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Einleitung

1.1 Phosphott esseniell aber umstritten

Gegenwartig ist Phosphor(P) nach Stickstoff, der umstrittenste Nahrstoff im
landwirtschaftlichen Okosyster® gehort zu deessentiellen Nahrstoffen fidas pflanzliche
Wachstum. Aufgund des lohen pflanzlichen Bedarfs-@ngg* TM, Hawkesford et al. 2012
wird P als Makronéhrstoff klassifiziert und macht jemart der Nutzpflanze 0,08,5% der
Gesamttrockenmasse a(igance et al. 203). NachSchachtman et a(1998)und Richardson

et al. (2009)wird der Nahrstoffvor allemals Orthophosphatim Protonen Celransport aus

der Bodenlosung aufgenommenn Abhangigkeit des pM/erts erfolgt die Aufnahme
uberwiegendals DihydrogenphosphatHPQy), aber auch alHydrogenphgphat HPQ?)
bzw.Phosplorsaure HtPQ). Jedoch istlie Aufnahme vomanorganischem losphat(R) tiber
Pflanzenwurzelnbegrenzt. Dies ist d@rauf zurtckzufihren, das$ Uberwiegend in
gebundenen, stabilen und nahezu unléslichEnrnen vorliegt, eine grof3e Reaktivitat
gegeniberzahlreichen Bodenbeahdteilenaufweist und nur in sehr geringeKonzentration

in der Bodenldsun¢< 10uM) vorhandenist (Bieleski 1973; Schachtman et al. 1998; Hinsinger
2001) Zusatzlich fuhrtie P-Aufnahmezu einercharakteristischerWVerarmungszone irder
Rhizosphare Dies wird ebenfalls durch digeringe Diffusionsgeschwindigkeil0'? bis
10°m?s?) von Rlonen im Bodenverstarkt (Schachtmanet al. 199§. Somit ist die
Konzentration desgerfligbaren An Béden niedrigerals die des pflanzlichen Gewebes, welche
nach Raghothama(1999) bei 5-20mM liegt Daher erfolgt die Aufnahme entgegen eines
Konzentrationsgradienten und isbmit energieabhangigRaghothama 1999)m Gegensatz

zu Stickstoff und Schwefeird Phosphorin der Pflanzenicht reduziert und zahiicht zu den
assimilierten Nahrstoffer? verbleibt entweder in seiner anorganischen Form oder fungiert
aufgund der Eigenschaft Esterbindungen einzugehess wichtige Komponente
verschiedener Schlisselmolekiile in der Pflafrz@wkesford et al. 2012Beispielsweiseals
Strukturkomponente in Nukleinsduren und Phospholipiden, weshalb der Nahrsiefgeol3e
Bedeutung fur den Aufbau der DNA sowie fir den Aufbau und die Funktion von
Biomembranen hatDort fungiert P naclchachtman et ak1998)und Hawkesford et al.
(2012)als Briickenelement zwischen zwei Nukleotiden bzw. zwischen einem Diglycerid und
einem weiteren Molekul (Aminosaure, Alkohol) und formt so die entsprechenden
Makromoleklle (Nukleinsduren bzw. PhospholipidédchMaathuis(2009)ist im Falle der
Phospholipide die negative Ladung der Phosphatgruppe entscheidend fir die raumliche

Struktur der Bbmembran, da sie der pidkomponente den stark hydrophilen Charakter
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verleiht. Dies bestimmt die Funktion der Biomembran, weloh® allem zusammen mit
Transportproteinenin der selektiven Nahrstoffaufnahme lie@tiawkesford et al. 2012pes
Weiteren bindet Pmittels Pyrophosphatbindungen an weitere Phosphatgruppen. Infolge
dieser Bindungen entstehedie Energietrager des pflanzlichen Stoffwechselsystems, wie
Adenosindiphosphat (ADP) und Adenosintriphosphat (ADR).Bildung und Hydrolysger
Pyrophosphatbindungen ist einer der zentralen Mechanismen im Energiestoffwechsel.
Bedingt durch die Hydrolysger Pyrophosphatbindung eines ATP’s wird Energie freigesetzt
die fir weitere Reaktionen,.B. Starkebiosynthese odelonenaufnahme, genutzt bzw.
bendtigt wird. Neben ATP gibt es weitere energiereiche Phosphonukleotide wie
Uridintriphosphat (UTP) und Guesintriphosphat (GTRMaathuis 2009; Hawkesford et al.
2012) Des Weiteren werden Enzynie Folge einer Phosphorylierungsreaktion du’shP,
UTP oder ADRaktiviert (Hawkesford et al. 2012)Die Phosphorylierung wird durch
Proteinkinasen vermittelt und kareu einer Aktivierung, Inaktivierung und/oder Veranderung
der allosterischen Eigenschaften des Zielproteins ful@mdde undChollet 1988) Nach
Schachtman et al(1998)ist die Verteilung von anorganischem Phosphatl somit die
Aufrechterhaltung einer stabilen -Ronzentration im Cytoplasma essentiell fur viele
Enzymreaktionen. Im Blatt selbst kann die Konzentration Romm einen Fakto von 20
schwanken, wohingegen die Konzentration im Cytosol infolge der Aufrechterhaltung der
Homoostase in einem engen Bereich reguliert wirthwkesford et al. 2012Der Grund
hierfir liegt lautMimura et al.(1990)in der puffernden Funktion der Vakuole, die durch
Aufnahme und Abgabe voniR das Cytosol dessetkonzentration weitestgehend konstant
halt. 85-95% des Gesanf einer Zellewerden n Form vonP in der Vakuolegespeichert
(Lauer et al. 1989b¥sleichegyilt auch fur die Zellen in den WurzdlHawkesford et al. 2012)
Des Weiteren hat iPauch eine wichtige Funktion in der Photosynthese, genauer in der
Kohlenstoffverlagerung zwischen déhloroplasten und dem Cytos@Hawkesford et al.
2012) Abhangig vom Pflanzengewebgibt es neben P zwei weitere entscheidende
Speicherformen von Pt Polyphosphat und Phyta{Yang et al.2017) Phytat ist die
Hauptspeicherform in Pflanzensamdis zu 806 desn die Samen transportiertenrhi®sphoss

liegt in Form von Phytinsdie vor und dient als Phosphorquellbei der KeimungAsada et al.
1970)

Kommt es zu einer Unterversorgung der Pflanze, so dass eine Aufrechterhaltung der

physiologischen und metabolischen Prozesse nichtrmeiiglich isthat dies einen Einfluss
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auf die Entwicklung der PflanzBesonders nter starkem P-Mangel sinkt die cytosolische
Konzentration von Pin den Blatternum einen Faktor bis zu 2%3eichzeitig sinktdie
Konzentration der energiereichen\Rerbirdungen um 260% (Hawkesford et al. 2012An

der Morphologie der Pflanze wirdess durchverschiedene Symptome deutlich. Besonders das
Sprosswachstum wird durch mangelnd&/&fugbarkeit negativ beeinflus§fig.1.1). Neben
einer veminderten Sprossgro3€Fredeen et al. 1989; Rao und Terry 198®)auch die
Blattbildung verlangsam{iColomb et al. 2000; Plénet et al. 2000; Assuero et al. 200 je
nach Kultur auch die Blattanzavrringert (Lynch et al. 1991)n der Wurzel kommt es zu
Veranderungen der WurzelarchitektyWilliamson et al. 2001)Das Wachstum isaber
weniger betroffen als im Sprosswas in einem verringerten Spre¥gurzetVerhaltnis
resultiert (Lynch 1995)Jedoch wird die Entwicklung der reproduktiven Organe genauso
gehemmt wie das Sprosswachstutrverspatete Bitenanlage(Rossiter 1978)verringerte
BlutenanzahlBould und Parfitt 19733owie verringerte Kornausbildun@arry und Miller
1989)sind die Folge.

