the latter 

/zmol L-t 65/zmol L-t 

amountamount ofmucilage.mucilage. TheThesymptomssymptoms on the latter plantsplants 
becamebecame asseveresevereasas thosethose atat lowestlowest ZnZn concentration.concentration. 

InIn thethe absenceabsence ofof citrate,citrate, shootshoot drydry mattermatter increasedincreased 
as 

At and 0.015/xmolwithwith totaltotal ZnZn supplysupply (Fig.(Fig. 3a).3a). At 0.0080.008 and 0.015 JLmol 
~L-I Zn,Zn, however,however, drydry mattermatter decreaseddecreased whenwhencitratecitrate waswasL-

25/zmol L-~addedadded (Table(Table5).5). InIn thethe presencepresence ofof 25 p,mol L-Icitratecitrate 
0.008/xmolL- 1atat 0.008 JLmol L -IZn,Zn,thethedrydry mattermatterdecreaseddecreasedslightly,slightly, 

whereaswhereas therethere waswas aa markedmarked decreasedecrease (p < 0.05)0.05) whenwhen(/7 < 
65 JLmol L -Icitratecitrate waswas addedadded toto 0.015 JLmol L-I Zn.Zn.65/~mol L-1 	 0.015/~mol L-1 
DryDry mattermatter yieldyield waswaswellwellcorrelatedcorrelated withwith eithereither ZnT/ZnT/ 
[H÷] (r ~[H+] (r2 = 0.95;y= 0.95; y = A + Be= A + -’:x)Be- CX 

)ororthethe ratioratio betweenbetween 
÷ (r~thethe sumsum ofof molesmoles perper chargecharge ofof ZnZn speciesspecies andand HH + (r2 

(r 2 == 0.98;0.98; yy = + Be-’:x; ;(r2 = AA + Be-cx Fig.Fig. 3b).3b). NoneNone ofof thethe ZnZn 
speciesspecies inin solutionsolution couldcould adequatelyadequately predictpredict drydry mattermatter 
yieldyield bybyfittingfitting aa singlesingle equationequation toto aa plotplot ofof yieldyield versusversus 

comthethe concentrationconcentration ofof anan individualindividual ZnZn species.species. TheThe com
binedbined effecteffect of Zn2 +, Zncit-,Zncit-, and H+ howeverhowever couldcould 
accountaccountforfor 88%88%ofofthethevariationvariation inin thethe drydry mattermatter contentcontent 
byby multiplemultiple regression.regression. 

of Zn2÷, and H÷ 

InIn thethe absenceabsence ofof citrate,citrate, Zn contentcontent andand concentrationconcentration 
ofof thethe plantsplants bothboth increasedincreased withwith ZnZn supplysupply (Table(Table 5).5). 

Zn 
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Tablle S. ExperimentExperiment 3. DryDry weight,weight, Zn concentrationconcentration andand ZnZn 
contentcontent ofof wheatwheat shootsshoots atat variousvarious concentrationsconcentrations ofof Zn,Zn, 

Tablte 5. 3. Zn 

IZnT ], andandcitrate,citrate, lci~], in solution.solution.IZn~.], [cit, r], in 
TreatmentsTreatments� Shoots~"Shootst 

(citTl drydry wt.wt.� cone. Zncontentcontent[Znr](ZnTl [citr] pHpH ZnZn conc. Zn 

-~) g plant-I /~g g-i -1I£g plant-I 
0.1)04 -- 4.74.7 0.090.09 aa 7.017.01 aa 0.630.63 aa 

--- (pmol(I£mol L-I) -- - g plant-~ I£g g-I /tg plant
0.004 

.0.008 -- 0.120.12 bcbc 8.228.22 abab 0.990.99 bb·0.008 4.74.7 
0.0080.008 2525 4.54.5 0.110.11 bb be10.1710.17 bc 1.121.12 bb 

