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Abstract

The excretion of di- and tricarboxylates by roots of higher plants represents a very 
efficientwaytoacquirephosphate(P)fromsoils,whicharelowinavailableP.Despite
theextensiveexperimentalworkinevaluatingtheeffectofcarboxylatesontheacquisi-
tionofsoilphosphateinthefieldsofplantphysiology,plantnutritionandsoilchemis-
tryinthelastthreedecades,theeffectofrootexcretedcarboxylatesonsoilPacquisition
byhigherplantsisstillamatterofdebate.Thisstillongoingdebatehasitsoriginin
methodological deficits in experiments and misconceptions considering the role of
carboxylates inP-fixingsoilsonPacquisition.Themain,often foundmisconception
is to assume that the parameter carboxylates in the rhizosphere soil solution is the
most importantparameterdriving thePmobilizationby carboxylates.Carboxylates
in the soil solution are an easily degradable source of rhizospheremicroorganisms,
andcarboxylateswillinducePmobilizationifthecarboxylateisadsorbedontothesoil
solidphase, a stepwhich alsowill reducemicrobial carboxylatedegradation.Thus,
oftenrealisticconceptstoquantifytheeffectofcarboxylatesonPmobilizationarestill
missing. Second, the very important parameter of carboxylate accumulation at the
rhizospheresoilsolidisoftenignoredorismeasuredbyweakextractants,whichdo
notallowthequantitativedeterminationofcarboxylatesboundtothesoilsolidphase.
Both shortcomings are critically discussed in this chapter, and a experimental and
mathematicalprocedureispresentedtoevaluatetheeffectofcarboxylateexcretionon 
Pacquisitionbyhigherplants.

Keywords:di-andtricarboxylicacids,adsorbedsoilphosphate,humic-Pcomplexes, 
Pmobilization,acquisitionofmobilizedP,modelcalculations,strategiesof 
Pacquisition,rhizosphereofhigherplants
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1. Introduction

SincethepublicationofthepaperofDinkelakeretal.[1],increasingattentionhasbeenpaid
tothereleaseofcarboxylatesbyrootsofhigherplantsandtoitsfunctioninphosphate(P)
mobilizationinsoilandPacquisitioninP-fixingsoils.Dinkelakeretal.[1]foundintherhi-
zosphereofwhitelupin(Lupinus albusL.)growninacalcareoussoil,ahighaccumulationof
macroscopicvisibleCa-citrateprecipitatesasaresultofselectivecitrateexcretionbycluster
rootsofP-deficientwhitelupinplants.

Fromtheviewpointof soil chemistry, ithasbeenrelativelyshownearlier thatdi-and tri-
carboxylates suchas citrate,malate,oxalateoroxaloacetate canmobilize/dissolve strongly
boundPinsoil,whichmaycontributetotheacquisitionofPinP-deficientsoils(Earletal.[2]; 

Lopez-Hernandezetal.[3]).

Amongthemacronutrientsofhigherplants,N,K,P,Ca,Mg,SandP,phosphateisthenutri-
entwhichisstronglyboundtothesoilsolidphaseinmanyagriculturalsoils.

Worldwide,Pdeficiencyofcultivatedplantsisamain,probablythemainfactorlimitingplant
yield[4–6].ThereservesforPfertilizerproductionarerestrictedcomparedtothereservesof
othermacronutrients[6].

In this chapter, the author considers the potential of the release of carboxylates for the
improvementoftheacquisitionofPinP-fixingsoilsbeginningwiththepotentialofcarboxyl-
atesexcretionbytherootsasaresultofPdeficiency,increasingthecomplexityofinfluencing
parameterswitheachchapterofthiscontributionandfinally,consideringtheacquisitionof
mobilizedPbyhigherplantsusingmathematicalmodeling.

Itwillbeshownthattheadaptiveexcretionofcarboxylates,especiallycitrate,and,toalesser
extent,oxalateisaveryefficientmechanismtoimprovePacquisitionbyhigherplantsgrown
inP-fixingsoils.

1.1. Adaptions of higher plants to P deficiency

Plants have developed several adaption mechanisms to P deficiency, morphological and
physiologicaladaptions.