NachBergmanr(1993)ist eine rotviolette und tiefpurprne Verfarbung von Blattevor allem

an jungen Pflanzen eiypisches Kennzeichen fir Phosphormangglg.1.1). Dies isauf eine
verstarkte Synthese von Anthocyanerrum Schutz  gegen UV-Strahlung und
photoinhibitorischen Schden unter PMangel zurtckzufihrefAmtmann et al. 2005)Bei
anhaltendem PMangelkann es beginned auf den &lteren Blatternzu einer verstérkten
Bildung von braunen bis dunkelbraunen nekrotischen Fle&kenmen.Diese verteilersich
uber das Bitt und fihrenzum vollstdndigen Absterbgi®eneszena)nd Abfallen der Blatter
(Bergmann 1993)Die Ursachehierfir ist die Remobilisierungvon organischemP in dlteren
Blattern und dessen Translokatiam jingere BlatterSchlussendlich fuhrt ein-FMangel bei
allenKulturpflanzen zu einer starken Minderung des Ertragspotentials umardaltenderP-
Mangel wahrend der Jugendewvicklung der Pflanzekanndurch eine spateré-Gabe nicht
mehr kompensiert werdefiBergmann 1993; Grant et al. 2001)

Folglich ist die moderne Landwirtschaft, trotz zahlreicher Anpassungsmechanismen der
Pflanze,zur Erlaltung der hohen Ertragslagauf regelmafiige Inputs durch-ingung
angewiesenZum einen erfa@t dies durch mineraliéen Dinger und zum anderen durch
organische Wirtschaftsdiinger wie Flissigmist und Festraisr auchdurch Garreste aus

nachwahsenden Bhstoffen Neben den positiven Wirkungen voPhosphor auf das
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Pflanzenwachstum, den Ertrag und die Bodenfruchtbarkeit birgt eib&ifyung auch eine

Vielzahhegativer Faktoren, die es beim Einsatz des Nahrstoffs zu bertucksichtigen gilt.

Figure 1.1: Phosphor Mangelsymptome an der Kulturpflanze Ma®B. (A, B) mit reduziertem
Sprosswachstunm Wallsbtill, Schleswibolstein (O abgestorbene altere BlatteiSéneszengzroter
Pfeil) und Anthocyanverfarbungen an den jungen, grinen Blati@jwverringertes Sprosswachstum,
abgestorbene altere Blattgroter Pfeil)Jund beginnendes absterben jlingerer Blatferangener Pfeil)
in Nahrlésung.

Im Vergleich zu anderen Makronahrstoffereist Fhosphorin den meisten Bdden eine sehr
geringeMobilitéat und Pflanzenverfigbarkeit ayHinsinger 2001)Der gesamte Bodenvorrat
von P steht in einem Fliel3gleichgewicht zWwest dem mineralisch epundenen, dem
organisch gebundenesowie dem pflanzenverfigbaren Schachtman et al. 1998pie
geringe Mobilitat voranorganischem Phosphamh Boden iszudemauf diehohe Affinitat der
P-lonen ggenlber elektrophilen Kationewie Eisen Auminium aber auch Caium und

Magnesium zurtckzufuhren. M diesen konnendie Rlonen vershiedenste Formen von

Mineralen(z.B.Hydroxylapatit, Variszit, Strengfiilden (Hinsinger 2001 NachHolford(1997)
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sind ungefahr 806 des gesamtenh®sphos im Boden in anorganischer oder organischer
Form gebundenDaherdominiertein der Vergangenheit die Annahme, dass P im Boden als
nahezu immobil zu betrachten ist. Solch eine Annahme veranlasste die Landwirte dazu, mehr
Dungerauszubringenals die Pflanzen tatsachlich aufnehmen konnfelaygarth und Jarvis
1997) Vor diesen Hintergrinden entwickelte sich das AgrarokosysteBezug auf Phosphor
von einer NetteSenke zu einer NettQuelle(Sharpley et al. 2001)

Ahnlich wie beiStickstoff kann auch P uber verschiedene Wege in das Grumul
Oberflachenwass eingetragen werden. Dabei widter Nahrstoff sowohl in gebundener als
auch in geldster Form tber Oberflachenabfluss (Erosion und Abschwemmung), aber auch tber
den Verlustpfad Sickerwasser bzw. Drainage (Makroporenfluss) in das -Gumd
Obeifflachenwasser verfrachtgtHart et al. 2004)Als groR3ter Verlustpfad wird in der Literatur
der Oberflachenabfluss, insbesondere die Erosion beschrieben, wobei P Uberwiegend in
gebundener Form an Partikeln transportiert wifronvang 1992; Haygarth und Sharpley
2000) Dahingegen sind die-Yerluste Uber das Sickerwasser in das Grundwasser als gering
eingestuft, da Peinerseitsim Boden Giberwiegend an Bodenpartikffonminerale, organische
Substanzen Eiser/Aluminium-Oxidg absorbiert vorliegt undandererseits mobilisierter,
geloster Posphorwéahrend der Bodenpassage wieder festgelegt werden Kélutsten et al.
2016; Sharpley et al. 20014llerdings ist nacBharpley et al(2001)die Umweltwirkung von
geldstem P als uberproportional hoch zu betrachten, weshalb trotz geringer Verluste der
Grundwasserabfluss als ziweichtigster Austragspfad gi{Holsten et al. 2016Neben der Art

des Verfrachtungspfaddsabenauch die topographischen Gegebenheiten, degé&haltder
Bdden, der Bodentyp sowie die rtAder Bewirtschaftung und insbesonderéglie
Nahrstoffapplikatioreine entscheidende Rolle auf dieverluste(Sharpley und Tunney 2000;
Sharpley et al. 2001; Hart et al. 2004)

Lautder Autorendes?2. Nahrstoffbericht des Landes Schieg-Holstein Henning und Taube
(2019) sind die Ursacheritr Phospho#Verluste vielschichtig.Als eine Ursachewird die
Entkopplung der Produktionssysteme mit einseitigem Transfer von Phosphor aus
Ackerbaubetrieben in Viehbetriebe und der damit einhergehenden Epkmg des RZyklus
gesehenDies wird auch in weiteren Studien beschrielfharpley und Jarvie 2012; Jarvie et
al. 2015; Sharpley et al. 201&ulRerdenwird der Landnutzungswandel von Griinland zu Mais
im Zuge der BiogaBSnergiewendeals weitere entscheidende Triebfeder fir die hohen

Belastungen des oberflaichennahen Grundwassers beschrieben. Vor allem in den maisstarken
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Regionen ist mit groReren-Bberschissen zu rechnen. Neben einer organischen Diingung
erfolgt hier haufig ein zusaizher Mineraldiingereinsajzer laut der Autoren im Durchschnitt
Uber 20kgPhat betragt. Dies flhrt ziP-Salden(Differenz aus dem Acker zugefiihrten und
abgefihrten B, die deutlich Gber den angestrebten Wert von KifP.Os hat liegen. Trotz
einer signfikanten Reduktion des mineralischenDRngemitteleinsatzeskommt es zur
Belastung der Oberflachengewasser wie FlisSeen und Meere(Koch et al. 2018Dies ist
auch an den FlieRgewassern Schlegdadsteins erkennba(Fig.1.2; (MELUND 2019Fine

Folge daraus ist die EutrophierungrvGewassern bis hin zu massivEischsterben und dem

Verlust der Biodiversitat sowie die Verunreinigung des Trinkwagd@rtak et al. 1993;
Burkholder und Glasgow 1997; Withextsal. 2001)
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Figurel.2: Situationzur Einhaltung bzw. Uberschreitung der Zielvorgaben des Meeresschutz@§ fir
Ortho-PhosphatPhosphorund (B) PhosphorGesamt inFlieRgewasserischleswigHolsteirs (Stand
September 2017; Bewertung nach Rak@icke Linien: Beurteilung anhand von Messwerten im
Wasserkorper; gestrichelte Linien: Beurteilung tbertrag®gLUND 2019)