10.32 bc 1.471.47 cc0.0150.015 00 4.64.6 0.1420.142 dd 10.32 bc 
0.0150.015 4~5 " 0.1380.138 cdcd 1.671.67 cc2020 4:5 ¯ 12.1012.10 cc 
0.0150.015� 0.071 a6565 4,04.0 0.071 a 7.587.58 aa 0.540.54 aa 

AnalysisAnalysis ofof VarianceVariance ....TreatmentsTreatments� •••*** ••** **.* 

•••••• SignificantSignificant atat thethe 0.0050.005 andand0.0010.001probabilityprobabilitylevels,levels, respectively.respectively.**,*** 
t a,ba,b AllAll valuesvalues withinwithin a columncolumn withwith no common letter aresignificantlysignificantly 

differentdifferent (p(p << 0.005).0.005). 
a no commonletter are 

AtAt aa constantconstant concentrationconcentration ofof ZnZn supplysupply thethe ZnZn contentcontent 
ofof thethe plantsplants decreaseddecreased whenwhen 2525 andand 65 JLmol L -1ofof thethe65/zmol L-1 

L-1toto 0.0080.008 andand 0.0150.015 JLmol L -1 ZnZn 
treatments,treatments, respectively.respectively. TheThe presencepresenceofofthethe citratecitrate hadhad 

in 

ligandligand werewere addedadded� /~mol 

nono effecteffect onon ZnZn concentrationconcentration in thethe plantsplants exceptexcept atat thethe 
-~ to the ~mol ZnZntreatment,treatment,highesthighest additionaddition to the 0.0150.015 JLmol LL -1 

whenwhenZnZn concentration decreased.decreased.concentr~ition 

ExperimentExperiment 44 

AllAll plantsplants growngrown inin thethe absenceabsence ofof citratecitrate producedproduced 
ZnZn deficiency' symptomssymptomswhereaswhereasthosethose in thethe presencepresence 
ofof citratecitrate werewere freefree ofof symptoms.symptoms. TheTheseverityseverity ofof thethe 
symptomsymptomincreasedincreased withwith decreasingdecreasing pH.pH. 

ShootShoot drydry mattermatter ofof plantsplants growngrown inin thethe presencepresence ofof 

deficiency 	 in 

citratecitrate tendedtended to be higherhigher thanthan forfor thosethose growngrown inin thethe 
absenceabsence andand thethe differencedifference inin growthgrowth increasedincreased withwith pHpH 
(Table(Table 6).6). TheThe yieldyield ofof plantsplants fromfrom treatmentstreatments withwith pH 
>> 5.55.5 wereweregreatergreater thanthan anticipatedanticipated fromfrom Exp.Exp. 11 (by(by 

to be 

comparingcomparingthetheratioratio ofof yieldsyields at pHpH 5.25.2 andand 4.64.6 inin Exp.Exp.at 
11 withwith thethe ratioratio ofof yieldsyields at pH 6.36.3 andand 4.64.6 inin Exp.Exp. 4).4).at pH

2+TheThe molesmoles perper chargecharge ofof ZnZn2 +andandZncit-Zncit-separatelyseparately 
accountedaccounted forfor 7272 andand 71 % of thevariationvariation inin shootshoot drydry71%of the 

0.3 

f 
0.2 

0.1 

0.0 '- -a. ~ 

0o 0.10.1 0.20.2 , . 

Y~(moles Zn i/charge)/[Hr,{rnoles ofof Zni!charge)![H +] 

~Fig.Fig. 4.4. TheThe relationshiprelationship betweenbetween ~(moles ZnJcharge)/[H+] andandY-(moles Zn~/charge)/[H÷] 
shootshoot drydry mattermatter ofof wheatwheatplantsplants inin thethe absenceabsence oror presencepresence 

L-I/tmolofof 6565 #£mol L-' ofofcitratecitrate atat pHpH 3.73.7 toto 7.1.7.1. 