Morphologicaladaptionsincludeanincreasingroot:shootratiowithincreasingPdeficiency
[7,8],ahighernumberandlengthofroothairs[9,10].Bothadaptionsinducethesameresult,
and the root surface is increased in relation to theshootbiomass,whichmay increase the
acquisitionofPfromsoilsthatarelowinavailableP.

PhysiologicaladaptionstoPdeficiencyinclude,amongothers,thereleaseofrootexudatesby
P-starvingplants,H+orOH−equivalents(seeforareviewHinsinger[11]),reducingequiva-
lents[12,13]orthereleaseofdi-ortricarboxylicacidanions.

PlaxtonandTran[14]haverecentlyprovidedanoverviewonthephysiologicaladaptionsof
higherplantstoPdeficiency.Inourcontext,theadaptionsleadingtoanincreasedcarboxylate
effluxareofcentralimportance.
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AnincreasedexcretionofcarboxylatesduringPdeficiencyrequirestwodifferentsimultane-
ousphysiologicaladaptions,whichareasfollows:(1)anincreaseinthesynthesisofcarboxyl-
atesand(2)anincreasedrateofexcretion(efflux)ofthecarboxylates.

a. An enhanced synthesis of carboxylate anions within the plants is correlated with the
upregulationof thephosphoenolpyruvatecarboxylase(PEPC), leadingtoanincreased
synthesisofoxaloacetate,anincreasedactivityofmalatedehydrogenase,leadingtoanin-
creasedreductionofoxaloacetatetomalate,anincreasedactivityofcitratesynthaselead-
ingtoanincreasedsynthesisofcitrate[14].

b. OrganicacidanionsaredissociatedatthecytoplasmicpHwithintheroots.Itwasshown
byYanetal.[15]andZhuetal.[16]thatH+-pumpingATPasesintheplasmamembrane
oftherootsareinvolvedinanincreasedcarboxylateefflux.Atpresent,twoseparatetrans-
portprocessesforthereleaseofcarboxylatesintotherhizospheresoilareassumed,anac-
tiveH+-efflux-drivencarboxylateexcretionprocessandapassiveeffluxoforganicanions
[14,15].

1.2. Soil P forms, P availability and the interaction of soil P with carboxylates

Among themacronutrients,phosphorus,which ispresent in soil andplantsnearly exclu-
sivelyasorthophosphateanion(P)anditsesterswithorganicalcohols,has,byfar,thestron-
gestaffinitytothesoilsolidphaseandconsequently,thelowestsolubilityinthesoilsolution.
Insoilchemistry,thetermbufferingorbufferpowerisusedtodescribetheintensityofbond-
ingtothesoilsolidphase,whichisdescribedbytheadsorptionordesorptioncurve.High
bufferingor bufferpower indicates thatmost of the addednutrient is bound to the solid
phaseandthattheequilibriumsoilsolutionconcentrationislow.SoilswithhighPbuffering
aredefinedasP-fixingsoils.SuchsoilsmaycontainhighquantitiesofP;however,becauseof
highconcentrationofP-sorbingsites,thePequilibriumsoilsolutionconcentrationislowor
evenverylow,sometimesnearzero.TheconcentrationorpreciselytheactivityofPinthesoil
solutionisimportantforthePacquisitionofhigherplantsfromsoilbecausePistransported
totherootsalmostexclusivelywithinthesoilsolutionviadiffusion[17,18].Thediffusiveflux
stronglydependsontheinitialPconcentrationofthesoilsolutionandconsequently,theP
concentrationgradientwithintherhizospheresoilsolution(seefordetails[17–19].Often,for
maximumyield,higherplantsneedPsoilsolutionconcentrationsabove1–5μMPdepending
ontherootingdensity,theformationofroothairs,theroot:shootratioandtheformationof
mycorrhiza.However,atverylowPsoilsolutionconcentrations,anincreaseinthePabsorb-
ingrootsurfacedoesnotpromotetheacquisitionofPadequately.

Undertheseconditions,strategiestoincreasetherhizospheresoilsolutionconcentrationof
Pbyrootexudates(chemicalPmobilization)arepromisingandthecentralwaytoacquireP
fromstrongP.