LandwirtschaftlichdBddensind jedochnur eine vonmehreren Nahrstoffquellen, die sich auf
SiuRwasserund Meerestkosysteme auswirkeidrotzdem stellt die Bewirtschaftung der
Boden und deBodenP-Status eine wichtige Strategie zur Eindammung der Eutrophierung
dar (Withers et al. 2019)Ene Reduzierung de RInputs zur Generierungiiedrigere P-
Gehalte im Boden, didir einen oOkologschen Gewinn gerechtfertigt sinddarf die

Pflanzenproduktivitat nicht negativ beeinfluss@itithers et al. 2019)



Einleitung

Aus den vorgnannten Grinden wird deutlichdass die Effizienz der-Nutzung im
landwirtschaftlichen Sektor gesteigert werden mussy Jahr 2017wurde daher eine
Novellierung der Dingeverordnundurchgefiihrt. Die Regelungen zur Ausbringung von
stickstoff- und phosphohaltigen Dungemittelnvurden weiter verscharft.Eine vesentlicte
Veranderung istdie Reduktion des zulassigeRUberschusses von 20 auf K@P.Os hat,
unabhangy von der BodenversorgungsstufauRerdem darf ab einer Konzentration von
25mg P.0Os 100mg? Boden nur noch maximal der Entzug gedingt werdeafgrund nicht
eingehaltener Zielam Rahmen derEUNitratrichtlinie und EWWasserrahmenrichtlinien
Deutschland fuhrte emKlag der EU zu einer weiten Verscharfurg der Dingeverordnung
im Jahr 2020 Dies betrifft insbesonder Gebiete mit einer hohen Stickstoff und/oder
PhosphorBelastung sogenannte813-Gebiete FurFlachenandwirtschaftliche Betriebe die

in einem 813Gebiet liegen(P-Kulisse) sollen die Auflagen weiter verscharft werddbies
beinhaltet vor allem eine Verlangerung deperrfristerfiir die Ausbringung von Dingemitteln
(Bundesministerium fur Ernahrung und Landwirtschaft)

Vor diesem Hintergrund werden weitere Verscharfungender Richtlinien die
landwirtschaftlichen Betriebe vor grofRe Herausforderungen hinsichtlich dBiirgjung
stellen.Die Senkung des zulassigRBilanziiberschusses auf R§P.Os ha fiihrt dazu, dass
z.B. eine ertragswirksame UnterfuRdinguibgi Maisstark reduziert oder komplettuf diese
verzichtet werden musfReduzierter Diingerinpuind eine gering®ungermutzungseffizienz
durch die Pflanzenim ersten Jahr(<20%, Plaxton und Tran 20)}1sowie klimatische
Veranderumgen (Kalte, Trockenheitkdnnten vor allem bei Pflanzen mit schlechter P

Aneignung in der JugendentwicklungBzMaiskurzfristigzu RMangel fiihren.

1.2Maisund Phosphor

Mais (£a maysL.)ist nachWeizensowohl global(FAOSTAT 2018)s auch in Deutschland
(Statistisches Bundesamt 202(8s am zweithaufigsten angebaute Getreitte Deutschland

wurde der Maisanbau in den letzten 20 Jahren, ¢leichzeitigem Rickgang der Flache von
Dauergriinland, stark ausgedehnt, was vor allem auf die Erzeugung von Biogas zurtickzufuhren
ist (Henning und Taube 2019; Deutsches Maiskomitee 202@a)Entzug von Phosphlegt

je nadh Nutzungsrichtung zwischen 9@0kgP.Gs hal, wobd in der Jugendphase von der
vierten bis zurzehntenWachstumswoche eibhesondershoher Bedarf gedeckt werden muss

(Deutsches Maiskomitee 2020l)ie Remobilisierung der-Reserven in den Maissamen ist
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nachder erstenWachstunswoche abgeschlosséNadeem et al. 2011Pie geringe Mobilitat

von P im Boderin Kombination mit schnell wachsendgmgen Maispflanzen mit einem sich
langsam entwickelten Wurzelsystenfihrt in dieser Wachstumsphase haufig zu einer
suboptimalen FErnahrung von MaiéMollier und Pellerin 1999; Pedersen et al. ZDDaher

hat Mais zur Jugendentwicklung einen hohen Bedarf an anorganischem Phasphat
wurzelnahen RaunGleichzeitig schwéachean Nordeuropahaufig vorkommende Bodemnd
Lufttemperaturen von unter 15°@n Fruhjahrdas Wachstum der Wurzel(Btamp 1986)
insbesondere das Langeachstum (Kaspar und Blandl992) Daraus resultiert eine
verschlechterte ErschlieBung des Bodemas zu einer reduzierten Aneignung von Boéen
fuhrt. AuBerdem sindlie Mineralsation und dieDiffusionsgeschwindigkeit von P unter kalten
Temperaturen herabgeset¢tmran et al. 2013)was die FAufnahmefir junge Maispflanzen
erschwert

Diese Gegebenheiten erklaremvarum Mais positiv auf den Anstieg der l6séoh R
Konzentrationen in der Nahe der jungen Wurzeln reagiert, der sich aus der Anwendung einer
sogenannten dterful3diingung von mineralischem zur Aussaat von Mais ergiBarry und
Miller (1989)und Gavito und Miller(1998) zeigen in ihren Studien, dadgais mit einer
verstarkten Trockenmassebildung auf eind@hgungzur Jugendentwicklungeagiert In
deutschen Landwirtschaftsbetrieben erfolgtRtenteils eineusatzlicherganische Dingung
von Gille oder Garresten aus deerfialtung bzw. Biogaserzeugung.

Die DUingung mit phosphbaltigen mineralischen und organiseh®ingemitteh wurde und

wird wahrscheinlich auch in Zukunft weiter eingesotkt. Eine reduzierte Dingung véh
kann vor allem in kalten Frihjahren zu einer negativen Beeintrachtigung der
Jugendentwicklung von Mais fihrddnter dem Aspekt einer effizieaten RDUngung kénnte

die P-Blattdingung eine Moglichkeit zur gezielterBehebung von auftretenden -P
Mangelsituationen darstellen. In der Theorie stellt die Blattdingung im Vergleich zur
Bodendiingung ein potentiell umweldundlicheres und zielgerichteteregerfahren dar

(Eichert und Fernandez 2012)

1.3Blattapplikation von Nahrstoffen und deren Aufnahme tber das Blatt

DieBlattdiingung ermogtht die gezielte Applikation von N&hrstoffen in geldster Fauhdie
Pflanze insbesondereauf das Blatt Darliber hinaus ermdglicht dies eine direkte Zufuhr zu

Zeitpunkten hohen Bedarfs, woraus eine Steigerung der Nutzungseffizienz von N&hrstoffen
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wie Perfolgen kann(Girma et al. 2007)Theoretisch wird durch die gezielte Anwendung einer
Blattdiingung der Umwelteinfluss, beispielsweise durch Auswaschungygemr{Eichert und
Fernandez 2012) Vor allem findet die Blattdingung ihre Anwendungsbereiche in
Anbaugebieten mit Béderderen Beschaffendit die Verfugbarkeit von Nahrstoffen einer
Bodendingung limitieren (Festlegung von P) bzw. hohe N&hrstoffverluste Gber den Boden zu
erwarten sindNoack et al. 2010Pes Weiteren ist die Blattdiinguege wichtige Alternative

wenn das Entwickhgsstadium der Pflanze odéymweltbedingungeneine ausreichende
Nahrstoffvesorgung wichtiger Pflanzenorgane nicht zulas@egrnandez und Brown 2013)
Jedoch ist gegenwartig das Wissdeiidie Faktoren, die die Wirksamkeit der Blattdingung
beeinflussen, noch unvollstandigNoacket al. 2010; Ferndndez et al. 2018s gibteine
Vielzahl an Eigenschaften und Faktoren, deren Wechselwirkungen untereinander einen
Einfluss auf die Absorption und Translokation einer Blattdiingung hd&hiese kdnnen ach
Fernandez und Browf2013)einfacheitshalber in drei Kategorien eingeteiMerden Das sind

zum einen dighysikalischa und chemische Eigenschaftener Spritzbrihe bzw. Nahrlésung

wie die Molekulgro3e, Loslichkeit, elektrische Ladung,-WErt, Oberflachenspannung,
TropfchengroRe und Verteilung auf der Pflanzenoberflagieeitens sind es Umweltfaktoren

wie die relative Luftfeuchtigkeit, Temperatur und Strahlungtt®rs wird die Wirksamkei
ebenfallsdurch die Pflanzenart sowie die Physiologie der Pflanze beeinflusst. Dies sind vor
allem die Blattform, das Vorhandensein von Blatthaadss Blattalter, die Architektur der
Cuticula,die Wachsschicht undie Blattoberflache sowie die Mobilitddes Nahrstoffs in der
Pflanze(Fernandez und Eichert 2009; Fernandez et al. 2013)