TableTable 6.6. ExperimentExperiment 4.4. ShootShoot drydry weight,weight, ZnZn concentrationconcentration 
ofandand ZnZncontentcontent of wheatwheat plantsplants growngrown inin thethe presencepresence (+)(+) 

(-) of 65 ~tmol -t citrate, [citrate,citr], a and 0.015nd 0 .015oror absenceabsence (-) of 65 p.mol� L-I lci~], 

p.mol VI ZnZn in solutionsolution atat variousvarious pH.pH./~moi L-1 in 

TreatmentsTreatments� Shoots~"Shootst 

(ci~l[citr] pHpH drydry wt.wt. ZnZn conc.conc. ZnZn contentcontent 

-I	 -1g plant-I /tg g-~ I£g plant-I(I£mol(/tmol L-')-I) g plant I£g g-I /tg plant
00 4.74.7 0.140.14 aa 12.5612.56 aa 1.791.79 abab 

13.78 a 2.042.04 bb00 4.54.5 0.200.20 abab 13.78 a 
00 3.73.7 0.150.15 aa 9.289.28 bcbc 0.880.88 aa 

6565 6.36.3 0.210.21 abab 17.4817.48 bb 3.583.58 
18.28 b 4.694.69 cc6565 6.96.9 0.2670.267 bb 18.28 b 

6565� 7.17.1 0.2800.280 bb 18.5818.58 bb 5.025.02 cc 
AnalysisAnalysis ofof VarianceVariance 

TreatmentsTreatments� •••NSNS •••*** *** 

••• SignificantSignificant atat thethe 0.0010.001 probabilityprobability level,level, and NSNS =notnotsignificant.significant.*** 	 and = 
t a,ba,b AllAll valuesvalues withinwithin a column withwith no common letter aresignificantlysignificantly 

differentdifferent (p(p << 0.005).0.005). 
a eolunm no commonletter are 

matter.matter. TheThe combinedcombinedeffecteffect ofof thethe twotwo ZnZn species,species, how
ever,ever, accountedaccounted forfor 87%87%ofofthethe variation.variation. TheThe shootshoot drydry 
mattermatter alsoalso correlatedcorrelated wellwell withwith thethe ratioratio ofof molesmoles perper 

how

-’ ~’)+ Bechargecharge ofof ZnZn toto H+H* (Fig.(Fig. 4;4;r ~== 0.79;y0.79;y == AA + Be- CX 
) 

ZnT/[H÷] 2 = 0.79;0.79; yy == AA ++ Be- CX
).andand ZnT/[H+] (r(r = Be-~"). 

BothBoth ZnZnconcentrationconcentration andandZnZncontentcontentinin plantplant shootsshoots 
werewerehigherhigher in thethe presencepresence ofcitratecitrate thanthan inin thethe absenceabsence 
(Table(Table 6).6). InIn thethe presencepresence ofof citrate,citrate, ZnZn concentrationsconcentrations 
wereweresimilarsimilaratat allall pHpH values.values. InIn thethe absenceabsenceofofcitrate,citrate, 
thethe concentrationconcentration increasedincreased whenwhen pHpH changedchanged fromfrom 3.73.7 
toto 4.54.5 (p(p << 0.05).0.05). InIn thethe presencepresenceofofcitrate,citrate, ZnZn contentcontent 

in of 

increasedincreased (p(p << 0.05)0.05) asas pHpHroserosefromfrom6.36.3 to 6.9.6.9. InIn thethe 
absenceabsence ofof citrate,citrate, it increasedincreasedit (p (p< < 0.05)0.05) whenwhen pH 
changedchanged fromfrom3.73.7toto 4.5.4.5. 