1.3. Chemical P mobilization in P-fixing soils

SeveraltypesofrootexudatesmayincreasethePsolubilityinsoilandconsequentlyincrease
theacquisitionofPbytherootsofhigherplants.
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Asanadaption toPdeficiency,plants can increase theeffluxofprotons followedby the
acidificationoftherhizosphere[11],theycanincreasethereleaseofreducingagents(e.g.,
Tomasietal.[13]),andtheycanincreasetheeffluxofdi-andtricarboxylates(seeforareview, 
Gerke[17]).

ThereleaseofcarboxylatesisbyfarthemostimportantwaytoacquirePeveninP-fixingsoils
[17,20].

Tosupportthisstatement,informationonthecarboxylateeffluxofdifferentplantspeciesand
genotypes,theaccumulationofcarboxylatesintherhizosphere,theeffectofcarboxylateson
themobilization/dissolutionofsoilPandtheacquisitionofmobilizedPbyhigherplantsare
required.

1.4. Carboxylate efflux by different plant species as affected by the P status

Proton release and carboxylate release are separatemechanisms in higher plants [15, 16].
However,oftencarboxylateandprotoneffluxisacoupledreactiontoPdeficiency.

AsaresultofPdeficiency,manyplantspeciesshowanincreasedcarboxylateefflux,forexam-

ple,whitelupin[1,21–23],alfalfa[24,25],spinach[24,26],chickpea[23];redclover[24],yel-
lowlupin[21,27],radishbuckwheat[28]andmanymembersoftheProteaceae[29,30] and 

oftheCyperaceae[31].

Many graminaceous species are considered to be ineffective in carboxylate excretion, but
somegraminaceousspeciesshowanincreasedcarboxylateeffluxtoavoidAl-toxicity[32–35].

Inbuckwheat,oxalateeffluxwasincreasedduringAl-toxicity[36].

Whether and to which extentAl- toxicity induced carboxylate excretion is controlled by
reducedPacquisitionoraffectsPacquisitionisunknown.

Thereleaseofcarboxylatesbydicotyledonousplantspeciesisnotuniformalongtherootbut
isconcentratedontheregionbehindtheroottips[24,26,37–39].

ThecarboxylatereleasestronglydependsonthePstatusoftheplantsandmaybebyafactor
of10–100higherinP-deficientplantscomparedtohighPplants.

Keerthisingheetal.[40]foundaveryhighcitratereleaseinfullydevelopedclusterrootsof
whitelupinwithamaximumeffluxofabout6.1[nmolh−1cm−1],decreasinginyoungerand
oldclusterrootsegmentsbyafactorof10orevenmore.

Neumannetal. [41]confirmedtheseresults;however,WattsandEvans(1999)measureda
maximumcitrateinclusterrootsofwhitelupinof33[nmolmin−1m−1],whichisaboutthree
timeshigherthanthevaluesreportedbyKeerthisingheetal.[40].

Yellowlupin,aplantspeciesthatalsoformsclusterroots[21,27],exhibitsamaximumcitrate
effluxwithintheclusterrootsofabout70–80%thanthatoftheclusterrootsofwhitelupin[27].

ClusterrootsoftheProteaceae,forexample,Hakeaprostratashowsacarboxylateeffluxof
clusterroots,whichismuchhigherthanthatofthewhitelupin[31,42].InHakeaundulate,
malateisthemaincarboxylate,whichisexcretedwitharooteffluxbeingtwotimeshigher
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thanthecitrateeffluxinwhitelupin[43].MembersoftheCyperaceaeform“dauciform”roots
asanadaptiontoPdeficiency,whichexhibitcarboxylateeffluxrateswhicharesimilartothe
clusterrootsofProteaceaespecies[31].

Also,plantspeciesthatdonotformclusterordauciformrootscanshowahighcarboxylate
effluxduringPdeficiency.Theregionofhighcarboxylateeffluxisoftenrestrictedtoabout
1–2mmbehindtheroottips.Forexample,Beißner[37]showedforsugarbeet,anincreased
oxalate efflux during P deficiency, the carboxylate efflux being by a factor of 3–4 higher,
1–2mmbehindtheroottips,comparedtotheoveralleffluxofthewholerootsystem.