Bevor jedoch der Nahrstoff einer Blattaghation von der Pflanze fir das Wachstum genutzt
werden kann, muss dieser zuerst die Blattoberflache durchdringenl(BigiNoack et al.
2010) WieKirkwood(1999)in seiner Studie beschreibt,lgies eine Reihe an Prozessdre

zur Durchdringung der Blattoberflache vollzogen werden missen. Diese vier Hauptprozesse
bestimmenden Anteil einer Blattapplikatigrler die Pflanze erreicht (Deposition), der an der
Pflanzenoberflache haften bleibt (Ret&on), tUber die Cuticula in die metabolisch aktiven
zellularen Kompartimente im Blatt eindringt (Aufnahme) und innerhalb der Pflanze
transportiert wird (TranslokationFernandez et al. 2013; Peirce 201Bdch im Gegensatz zu
Pflanzenwurzeln besitzen Blatter keine Transmembranproteine wie TraespGarrier und
<voU ] pu( VvAIdE ve%}ES A}V E ZE+S}((V *% 1] 0]*] ES ]\

Blatt applizierten gelosten Nahrstoffen isin einem Konzentrationsgradienten folgender
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passiver Prozeg&ichert und Goldbach 2008hd erfolgt haupsé&chlich tber die Cuticula und

die StomatgNoack et al. 2010; Fernandez et al. 2013)

Die Cuticula ist eine extrazellulare Schicht, die die Epidermis der emeigberirdischen
Pflanzenteileliberzieht(Fanandez und Brown 2013M\Is primare Schnittstelle zwischen der
Pflanzeund ihrer Umgebung schitzt die Cuticula vor diversen biotischen und abiotischen
StressfaktorenFernandez und Brown 2018nd dientauf3erdemals Transpirationsschutz
(Kerstiens 1996)Andererseits salitzt sie im Blattapoplasten vorkommende Nahrstoffe und
geloste Stoffe vor der Auswaschung durch Reggichert und Fernandez 2012nd
ermdglicht den kontrollierten Gasaustausch zwischen Pflanze und AtmosfYiéats und

Rose 2013)

Figure 1.3: Beispiel zur Aufnahme von auf die abaxBlattflacheapplizierten Diingetropfeifd). Die
Wechselwirkungen  zwischen dem  Duingertropfen und der  Weizenoberflac(i#
Rasterelektronenmikroskgpbeeinflussen die Aufnahme des geltsten Nahrstoffes tUber die Cuticula
(C1) und Stomatg2). Die geldsten Phosphdédnen werden sehr wahrscheinli¢itver den Apoplasten

in die Epidermiszellen aufgenommen und in andere Pflanzenteile veri@)eAbbbildungen C und D
sind Aufnahmen mit dem TransmissiebkektronenMikroskop der abaxialen Oberflache eines
WeizenblattegFernandez und Brown 2013)
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Abhéangig vo Pflanzenart undkompartimentvariiert die Dicke der Cuticul@Holloway 1993)
und besteht nachPollard et al.(2008) zum gréf3ten Teil aus Cutin, einem Polyester aus
polymerisierten langkettigen Fettsdurenin dem zusatzlich intracwulare Wachse
eingebettet $nd (Fig.1.4). Die Cuticul&ann durch die Einlagerung von Polysacchéiitillen
aus den Epidermiszellen als zweigeteiltes Element betrachtet weddmnneren (cuticular
layer)und einerauf3eren Schichcuticleproper)(Pollard et al. 2008; Hawkesford et al. 2012,
Eichert und Fernandez 2012)er hydrophobe Charakter der Cuticula nimrahdr von au3en
nach innen ab, weshalbed von der Epidermis beeinflusste Teil der Cuti¢aldicular layer)
durch das Vorhandensein von Polysacchariden eher hydrophile Eigenschafterisauf
(Eichert und Fernadndez 2012)ie &ufRere Schicht der Cuticula ist zusatzlich durch eine
epicuticulare Wachsschiclitberzogen, welcheinen starkhydrophoben Charakteaufweist

(Heredia 2003)

—— e = == +— Epicuticular wax
F+ +++++++++++ +;'~F+ +++++++ ++++4>+4'+ 7 i
— Cuticle proper

+ SO +I+++ 3r +¢ ++ T

4

— Cuticular layer

T

Epidermal cells

Figure 1.4: Schematischébbildung des auReren Aufbagines Blattes. B Epidermiszien werden
durch eine Cuticula, welche aus einer CiMiatrix (hellgrau) mit eingebetteten intracuticularen
Wachsen bestehtgeschutzt.Die innere cuticuldre Schicht (cutlar layer) ist mit Polysaccharid
Fibrillen durchzogen. Die &ufRere eigentliche Cuticstldrei von Zellwandmaterial. In den meisten
Fallen ist die Cuticula durch eine stark hydrophobe epicuticulare Wachsschicht Ube(z tipeat und
Fernandez 2012)

Lipophile, unpolare Verbindungen kénnen Uber die hydrophobe Cuticula in das Blatt
eindringen (Schoénherr 2006)Dieser Vorgang soll nadtiederer und Friedman(R006)in

Folge einesflissolutiondiffusionrmodel Zgeschehen. Die Diffusionsrate ist dabei von der
Loslichkeit und der Mobilitat der lipophilen Verbindungen in der Cutichlkeagig(Schreiber
2006) Der lipophile und hydrophobe Charakter der pflanzlichen Cuticula macht diese jedoch

zu einer effektiven Barriere gegentuber der Diffusion von polaren hydrophilen Verigedu

wie mineralischen Salzen, Chelaten oder Komplef{egrnandez und Brown 2013pie
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meisten Blattdinger werden jedoch in Form von hydrophilen, in der Cuticula nahezu
unléslichen lonepausgebrach(Schénherr 2000, 2006lpaher kdnnersie nachSchlegel et al.
(2005)die Cuticula nicht Uér den lipophilen Weg pageren JedochzeigenStudien, dass die
Aufnahme von lonen erheblich groRRer ist als zu erwarten wére, wesladbAufnahme tber
sogenannte polare PorerZ(Schonherr 1976a) fvassrige PorenZ(Schénherr 2000)zw.

[A e+ EP (°0o0Echehe 20a5ngenommen wirdFig.1.5).

Dry air

Cuticle
du .
"G . Epidermis

Humid air )
Solution

Cuticle
Epidermis

Figure 1.5: (A) Schematische Darstellung einer polaren/wassrigen Pore Satidnherr(2006) die

eine Cuticula durchquert. Die geladenen Teilchen kénnen nur Uber die Pore in das Innere eindringen,
wohingegen die nicht geladenen kleinen Teilchen durch die Memtlifamdieren kénnen(B) und (O
Schematische Darstellung des Einflusses von Luftfeuchtigkeit auf die Bildung von polaren/wéssrigen
Poren nactEichert und Fernandg2012) Unter trockenen Bedingungen)(®ird das Wasseaus den
Epidermiszellen in der unteren Cuticulaschicht zurtickgehali@ter feuchten Bedingungen)(@ingt

das Wasser idie obere Schicht vomvodurch Poren£ntstehen die das Eindringen polaregeldster

Stoffe durch die Cuticula erméglichen.