to 

AllAll ExperimentsExperiments 

TheThe ZnZncontentcontentandandrelativerelative yieldyield ofof wheatwheat fromfrom Exps.Exps. 
11 throughthrough 44 forfor datadata at pH s; 5.55.5 couldcould bebe explainedexplained byby 
aa singlesingle curvecurve whenwhenplottedplotted againstagainst thethe ratioratio ofof thethe sumsum 

at pH< 

H+ ~ofof molesmoles perper chargecharge ofof ZnZn speciesspecies andand H+ (Fig.(Fig. 5;5; r == 
+ Be-~’)0.78;0.78; Yy = AA + Be -CX)andandwhenwhenplottedplotted versusversus ZnT/ 

[H+] ~ 0.70;0.70; Y + Be-~"). 
= ZnT/ 

[H+] (r(r == y == AA + Be- CX
).RelativeRelative yieldyield waswas 

estimatedestimated byby assumingassuming thatthat maximummaximumyieldyield waswas obtainedobtained 

~ 1.21.2 
~
 
~
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Fig.Fig. 5.5. TheThe relationshiprelationship betweenbetween ~(moles ZnJcharge)/[H+] andand 
relativerelative drydry mattermatter ofof wheatwheat plantsplants fromfrom fourfour experimentsexperiments 
atat pHpH <$ 5.5.5.5. 

Y4moles Zn~/charge)/[H +] 
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/.,molatat pHpH 5.25.2 oror 5.55.5 atat 0.0150.015 JLmol LL-1-1 ZnTZnT andand inin thethe 
maxi-absenceabsence ofof citrate.citrate. ForFor datadata fromfrom Exps.Exps. 33 andand 4,4, maxi

mummumyieldyieldwaswasestimatedestimatedbybyassumingassumingit itequalledequalled thethe 
0.015/xmol -1 ZnTyieldyield atat 0.015 JLmol LL-1 ZnTandand pHpH4.64.6oror 4.74.7 divideddivided 

byby 0.557.0.557. TheThe fractionfraction 0.5570.557 waswas estimatedestimated fromfrom thethe 
as ayieldyield atat pHpH 4.74.7 expressedexpressed as afractionfraction ofofthethe yieldyield atat 

-1. 0.015/,molpHpH 5.25.2 inin Exp.Exp. 11 forfor aa ZnZn supplysupply ofof 0.015 JLmol LL -1. 

DISCUSSIONDISCUSSION 
com-PlantsPlants werewere ableable toto taketake upup ZnZn thatthat waswasinitiallyinitially com

plexedplexed withwith citrate.citrate. PlantPlant growthgrowth andand ZnZn uptakeuptake atat pHpH 
s< 5.55.5 waswasaffectedaffected byby pH,pH, thethe ZnZn supplysupply andand possiblypossibly 

Atthethe formform ofof ZnZn speciesspecies inin solution.solution. At pHpH >> 6.36.3 anotheranother 
unidentifiedunidentified factorfactor affectedaffected ZnZn uptake.uptake. 

inZincZinc UptakeUptake in thethe PresencePresenceofof CitrateCitrate 

InIn thethe presencepresence ofofcitrate,citrate, thethe correlationcorrelation betweenbetween 
X(moles Zni/charge)/[H ÷]~(moles Znlcharge)/[H+] andand plantplant growthgrowth suggestedsuggested 
thatthat thethe numbernumber ofof chargescharges onon thethe speciesspecies maymayaffectaffect thethe 
plantsplants abilityability toto taketake upup Zn.Zn. InIn thethe presencepresenceofofcitratecitrate 
therethere werewere moremore molesmoles perper chargecharge ofof ZnZn becausebecause moremore 

in ofZnZn waswas inthetheformform ofsingle-chargesingle-chargespeciesspecies (Zncit-).(Zncit-). 
FurtherFurther experimentsexperiments (Similar(Similar toto Exp.Exp. 2)2) wouldwould havehave to 

varbebe conductedconducted toto confirmconfirmthisthis hypothesis.hypothesis. AA biggerbigger var
iationiation inin Zncit-Zncit- wouldwould bebe necessarynecessaryasas wellwell asas aa constantconstant 
solutionsolution pHpH andand possiblypossibly aa lowerlower ZnZn supply.supply. 