Gerke[24]investigatedthecarboxylateeffluxofseveralplantspecies,growninquartzsand
atfourlevelsofPsupply(Figures 1–6).

AstheshootPconcentrationsdecreased,theeffluxofcarboxylatesincreasedinallplantspe-
cieswasinvestigated(Figures 1–6).

However,themaincarboxylatesdifferedbetweentheplantspecies.Inlegumessuchaswhite
clover,redcloveroralfalfa,citrateisthedominantanion,whereasinspinach,oxalateisdomi-
nantandintheBrassicaceaespecies,Chinesecabbage(Brassica Chinensis),malateisdominant.
Also,inrape,malateisthedominantanion[38].

Ingraminaceousspeciessuchasryegrass,thecarboxylateeffluxisextremelylow,evenat
strongPdeficiency(Figure 6),whereasespeciallyinalfalfaandredclover,theoverallcitrate
effluxwasveryhighunderPdeficiency(Figures 1 and 2).

Figure 1.Carboxylateeffluxbyalfalfa(Medicago sativaL.)asaffectedbyshootPconcentrations.(ModifiedfromGerke
[24]).
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1.5. Accumulation of carboxylates in the rhizosphere

AhighorevenveryhighcarboxylateeffluxbyrootsofP-deficientplantsisnoguaranteeforits
accumulationwithintherhizospheresoil.Carboxylateswhichareexcretedintothesoilsolution 

Figure 2.Carboxylateeffluxbyredclover(Trifolium pratenseL.)asaffectedbyshootPconcentrations.(Modifiedfrom
Gerke[24]).

Figure 3.Carboxylateeffluxbyspinach(Spinacia oleraceaL.)asaffectedbyshootPconcentrations.(ModifiedfromGerke
[24]).
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areeasilydegradableC-sourceforsoilmicroorganisms,whichsometimeshasbeentakenas
anargumentforthequestioningoftherelevanceofcarboxylatesforPacquisitioninsoil(see
e.g.,thereviewofRichardsonetal.[44]).However,thesamereviewgroupofRichardsonetal.
[44]simplifiedtheroleofcarboxylatesintherhizospheretothequestionofcarboxylatecon-
centrationinthesoilsolutionassumingthesoilsolutionbeingthemainreservoirforcarboxyl-
ates.However,theinteractionoftheexcretedcarboxylatesandthesoilsolidphaseisdecisive
foritseffectonsoilPsolubilityandthePacquisitionbytheplantsinP-fixingsoils.

Figure 4.CarboxylateeffluxbywhitecloverasaffectedbyshootPconcentrations.(ModifiedfromGerke[24]).

Figure 5.CarboxylateeffluxbyChinesecabbageasaffectedbyshootPconcentrations.(ModifiedfromGerke[24]).
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Thecarboxylateconcentrationinthesoilsolutiondependsonthecarboxylateexcretionand
thebufferingofthecarboxylatesinsoilandisnotveryrelevant.RelevantforPmobiliza-
tionistheconcentrationofcarboxylatesatthesoilsolidphase.Thesorbedcarboxylatescan
desorbPbyoccupying theP-sorptionsites,andtheycan inducedissolutionprocessesof
P-sorbingsurfacessuchasAl(Fe)-(hydr)oxidesorhumic-Al(Fe)complexes[45,46].

Theresultofthesereactionsbetweencarboxylatesandthesoilsolidphaseisanincreasein
thePsoilsolutionconcentrationsaswellasanincreaseinFeandAlsolubility,whichwas
experimentally shown for cluster root rhizosphere soil solutionofwhite lupin [47] and is 

oftenreportedinmodelexperiments(e.g.,Foxetal.[48];Takedaetal.[49];Gerke[46]).

Di- and tricarboxylates in the soil solution are easily degraded bymicroorganisms. If the
excretedcarboxylateisboundtotherhizospheresoilsolidbyafastadsorptionreaction,car-
boxylatedegradationisstronglyretarded.