Es wirdvermutet, dass solche Poren gufind der Absorption von Wassermolekilen sinh

in der Schicht der Cuticula befindendefunktionellen Gruppen (Hydroxy und
Carboxygruppergntstehen(Schoénherr 2000; Schreiber 200Bjes geschieht sowohl von der
atmospharischen als auch von der epidermakeite und wird von der Luftfeuchtigkeit
bestimmt (Eichert und Fernandez 2012)ie Durchmesser ddtoren sind abh&ngig von der
Pflanzenartt z.B.<1nm bei der BitteroranggCitrus x aurantiunk..)(Schonherr 1976a)der
2,4nm bei der Bastar®chwarzPappel Populus x canadensMoOENCH (Eichert et al. 1998)
NachNoack et al(2010)sind geloste lonen, deren Radius kleiner als [derchmesser der
Poren ist, in der Lage durch diese zu diffundiedegtztendlich ist dieser Mechanismus nach
Aussagen vorrerndndez und Eiche(R009)noch unzureichend geklarfuR3erdem ist die

Exstenz der cuticularenPoren bishernicht mikroskopisch beobachtet worden und die
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bestehenden Studien ausschlief3lich mit isolier@uticula durchgefiihrt wurden. Dies kann
nachFernandez et a(2020)zu irrefiihrenden Interpretationen flhren.

Eine weitere Theorie ist die Aufnahme von Nahrstoffen (dierStomata(Fernandez et al.
2013) Stomata sind Spaltoffnungedie sich durch die Cuticula und Epidermis erstrecken.
Deren Funktion in der Pflanze ist die Regulierung der Wasserabgabe sowie der Austausch von
Kohlenstoffdioxid (C£ zwischen den pflanzlichen Zellen und der Umw@ichert und
Ferndndez 2012)n friheren Studien wird die Annahme postuliert, dass die Aufnahme der
Nahrstoffe infolge eines Massdugses uber die Stomata erfol{dybing und Currier 1961;
Middleton und Sanderson 1965piese Theorie wirdbon Schoénherr und Bukovad972)
widerlegt, da Schlie3zellen @unéind ihrer spezifischen Architektur die BEit auch vor dem
Eindringen von wassrigen Losungen schiitEeme Ausnahme bilden hiarassrige Losungen,
deren Oberflachenspannung infolge der Zugabe von Additiven herabgesetzt wurde
(Zabkiewicz et al. 1993)rotzdessendass Stomata das Eindringen von Wasser in die Pflanze
verhindern, kdnren zahlreiche Studien eé&m positiven Zusammenhang zwischen dem
Vorhandensein von Stomatand der Aufnahme vongelosten Nahrstoffen darstellenSo
besteht eine positive Korrelation zwischen der AnZ&thonherr und Bukovac 1978; Eichert
und Burkhardt 2001; Eichert und Goldbach 2008) der Offnung von Stomat&ichertet al.

1998; Fernandez et al. 2005; Schlegel et al. 2606)er Aufnahme von Nahrstoffen

Es wird angenommen, dass die Aufnahme der gelosten Stoffe nicht infolge eines
Massenflussessondern vielmehr durch Diffusion erfolgt. Nach der Studie Earert et al.
(2008)sdlen hydrophilelonen bzwPartikelentlangder Oberflahe derStomataporenn das
Blattinnere eindringen. Die Autoren nehmen an, dass die Diffusion durch eine Schicht aus
adsorbierten Wassermolekilen an der Oberflache der Stomatap@endglicht wird.
AulRerdem lasst sich aus dieser Studie ableiten, di@sslachtigkeit der Waserschichggrof3er

43nm betragt und damit in der Grol3enordnung tGber den Durchmessern[Vant o GG WZ
liegt. Daraus ergibt sich die Annahme, dass uber die Stgrnmat&ergéich zu Poren in der
Cuticulanicht nur gré3ere Partikel aufgenommen werden kdénnen, sondern auch eine hohere
Transportrateerreicht wird (Eichert et al. 2008)Wie grol3 der Einflusser Stomata auf die
Nahrstoffaufnahme infolge einer Blattapplikation sein kann, ledztendlich noch nicht
gesichert, kdnnte abelaut Forschungvon hoher Bedeutung seifEichert et al. 2008Des

Weiteren kénne eine erhdhte Penetrationsraten der Gegenwart von Stomata nach

14



Einleitung

Schonherr und Bukoval978) sowie Schlegel und Schonhef2002) auf die erhohte
Permeabilitat der peristomatalen Cuticula und der Schlie3zellen zuriickzufiihren sein.

Ob die Aufnahme letztendlich GbeliedStomata oder Uber die Cuticula bzw. tUber beides
bedeutenderist, ist in der aktuellen Forschung noch nicht hinreichend geklart. Die Rolle von
epidermalen Strukturen wie Trichomen (Pflanzenhaare) oder Lenticellen (Poren im
Korkmantel) hinsichtlich der Amahme von Nahrstoffenist nachFernandez et al(2013)
ebenfalls noch unklar.

Jedoch ist fur die Aufnahmewahrscheinlichkeit ugdschwindigkeit Gber die Cuticula und
Stomata die Kontaktflache zwischenndeDingertropfen und der Blattflache ebenso von
groBer Bedeutungwie die Blattbeschaffenheit undlie Formulierung der Spritzbrihe
(Fernandez und Brown 2013Blattdiinger kénnen allein oder in Kombination mit einer
Vielzahl an Additiven angewendet werden. Additive sind Zusatzstoffie die
Kontakteigenschaften, die Absorptionsrate und die OberflachenverteilungSgetzbrihe
verbessern. Tenside (Netzmittel) sind eine unter den Additiven haufig angewendete Gruppe,
welche die Oberflachenspannung d&pritzbrihe verringern und folgliadie Benetzung auf

der Pflanzenoberflache verbessern. Des Weiteren werden Additiele zur Verbesserung der
Penetrations oder Hafteigenschaften eingese{®oack et al. 2010;gfnandez et al. 2013)
Nachdem der Nahrstoff die aufere Blattschicht Gberwunden hat, gelangt er in den
ApoplastenDer Apoplasspielt eine Hauptrolle bei der Kommunikation der Pflanzen mit der
Umwelt (Geilfus und Mihling 2013)nd umfasst die extrazellularen Teile innerhalb des
pflanzlichen Gewebd&ig.1.6). NachSattelmacher et a(1998) besteht der Apoplast aus allen
Komponentendie sich zwischen Plasmalemma und der Cuticula befirtdkm Zellwand, der
Mittellamelle, dem Xylem wh den gasund wassergefullten interzellularen Raumetwar
macht der Apoplast nur% des Gewebevolume im Blatt augGrignon und Sentenac 1991)
erfullt aber viele verschiedene Funktionen. Insbesondere zur Aufrechterhaltung eines lonen
GleichgewichtegGrignon und Sentenac 1991)em Schutz des Cytosols vor toxischen
Elementen(Sattelmacher et al. 1998)lem Zellwachstum durch Beeinflussungchanische

und osmotischeProzess€Grignon und Sentenac 1994derder Regulation vortergehender
pHWert SchwankungefMuhling und Sattelmacher 1995; Geilfus und Muhling 20$&)n
Pendant, der Syplast, ist das intrazelluté Kontinuum #er verbundenen Cytosole von
Mesophyllizellen innerhalb eines Blatt¢Mimura 1999) Somit muss der Nahrstoff den

Apoplasten passieren, damit er in das Zellinnere aufgenommen und in den metabolisch
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aktiven Kompartimenten genutzverden kann. In Abh&ngigkeit des digperten Nahrstoffs

kommt es anschlieRenzu einer lokalen oder systemischen Wirkung in der Pflanze.