TheThe ratioratio ZnT/[HZn~/[H÷]+] waswaswellwellcorrelatedcorrelated withwith plantplant 
growthgrowth possiblypossibly becausebecause thethe effecteffect ofof pHpH onon uptakeuptake inin 

4 theExps.Exps. 33andand 4waswasgreatergreaterthanthan theeffecteffectofofcitratecitrate andand 
on Zn overshahencehence thethe effecteffect ofof citratecitrate on Zn uptakeuptake waswas oversha

by 2,doweddowed bythethepHpHeffect.effect.InIn Exp.Exp. 2,thethe highhighcorrelationcorrelation 
Znx/[H÷ ] a regreswithwith ZnT/[H +] waswas partiallypartially a consequenceconsequenceofofthethe regres

sionsion beingbeing fittedfitted throughthrough onlyonly threethree valuesvalues ofof xx (two(two ofof 
thethe sixsix andand threethree ofof thethe sixsix xx valuesvalues werewere thethe same).same). InIn 
thethe casecase ofof thethe correlationcorrelation betweenbetween plantplant growthgrowth andand 
X(molesZni/charge)/[H÷],Znlcharge)/[H +], allall sixsix xx valuesvalues werewere evenlyevenly~(moles 
spreadspread alongalong thethe fittedfitted curvecurve andand hencehence nono individualindividual

2pointpoint hadhad aa markedmarkedeffecteffectononthetherr valuevalue(Fig.(Fig. 2).2). 
of of aTheTheimportanceimportance ofthethechargecharge of ametalmetalchelatechelateononitsits 

byabsorptionabsorption byby plantsplants hashas beenbeen suggestedsuggested by DeKockDeKock andand 
MitchellMitchell (1957).(1957). TheTheeffecteffect ofofchargechargecharacteristicscharacteristics of 
Cueuchelatechelate onon thethe uptakeuptake ofof thethe elementelement fromfromnutrientnutrient 

for (Lolsolutionssolutions hashas alsoalso beenbeen shownshown forItalianItalian ryegrassryegrass (Lol
red praiumium multiflorummultiflorum Lam.)Lam.)andand redcloverclover(Trifolium(Trifolium pra

tensetense L.)L.) (Iwasaki(Iwasaki andand Takahashi,Takahashi, 1989).1989). OriOri thethe otherother 
hand,hand, thethe totaltotal concentrationconcentration inin soilsoil solutionsolution extractsextracts ofof 
micronutrientsmicronutrients suchsuch asas ZnZn andand CuCu waswas shownshowntotobebelessless 
importantimportant asas farfar asas thethe uptakeuptake byby plantsplants waswas concerned,concerned, 

in aparticularlyparticularly in thethe presencepresence ofof a ligandligand (Halvorson(Halvorson andand 
Lindsay,Lindsay, 1977;1977; MinnichMinnich et aI., 1987).1987).et al., 

ZincZinc UptakeUptakeinin thethe AbsenceAbsenceofofCitrateCitrate 

TheThe growthgrowth ofof wheatwheat waswascontrolledcontrolled byby ZnZn supply,supply,
÷ +of H of Hthethe directdirect effecteffect of H+ onon yieldyield andand thethe effecteffect of H+ onon 

ZnZn uptakeuptake andandhencehenceyield.yield.TheTheconcentrationconcentrationofoftotaltotal 
ZnZn inin solutionsolution waswas notnot aa goodgoodindicatorindicator ofof drydry mattermatter 
yieldyield unlessunless thethe pHpH ofof thethe nutrientnutrient solutionsolution waswas alsoalso 
considered.considered. 