Boudot [50] and Jones andEdwards [51] showed that the sorptionof carboxylates to alu-

mosilicates,Al-oxidesandFe-oxidesstronglypreventedmicrobialdegradation.Boudot[50] 

investigated the effect of 14C-citrate adsorption toAl containing soilminerals. Free citrate
wasmineralized to about 70–80%within10days.At ahighAl/citrate ratio, adsorptionof
citratedecreasedthemineralizationofcitratetozero.SimilarresultswerefoundbyJonesand
Edwards[51]inthesystemcitrate/Fe-oxides.Boudot[50]alsoshowedthattheformationof
Al-citratecomplexesinthesolutionstronglyreducedcitratemineralization.

It has sometimes been speculated that acidification of the rhizosphere, for example, by
legumesmayreducecarboxylatemineralizationwithin the rhizospheresoil (e.g.,Lambers
etal.[52]).Atpresent,theeffectofacidificationoncarboxylateadsorptionanditsconsequent
effectonPmobilizationareestimatedtobemoreimportant(Gerke,2000a).

Figure 6.Carboxylateeffluxbyryegrass(Lolium perenneL.)asaffectedbyshootPconcentrations.(ModifiedfromGerke[24]).
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Theaccumulationof carboxylates in the rhizosphere is remarkable.Dinkelakeretal. [1] 

foundmorethan50μmolcitrate/gsoilintheclusterrootrhizosphereofwhitelupin.Gerke
[17, 24] found between 12 and 88 μmol citrate/g soil in the cluster root rhizosphere of
whitelupingrownindifferentsoilsatdifferentPlevelsdependingonthemethodofcitrate
determination.

Often, carboxylates in the rhizosphere soil of different plant species are quantified after
extractionwithmildextractants,suchasdistilledwater[53,54],dilutesaltsolutions[23,55,
56]ordiluteacid[57],leadingtoalowrecoveryofthecarboxylates.Gerkeetal.[47]found
citrateconcentrationsintheclusterrootrhizosphereofbetween66and88[μmolcitrate/gsoil]
determinedbydirect infraredspectroscopy(DRIFTspectroscopy),whereasthequantityof
citrateextractedwithwaterwasbelowthedetectionlimit.

Clusterrootsareapeculiaradaptionofrelativelyfewplantspecies,amongthem,bothwhite
lupinandyellowlupinarecultivatedplantspecies.

In the noncluster root forming plant species, red clover,Gerke andMeyer [58] showed a
citrateaccumulationofmorethan12[μmolcitrate/gsoil]incloseproximitytotherootsof
P-deficientplants.

1.6. The effect of carboxylates on the mobilization/dissolution of soil phosphate

SeveralcarboxylatescanstronglyincreasethePsoilsolutionconcentration.

Thiswasrelativelyshownearlier,forexample,byEarletal.[2]andLopez-Hernandezetal.[3].

MoredetailedresultswerereportedbyGerke[24]andGerkeetal.[59].

Often,withincreasingcarboxylateapplicationandaccumulationatthesoilsolidphase,theP
concentrationsinthesoilsolutionincreaseexponentially(Figures 7 and 8)[59].

FromFigures 7 and 8itcanbeseenthatchangesinsoilpHalonehaveonlyaminorimpacton
thesoilPsolubilitybutpHchangesstronglyaffecttheeffectivenessofcitratetomobilizesoil
P.Theexponentialrelationcanalsobeshown,forexample,foroxalate[24,37].

Table 1showsthatcitrateand,tosomeextent,oxalateareveryefficientinmobilizingsoilP,
whereasmalateandoxaloacetatearerelativelyinefficient.

1.7. The acquisition of mobilized P by higher plants

ManyexperimentalresultsdemonstratethatPdeficiencyinhigherplantsincreasesthecar-
boxylateefflux.Also,manyexperimentalresultsshowthatcitrate,oxalate, tosomeextent,
malateandothercarboxylatescanmobilizePinP-fixingsoils.