A e it
T ‘ . . Km100
m "\ A A "\a //\ N\
\ '\, == i l L
= T M T A

Apoplast Plasmodesmen Symplast

Figure 1.6: (A) Schematische Darstellung von Apoplast, Symplast und PlasmodesmeHReidtiind
Piechulla(2015) Die extrazellularen Rdume zwischen den Zellwéanden, sowie Zellwande bilden den
Apoplasten. Die Uber Plasmodesmen verbundenen Zellen ergeben den SympldBjen.
Fluoreszenzaufnahme der adaxialen Blatesder Ackerbohne\(icia fabal.). Der Farbstoff erméglicht

die raumliche Unterscheidung in (1) den epidermalen Apoplasten der die Epidermiszellen umgibt, (2)
den Palisadenapoplten, (3) die Stomata und (4)ie Zellen des Palisadengewebes, welche schwarz
erscheinen, da der Symplast nicht mit dem Farbstoff beladg)Gmsitfus und Mihling 2012)

Die Art der Wirkung ist von der Mobilitat im Phloem abhanlyign unterscheidet zwischen
sehrmobilen Nahrstofferwie Phosphat Stickstoff Kaliumoder Magnesium die somitin der
Pflanze eine systemische Wirkung erzidénnenund bedingt mobilen (Een, Z4nk, Bor) bzw.

fast immobilen Nahrstoffen (Gaum, Mangan), welche primér eine lokale Wirkung erzielen
(Hawkesford et al. 2012; Fernandez und Brown 20D@her muss die Wirksamkeit der
Blattapplikation im Verhaltnis zu der zu erwartenden Wirkung betrachtet werden. Dies
bedeutet, dass auch lokal wirkende Nahrstoffe eisgmifikantenNutzen fur dieEntwicklung

von Pflanzen und insbesondere von Friichten haff@rnandez und Brown 2013; Fernandez
et al. 2013) Jedoch wird die Trarsiation von Nahrstoffen nicht nur durch deren
Phloemmobilitdt bestimmt. Das Entwicklungsstadidies benetzten Pflanzenorgaspielt

eine entscheidende Rolle bei der Verlagerukgontz und Biddulpk1957)konnten in ihrer
Studie an jungen Pflanzen der KidneybohRbgseolusulgarisL) demonstrieren, dass auf
vollstandig entwickelte Blatter appliziertes radiomarkiextBin jingee, noch wachsende
Blatter bzw. die Wurzel verlagert wird. Erfolgt die Applikation jedoch auf wachsendes
Blattmaterial, ssmimmt der Anteil arverlagertem P sukzessive mit dem Alter des behandelten

Blattes albzw. erfolgt keine Verlagerung mehr ailsn ganz jungen Blattern (Fiy7).
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Problematisch bei der Anwendung von Blattdiingungen ist die HOhe der Konzentration des zu
verabreichenden Nahrstéd. Die Applikation von zu hohen Konzentrationen resultiert in der
Regel in Blattschaden wieB. Veratzungen. Lokalisierte Salztoxizitdt, das Vorhandensein
toxischer Verbindungen oder der pMert der Nahrlésung sind nagliexander und Schroeder
(1987)weitere mogliche Faktoren, die Blattschaden verursachen. Andererseits besteht die
Notwendigkeit der Applikationen von hohen Konzentrationen, damit eine ausreichende
Nahrstoffaufnahme Gber das Blatt sichergestellt werden kanBaher ist die
Nahrstoffversorgung allein auf Basis von Blattdiingungemadkronahrstoffen aufguind des

hohen Bedarfs der Pflanze und den méglichen Blattschaden als unwahrscheinlich anzusehen

(Johnson et al. 2001)

Figure 1.7: Autoradiogramme zeigen die Translokation von radiomarkiartehosphor (F¥) in
KidneybohnenpflanzenPhaseolus vulgarik.) 24 Stundennach der Applikation von Of8L einer
10mM NatriumdihydrogenphosphafNaHPQ) Losung auf verschiedene Blattetag@nter Pfeil) Je
dunkler das Pflanzengewebe, desto melit War nachweisbar(A) und (B) vollentwickelte altere
Blatter im unteren Sprosslyeich, (O jingeres Blatt im oberen Sprossbereich @) junges, nicht
vollstandig entwickeltes BlafKoontz und Biddulph 1957)

1.4 Wirkung und Bedeutunginer PhospheBlattapplikationfiir die
landwirtschaftliche Nutzung

Die Diingung vonh®sphoriiber das Blatt ist eine weltweit angewandte Techdiédoch hat
sich de RBlattdingung bisher nicht als zuverlassige Methode 2deBorgung von Pflanzen
durchgesetzt. Es ist offensichtlich, dass derblattapplizierenderP-Menge, aufgrund von
Loslichkit, Wirksamkeit und Blattverbrennunge@renzen gesetzt singNoack ¢ al. 2010)
Ene Vielzahl an Studienntersucht die Thematik der fBlattdiingungan verschiedenen
Kulturen wie SojabohnfGlycine maxL.) Merr.](Garcia L und Hanway 1976; Mallarino et al.
2001) Weizen Triticium aestivup(Arif et al. 2006; Mosali et al. 2006; Fernandez et al. 2014b;
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Peirce et al. 2014)nd Mais(Barel und Black 1979; Girma et al. 20@i¢ Zielalieser Studien
waren vor allem die entsprechende Formulierung, Konzentration und den optimalen
Zeitpunkt einer Applikation zu bestimmeninsbesondere unter dem Aspekt der
ErtragssteigerungWie in dem Review voNoack et al(2010)zusammengefasst, ish iden
meisten Studierdie Applikation vor der Anthes@lite) der Zeitpunkt mit den vermeintlich
hdchsten Ertragseffekten. Jedoch gibt es auch Studien, die mit einer Applikation nach der
Blite einen positiven Effekt auf den Ertrag erzielen konnten. Andererseits erzielte eine P
Blattdingung in frihen Wachstwstadien eine hohere Anzahl an fruchtbaren
Bestockungstrieben in WeizéGrant et al. 2001 Vermutlich ist aber nacNoack et al(2010)

die Ubergangsphaserom vegetativem ins generative Wachstugin vielversprechender
Zeitpunkt, da indieser Phase ein hoher Bedarf an P vorliégtztendlich lasst sich aus der
Vielzahl an Studien jedoch kein optimaler Applikationszeitpunkt bestimineillgemeinen
zeigenStudien mit PBlattapplikationen unterschiedliche Resultate und eine klare Belutgj

ist nicht moglich(Noack et al. 2010)

AulRerdem ist der Bedasin Fhosphorvon der Kulturarundder RVerflugbarkeitabhéngigDie
besten Ergebnisse hinsichtlich d@iNutzungseffizienzverden lautMosali et al.(2006)und
Girma et al(2007) bei einer Aufwandmenge von 1&kg P hat erzielt. Andererseits erfolgen
die hochsten Ertragsfskte mit hoheren Aufwandmengenie zB. mit 8kgPhalin Fam von
Kaliumdihydrogenphosphdtei Mais(Girma et al. 2007)Generell istlaut der Studiendie
P-Nutzungseffizienziner RBlattdiingung im Vergleich zu einer Bodendiingung verbésser
Dabeiwurdenverschiedene f/erbindungen als Blattdiingangewendet Nach Noack et al.
(2010)und Ferrdndez et al(2013)sinddie am haufigsten verwendeten\Yrerbindungerdie
Phosphorsaure @rPQ), das Kaliumdihydrogenphosphat (KPIO), das
Dikaliumhydrogenphosphatk¢HP(Q) und das Ammoniumdihydrogenphosphat (NHPQ).
AulRerdem zeigt sich in vielen Studien, dass niedriger pHWert (23) der
Dungerformulierung zu rascheren und bessereAutahmeeffekten fihrt(Noack et al.
2010) aberauchgleichzeitig ein verstarktes Auftreten von Verbrennungsschaaearsacht
(Peirce 2015)