AtAt aa constantconstant concentrationconcentration ofof 0.0080.008 JLmol L-1 Zn,Zn,/~mol L-1 
by allplantplant growthgrowth waswasaffectedaffected by all threethree factorsfactors (i.e.(i.e. ZnZn 

H+, +supply,supply, H+, andand HH+effectseffects onon ZnZn uptake).uptake). AtAt 0.0150.015 
/~mol -~ +JLmol LL- 1Zn,Zn, HH +decreaseddecreasedplantplant growthgrowthdirectlydirectly byby

-10.05/~moldecreasingdecreasing ZnZn uptakeuptake whereaswhereas atat 0.05 JLmol LL -1 ZnZn thethe 

H÷effecteffect ofof H + onon ZnZn uptakeuptake waswas decreaseddecreased byby thethe luxuryluxury 
supplysupply ofof ZnZn andand hencehence variationsvariations inin wheatwheat growthgrowth werewere 

÷ In-mainlymainlyrelatedrelated toto thethe directdirect effectseffects ofof HH + onon yield.yield. In
creasingcreasing thethe pHpH fromfrom4.04.0 to4.64.6hadhad agreatergreatereffecteffect ononto a 

-1a /~molyieldyield atat a ZnZn supplysupply ofof 0.0150.015 JLmol LL -1 thanthan atat 0.050.05 
/zmol L-~JLmol L- 1becausebecausetwotwofactorsfactorswerewerelimitinglimitingyieldyieldinin thethe 
formerformer casecase whereaswhereasmainlymainlyoneonefactorfactorwaswaslimitinglimitingyieldyield

-1.0.05/,molatat 0.05 JLmol LL-1. Nevertheless,Nevertheless, thethe symptomssymptomsindicatedindicated 
÷ Znthatthat HH +waswasstillstill limitinglimiting Zn uptakeuptake atat thethe twotwo lowerlower pHpH 

valuesvalues eveneven whenwhentherethere waswas aa luxuryluxury supplysupply ofof Zn.Zn. TheThe 
increaseincrease inin yieldyield whenwhen thethe pHpH increasedincreased fromfrom 4.04.0 toto 4.64.6 
atat aa ZnZn supply ofof 0.015 JLmol L-1 isgreatergreater thanthan atat 0.0080.008Supply 0.0i5 #molL- 1 is 

-~/.,mol becausebecause inthethelatterlatter situationsituation thethe plantsplants areareinJLmol LL-
by anstillstill restrictedrestricted by an inadequateinadequate supplysupply ofof Zn.Zn. 

~molAtAt pHpH5.25.2 andandZnZnsuppliessupplies greatergreater thanthan 0.0080.008 JLmol 
-1LL -1 neitherneither pHpH nornor ZnZIlsupplysupplywerewerelimitinglimiting growth.growth. 

However,However, at 0.008 JLmol L-1, eveneven thoughthough plantsplants growngrown 
atat thisthis pHpH grewgrewbetterbetter thanthan thethe plantsplants atat thethe otherother twotwo 

at 0.008/xmol L-1, 

of Znlowerlower pHs,pHs, theythey showedshowedsymptomssymptoms of Zitdeficiencydeficiencyfirst.first. 
DilutionDilution ofof ZnZn inin thethe plantsplants appearedappeared toto havehave occurredoccurred 
andand beenbeenresponsibleresponsible forfor thethe earlierearlier symptoms.symptoms.

2÷,free, as avail-TheThe free ion,ion, ZnZn2 +, hashas beenbeen suggestedsuggested asthethe avail
(Hal~,orson How-ableable formform ofof ZnZn (Halvorson andand Lindsay,Lindsay, 1977).1977). How