The separateviewsonthephysiologyofcarboxylateexcretionandrootmorphologyor,
ontheotherhand,therhizospherechemistryofcarboxylatesanditsimpactonthePsolubil-
ity in soildoesnotprove the relevanceof carboxylate excretionon thePacquisitionof
higherplants.
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Thecombinationofbothviews,includingcarboxylateefflux,theaccumulationofcarboxyl-
atesintherhizospheresoil,thechemistryofPmobilizationandtheuptakeofmobilizedPby
therootsmayhelptoevaluatethecontributionofcarboxylateexcretiontoPacquisitionby
higherplants.

Forthispurpose,mathematicalmodelsareausefultool.Also,suchmodelsallow,bytheaid
ofsensitivityanalysis,toevaluatethecontributionofdifferentparameterstotheacquisition
ofPbyhigherplants.

Figure 8.Relation between the citrate concentration in soil and the P solubility at different pH in a humic Podzol.
(ModifiedfromGerke[24]).

Figure 7.RelationbetweenthecitrateconcentrationinsoilandthePsolubilityatdifferentpHinaFerralsol.(Modified
fromGerke[24]).
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Nye [60,61]developedamathematicalmodel toquantitativelydescribe the influxofPas
affectedbytheeffluxofmobilizingagents.

Gerke[24]wasthefirstwhousedthemathematicalframeworkofNye[60,61]toquantifythe
influxofmobilizedPasaresultofadefinitivecarboxylateefflux.Someoftheresultsofthe
calculationsareshowninFigures 9 and 10.

Forthethreeplantspeciessuchasryegrass,whitecloverandredclover,themaximumcitrate
effluxwasusedinthecalculations(fromFigures 2,4,and6).Fortheaccumulationofcitrate
insoil,weassumedtwostronglydifferingvaluesinordertoincludeapossiblerangeofaccu-

mulation(seeindetailGerke[24]).

Figure 9.InfluxofmobilizedPasrelatedtomaximumcitrateeffluxofplantsgrowninaFerralsolby(a)ryegrass,(b)
whitecloverand(c)redclover.(ModifiedfromGerke[24]).

Phosphate Fe + Al (μmol/l)

Luvisol

pH7.7–8.1

Citrate 85.6 2340.5

Oxalate 70.4 1234.3

Malate 36.4 812.3

Oxaloacetate 32.2 972.4

Ferralsol

pH4.1–4.7

Citrate 198.5 9420.1

Oxalate 28.3 1314.4

Malate 25.2 2810.4

Oxaloacetate 7.5 71.5

Table 1.Maximumphosphateandiron+aluminummobilizationbyorganicanions.
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Innoneofthesoilsateithercitrateaccumulationleveldidthemaximumcitrateeffluxofrye
grasshaveanyeffectontheacquisitionofP.ThehighoverallcitrateeffluxofP-deficientred
cloverstronglyincreasedtheinfluxofmobilizedPovertherequiredlevelinallcases.White
cloverwithamediumcitrateeffluxstronglyincreasedthePinfluxofmobilizedPinasoilwith
humic-Al(Fe)-P complexes asdominantP fraction.Compared to soilswithmainlyAl(Fe)-
oxide-Pcomplexes,humic-associatedPismucheasiertomobilizebycarboxylates[46,58].

TheresultsshowninFigures 9 and 10showthatcitrateexcretionbyP-deficientrootsisan
exceptionalefficientwaytoimprovePacquisitioninP-fixingsoils.

IntheirreviewonPefficiency,Richardsonetal.[44]presentedaseparatechaptertitled:“Can
thereleaseoforganicanionsfromrootsmobilizephosphorus?”

Inthischapter,Richardsonetal.[44]related[5–50μmolcitrate/grhizospheresoil]to1–10[mM]
citrateinthesoilsolutionandthenstatedthat1[mM]citrateormoreiseffectiveforPmobili-
zationinsomesoils.Thisviewontherhizospherechemistryofcarboxylatesandphosphateis
misleadingforatleasttworeasons.