In der Literatur wird einer Blattdiingung als Erganzungsdiingung grof3e Bedeutung
zugeprochen(Mosali et al. 2006; Noack et al. 2010; Peirce et al. 2(Hié)ist naciNoack et

al. (2010)die effektivste bzw. effizienteste Methode um in spaten Entwicklungsstadien einer

mangelnden Persorgung entgegenzuwirkemllerdings zeigt sich in der Studie von
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Ferndndez et al(2014b) dass die Absorption von P Uber das Blatt vofSt&us der
Weizenpflanze abhangig igeedoch erfolgte die Studie nur an eirven vielen Kulturpflanzen
(Weizen) fur die eine FBlattdingung von Bedeutung sein kdnntasdgesamt wurde aber
bisher nur wenig Gber den Einfluss eineMBngels auf eine mdglicheAufnahme tber das

Blatt geforscht.

1.5 Zielsetzung

Phosphorist ein weltweit bedeutender Makron&hrstoff fur das pflanzliche Wachstum. Jedoch
sind die Anforderungean den landwirtschaftlichen Sektor hinsichtlich der Nutzung von P in
den letzten Jahren enorm angestiegdbies hat zur Folge, dass sich die Diingestrategie
hinsichtlich P weiter veréandemird undmuss. Neben diversen Ansatzen zur Erhéhundrder
Nutzungsefizienzvon organischen und mineralischen Dingemitteln, stellt die Blattdiingung
eine Moglichkeit des gezielten Einsatzes zum Zeitpunkt des Bedarfs dar. Wie in den
Abschnitten zuvor erlautert wurdest die Applikation von P Uber das Blatt kein ganzliclegeu
KonzeptDurch klimatische Verdnderungaund die Novellierungen der Dingeverordnusiy

das Risiko eines auftretendeAMPangels im Jugendstadium viMaisgflanzen aufgund eines
hohen Bedarfs an wasserloslichem P im wurzelnahen Raernght. Zu niedrige
Temperaturen wahrend der Jugendentwicklung beeintrachtigen zum einem die Entwicklung
des Wurzelsystems und zum anderen die Verflugbarkeit von Nahrstoffen WwieRter Linie
wurde daherder Effekt von PMangel auf die Bittapplikation untersucht Dabei wurden

folgende Fragestellungen verfolgt:

- Konnen Maispflanzen mit akutem Phosphornangel blattapplizierten Phosphor
aufnehmen?

- Kanneine thosphorBlattapplikationin der Jugendentwicklung von di4 zu einem
signifikanten Biomassezuwachsitragerf?

- Kann durch Erh6hung der Konzentration der Applikationsldsung die Haufigkeit der
Behandlung reduziert werden?

- Wird blattgediingter Phosphor in den ersten 48 Stunden direkt in den Symplasten
aufgenommen oder kommt es zu einer voribergehenden Speicherungaopiasten?

- Kann eine PhospheBlattdiingung zur Jugendentwicklung einen Mehrertrag erzielen?
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Abstract

Background : Foliar application is mainly used in agriculture as a targeted top-up application to
prevent deficiencies or during anthesis to improve quality. Hence, foliar fertilization usually
occurs in plants that are in good condition and capable of uptake through the leaf. However, the
extent to which plants utilize a nutrient under conditions of deficiency is also of importance.
Aims: Our aim was to determine the response of P deficient maize plants to P foliar application
at various concentrations and to investigate possible differences between the adaxial and abax-
ial sides of leaves with regard to uptake.

Methods : Maize plants were grown under P deficiency in nutrient solution for two weeks followed
by 2-3 foliar P treatments over a period of three weeks. Three different foliar P concentrations
were compared. Older and younger shoots and roots were analyzed. In a second experiment,
the influence of the leaf side on P uptake was determined by an infiltration/centrifugation method
on the 5 leaf and total P in the 4" leaf, older and younger shoot, and root.

Results: Foliar application significantly increased the biomass and P concentration in deficient
maize, including the roots. Omission of a third application and a concomitant increase in the
application concentration achieved comparable results. Uptake occurred on both sides of the
leaf with no significant differences.

Conclusions : Maize plants are able to absorb and utilize foliar-applied P, even under deficient
conditions and independently of leaf side. P foliar application can therefore be used as a top-up
application in deficiency situations. Moreover, the number of applications can be reduced at high-

er P application concentrations.

Key words: abaxial / adaxial / foliar absorption / foliar fertilization / subcellular
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1 Introduction

The history of research into foliar application stretches back
to the 19™ century, as reported by Fernandez and Eichert
(2009), who also point out that this method is now becoming
increasingly important in agricultural practice. In theory, it has
the potential of being a more targeted and environmentally
friendly fertilization method, as the nutrients are applied di-
rectly to the plant. Thus, foliar application can help to reduce
the environmental impact associated with soil fertilization.

The success of foliar application lies in the interaction of
many individual factors. According to Fernandez and Brown
(2013), these factors can be divided into three groups for
simplicity, namely the physico-chemical properties of the for-
mulation, the environmental factors, and various plant physio-
logical aspects. Examples of the physical-chemical properties
are the molecular size of the nutrient and the pH-value, sur-
face tension, and deliquescence point of the spray solution,
whereas those of the environmental factors are the air tem-
perature, relative humidity, and light. The structure and posi-
tion of the leaf, the architecture of the cuticle, the wax layer,
and the mobility of the nutrient in the plant are included under

* Correspondence: Prof. Dr. K. H. Mihling;
e-mail: khmuehling@plantnutrition.uni-kiel.de
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plant physiological aspects (Fernandez and Eichert, 2009;
Fernandez and Brown, 2013; Fernandez et al., 2013). Before
the foliar-applied nutrient can be utilized by the plant, it must
first penetrate the leaf surface into the leaf interior (Noack
et al., 2010). This so-called “uptake” is a passive process that
is driven by concentration gradients (Eichert and Goldbach,
2008), which, according to the current state of research,
mainly takes place via the cuticle and stomata (Noack et al.,
2010; Fernandez et al., 2013). The cuticle is an extracellular
layer that covers the epidermis of most above-ground plant
parts, such as the leaf. According to Heredia (2003), the
cuticle is also covered by an epicuticular wax layer, which
gives the plant surface a hydrophobic character. Therefore,
the plant cuticle is an effective barrier against the diffusion of
hydrophilic polar compounds, i.e., water-soluble compounds
such as mineral salts, chelates, and complexes (Fernandez
et al., 2013). However, most foliar fertilizers are applied in the
form of ions, which have a very low solubility in the cuticle.
Schlegel et al. (2005) and Sché nherr (2006) have shown that
hydrophilic compounds penetrate the cuticle via so-called
polar or aqueous pores. In particular, the part of the cuticle
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surrounding the stomata and trichomes serves as the pre-
ferred entry point for ions into the leaf. However, the structure
of the cuticle varies greatly between plant species, organ
types, stages of development, and nutrient status. This is a
major challenge, because it creates differences between
plants with regard to the properties of permeability of the
cuticle (Kannan, 2010). Another possibility is the absorption
of nutrients through the stomata. The uptake of dissolved
substances is assumed to occur by diffusion (Eichert et al.,
2008). Hydrophilic substances are likely to diffuse into water
molecules adsorbed on the stomatal walls. The extent of the
influence of stomata on nutrient uptake as a result of foliar ap-
plication remains uncertain but might be of great importance
based on current research (Eichert et al., 2008; Fernandez
et al., 2014; Peirce et al., 2014). Furthermore, even within a
single leaf, differences occur between the abaxial and adaxial
sides of the leaf in terms of stomata and trichoma density and
of cuticular composition. Thus, the leaf side itself can have an
influence on the uptake of foliar-applied nutrients.