2+ever,ever, inin thisthis presentpresent study,study, wewe couldcould notnot correlatecorrelate ZnZn2 + 
withwith thethe shootshoot drydry matter,matter, ZnZn content,content, oror ZnZn concentraconcentra

betiontion inin thethe plants.plants. ThisThis phenomenonphenomenon maymay bepartiallypartially 
to an of pH up-attributableattributable to an overridingoverriding influenceinfluence of pH onon ZnZn up

take.take. 
÷TheThesuccesssuccessofofthethe introductionintroduction ofof thethe effecteffect ofof HH + 

aintointo thethe regressionregression asas a divisordivisor factorfactor toto ZnZnt t oror thethe totaltotal 
molesmoles perper chargecharge ofof ZniZn j comisis inin agreementagreement withwith thethe com
pet.ition of H÷ as bypetition effecteffect of H+ as describeddescribed earlierearlier by ChaudhryChaudhry 
andand LoneraganLoneragan (1972).(1972). 

RootRoot GrowthGrowth 

TheThe respOnse ofthethe rootsroots toto ZnZn supplysupply appearedappeared toto bebe 
pHpH dependent.dependent. AtAt lowlow pHpH(i.e.(i.e. pHpH 4.04.0 andand 4.6)4.6) whenwhen 

response of 

÷of Hthethe toxicitytoxicity effecteffect of H + waswasgreatest,greatest, thethe rootsroots diddid notnot 
respondrespond toto anan increasingincreasing concentrationconcentration ofof ZnZnTT.. OnOn thethe 

H÷otherother hand,hand, whenwhen thethe H+toxicitytoxicity waswas absentabsent atat pHpH 5.2,5.2, 
therethere waswas anan increaseincrease inin rootroot growthgrowth withwith anan increasingincreasing 

Zn~. Znrconcentrationconcentration ofof ZnT. ShootShoot growthgrowth asas influencedinfluenced byby ZnT 
itappearedappeared toto bebe independentindependent ofof rootroot growthgrowth becausebecause it 

responded ZnTresponded.toto anan increasingincreasing ZnTdespitedespite thethe absenceabsence ofof aa 
growthgrowthresponseresponsebybythetheroots.roots. 

HydrogenHydrogen ions did notaffectaffect the plants'abilityability toto taketake 
upup ZnZnas muchmuchas theytheyaffectedaffected the plants'abilityability toto 

ions did not the plants’ 
as as the plants’ 

growgrowshootsshoots andandroots.roots. TheTheconcentrationconcentration ofof ZnZn inin thethe 
atplantsplants growngrown at aa deficientdeficient supplysupply diddid notnot differdiffer asas pHpH 

increasedincreased eveneven thoughthough shootshoot andand rootroot growthgrowth increased.increased. 
OnOnthethe otherother hand,hand, thethe ZnZnconcentrationconcentration in plantsplants de
creasedcreased asas pHpH increasedincreased atat adequateadequate andand luxuryluxury suppliessupplies 

in de

÷ atofof ZnZn becausebecause ZnZn uptakeuptake waswasnotnot hinderedhindered byby HH+ at thethe 
to as shoot,lowerlower pHpHvaluesvalues tothethe samesameextentextent as shoot andand rootroot 

growth..growth.. 

Root/TotalRootJTotal GrowthGrowth RatioRatio 

AtAt eacheach pH,pH,thetheroot/totalroot/total growthgrowthratioratio waswashighesthighest atat 
thethe lowestlowest ZnZn supply.supply. ThisThis maymayindicateindicatethatthat thethe plantsplants 
acquiredacquired asas muchmuch asas possiblepossible whenwhen thethe supplysupply waswas lowlow 
inin orderorder toto maintainmaintain theirtheir internalinternal concentration.concentration. WhenWhen 
ZnZn supplysupply becamebecamemoremoreabundant,abundant,plantsplants thenthen developeddeveloped 
moremoreshootshoot andand hencehencethethe ratioratio wentwent down.down. CarrollCarroll andand 
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Loneragan (1968) also found a greater root/shoot ratio
at lower Zn supply in wheat and several other plants.

These results indicated the presence of organic ligands
such as citrate in the rhizosphere may affect Zn uptake
by wheat, but the effect will depend on pH and Zn sup
ply..
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