First,thebufferingofcarboxylatesinsoilisastronglyvaryingsoilparameterandcannotbe
generalizedtoarelationof1–10[mM]citrateversus5–50[μmolcitrate/gsoil],suggestingthis
asthegeneralrangeofcitratebufferinginallsoils.Gerke[17,24]showedforastronglyanion-
fixingFerralsol,thatcitrateconcentrationinthesoilsolutionoflessthan10μMcorresponds
tomorethan60[μmolcitrate/gsoil]atthesoilsolidphasesuggestingamuchwiderrangeof
citratebuffering.

Second,itisamisleadingviewthatcarboxylatesinthesoilsolutionareresponsibleforthe
mobilizationofP.TheinitialoressentialstepinPmobilizationistheadsorptionofthecar-
boxylatestothesoilsolidphasewherethecarboxylate-mediatedPdesorptionordissolution

Figure 10.InfluxofmobilizedPasrelatedtocitrateeffluxofplantsgrowninahumicPodzolby(a)ryegrass,(b)white
cloverand(c)redclover.(ModifiedfromGerke[24]).
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ofP-sorbing surfaces is initiated. In this context, simultaneous acidification and carboxyl-
ateexcretionmayincreasethedissolutionofP-sorbingsitesmoreefficientthancarboxylate
excretionalone[21].

Finally, the roleof root-derivedcarboxylateson theacquisitionofPesters shouldbe con-
sidered.ThistopichasbeenreviewedbyGerke[20].Ingeneral,phosphatemonoestersmay
accumulateinsoilsamongwhichhigherphosphorylatedinositolphosphatesaccountforthe
dominantproportionofester-Pinmanysoils[20].

Worldwide,more than 51millions of tons of phytate (myoinositol hexakisphosphate) are
annuallyproducedincrops,seedsandfruits,whichisequivalenttoabout66%ofthePannu-
allyappliedtoagriculturalland[62].Higherphosphorylatedinositolphosphatesarestrongly
boundtothesoilsolidphaseoftenmuchstrongerthantheorthophosphateanion[20,63].The
initialstepofPacquisitionfrominositolphosphatesisitsmobilization.

AdamsandPate[64]showedthatinsoil,whitelupinbutnotnarrowleaflupincanacquireP
fromphytate.Whitelupinformsrootclusterswithextensivecitrateexcretion,butnarrowleaf
lupinformsnorootclusters[27].

Themobilizationbycarboxylates is the rate limitingstep inacquisitionofP fromphytate
andsimilarmoleculesandnotthereducedactivityofphytases.Foradetaileddiscussion,see
Gerke[20].

2. Conclusions

Thepartlycontrastingresultsconcerningtheroleofroot-releasedcarboxylatesonPacquisi-
tionbyhigherplantsaremainlyduetodeficitsintheconceptsofresearchandexperimental
methods.

CarboxylateswillaffectthesoilPsolubilityafteradsorptiontothesoilsolidphaseandnotdis-
solvedinthesoilsolution.Itisamisconceptiontoconsiderexclusivelythecarboxylateconcentra-
tionintherhizospheresoilsolutionandnotthecarboxylateconcentrationinthesoilsolidphase.

Thedeterminationofcarboxylateboundtothesoilsolidphaseisoftenignoredorisdeter-
minedbydeficientmethods.Often,weakextractantssuchasdiluteacidsordilutesaltsolu-
tionsareused,whichextractaverylowproportionofrhizospheresoil-boundcarboxylates.

ConsideringtherangeofcarboxylateeffluxofP-deficientplants,especiallyclusterrootform-

ingplantssuchaswhiteandyellowlupin,andspeciessuchasredclover,alfalfa,sugarbeet
andspinachmaystronglymobilizethesoilPandacquirethemobilizedP.

Citrateand,tosomeextent,oxalatearetheanions,whicharemostefficientwithrespecttoP
mobilization.

ThemostimportantorganicPformsinsoil,higherphosphorylatedinositolphosphatesare
stronglyboundtothesoilsolidphaseandcanbemobilizedbycarboxylatessimilartothe
orthophosphateanion.
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ThequantitativeeffectofcarboxylateexcretionontheacquisitionofsoilPbyhigherplants
requires an integrative concept, including all relevant soil and plant parameters. Such a
frameworkmaybeamathematicalmodelbasedonexperimentallydeterminedparameters.
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