Numerous studies have shown that the macronutrient phos-
phate (P) is absorbed through the leaf. Under conditions of
poor P availability in the root zone, this is essential because P
is indispensable for plant growth. Therefore, a limited P sup-
ply has a strong impact on crop development, for example, by
reducing shoot growth (Fredeen et al.,, 1989) or tillering
(Rodr'guez et al., 1999). Consequently, plant production is
dependent on a constant input of P fertilization to secure the
yield. For optimal crop development, early P application is
crucial for the growth of roots and shoots (Noack et al., 2010).
One important crop with a requirement for P fertilization is
maize (Zea mays L.). In order to generate optimal plant devel-
opment, sufficient water-soluble P needs to be provided
(banded) to the root area of the plant at the time of sowing.
Banding the fertilizer near to the roots is a worldwide com-
monly used and efficient method for P fertilization Grant
etal., 2001).

Nevertheless, P fertilization carries the risk of diffuse P losses
and, consequently, of increased environmental pollution
(Withers et al., 2001). Hence, farmers will be obliged by law to
reduce P fertilization or to use it more efficiently. If P defi-
ciency occurs as a result of reduced fertilization in combina-
tion with other factors (e.g., weather conditions), P foliar appli-
cation might be a means of counteracting this deficiency.

The review by Noack et al. (2010) on the state of research on
P foliar fertilization suggests that an effect of foliar-applied P
cannot be generalized. Numerous studies have shown posi-
tive, negative, or no effects of various concentrations on the
uptake of P, the development of the plant, and the yield of ce-
real plants. The main objectives of these studies have been
to determine the appropriate formulation, concentration, and
optimal timing of application, with a focus on yield increase.
Furthermore, as described by Noack et al. (2010), the physi-
ology of the uptake of foliar-applied radiolabeled P has been
investigated in a number of studies, often involving the use of
specifically applied droplets (Koontz and Biddulph, 1957;
Peirce et al., 2014). This has provided valuable information
on the uptake mechanism, the amount of uptake, and the dis-
placement of P-ions. Although the application of Pvia the leaf
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is not a new concept, little research has however been carried
out on the possible effects on biomass growth in cases of P
deficiency in maize.

Because P foliar application is mainly used as a supplement
for late season top-up application, which is considered to im-
prove the quality of the crop, the aim of this study has been to
investigate whether (1) a P foliar application enhances plant
development and the P content of maize plants with acute P
deficiency, (2) a doubling of the applied total amount of P by
doubling the P concentration of the foliar fertilizer results in a
significant additional yield, (3) a doubling of the foliar fertilizer
concentration with the same applied P total amount but at
reduced application frequency achieves the same results,
(4) a difference occurs between the abaxial and adaxial side
of the leaf in terms of uptake, and (5) foliar application is more
or less effective compared with re-supplyvia the root in hydro-
ponics.

2 Material and methods

2.1 Plant material and growth conditions

The maize (Zea mays L.) variety “Keops” (KWS SAAT SE &
Co. KGaA, Einbeck, Germany) was grown in 9L nutrient
solution in the greenhouse of the Institute of Plant Nutrition
and Soil Science, Kiel University (54 2060” N, 10 665¢(E)
from April-June. The temperature was set at 23...2C
during the day and 15 C during the night, and the relative
humidity at around 50..10%, under a 14-h photoperiod (8 am
to 10pm) with light intensities ranging from 200 to
550 mmol photonm2s~1. Temperature and humidity were
regulated by automatic air exchange. Seeds were soaked in
10 mM aerated CaSO, solution for 24 h and allowed to germi-
nate for 5 days. Uniform maize seedlings were transferred
into 10-L plastic vessels. Initially, the concentration of the
nutrient solution was 25%, but this was gradually increased to
100% within a week. The full nutrient solution (pH5.9) had
the following composition: 1.3mM Ca(NGQ,),, 0.7mM
NH,NO,, 1.0mM K,SO,, 2.0mM CaCl,, 0.5mM MgSQO,,
200mM Fe-EDTA, 5nM H,BO,, 2mM MnSO,, 0.5mM ZnSO,,
0.3mM CuSQO,, and 0.01nM (NH,)Mo,0,,. The solution was
changed weekly to avoid nutrient depletion, and at the same
time, the vessels were newly randomized. The KH,PO, con-
centration was adjusted in dependence on the treatment
(Tab. 1).

2.2 Experiment 1

In the first experiment, the influence of P foliar application on
the nutrient status and plant development was analyzed after
2 weeks of deficiency in comparison with re-supply via the
roots. Six treatments with a different P supply were cultivated
in four biological replicates (Tab. 1). The first 7 d after seed-
ling transference (three plants per vessel), the maize plants
were cultivated under normal P conditions (0.2 mM KH,PO,)
to ensure proper seedling development. Afterwards, in order
to induce P deficiency symptoms, the P concentration in the
nutrient solution was lowered to 0.01 mM KH,PO, in all treat-
ments, except for the positive control (Tab. 1). After two
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Table 1: Schematic view of various phosphate supplies for the six distinct treatments over a period of seven weeks. For each treatment, four
biological replicates were installed with three maize plants. Foliar application was carried out only once a week. From week four onwards, P

was omitted in the nutrient solution of the foliar applications. For further details, see descriptions in the text (see Material and methods}.

Time after germination pos. C neg. C Root FA L0 FAL00 FAg,
week 1 + + + + + +
week 2+3 + - - _ _ _
week 4 + - +

week 5 + - + X

week 6 + - +

week 7 + - + X X X

Harvest: day 46

@pos. C (positive control); neg. C (negative control); Root (re-supplyvia root); FA , (foliar application with foliar application concentration in mM
KH,PO,); + (0.2 mM KH,PO, via roots); — (0.01 mM KH,PO, via roots); x (0.00 mM KH,PO,).

weeks under deficiency conditions, re-supply occurredvia (1)
the roots, by increasing the KH,PO, concentration back to
0.2mM until harvest; (2) two foliar applications with a total
applied amount of 372 mg P pot! (200 mM KH,PO,, pH4.5)
on the first day of the 4" week at BBCH 15 (20 mL pot!) and
11 d later at BBCH 17/18 (40 mL pot™); (3) three foliar appli-
cations with two levels of P concentration (50 mM and
100mM KH,PO,, pH4.5) and a total applied amount of 186
or 372mg P pot™ on the first day of the 4™ week at BBCH 15
(20mLpot™), 7 d later at BBCH 16/17 (50 mL pot?), and
once again 9 d later at BBCH 17/18 (50 mL pot?) (Tab. 1).
Applications were conducted using a calibrated hand-held
spray bottle. The plants were wetted from underneath and
above. Furthermore, the solution contained 0.1% Silwet

Gold as a wetting agent to increase the spreading and pene-
trating properties and application took place in the morning
between 5.30am and 7 am to avoid leaf burn by high irradia-
tion and to take advantage of the higher air humidity. To pre-
vent contamination of the nutrient solution, the plant stems
were wrapped with paper, and the vessel lids were covered
with foil. From the time of the 1% foliar application, plants in
the foliar application groups received no further P supplyvia
their roots. Prior to the first foliar application, an intermediate
harvest was performed on the same day for the later calcula-
tion of the uptake efficiency. Plants were harvested 10 d after
the last foliar application on day 46 after seedling transfer-
ence. Total P concentration was determined in the older shoot
(fully developed leaves and stem), the younger shoot (no fully
developed leaves), and the root. Additionally, a possible effect
on the uptake of other nutrients was investigated, especially
for K, since P was applied as a K salt.

2.3 Experiment 2

In experiment 1, the maize plants were wetted from under-
neath and above. Therefore, in experiment 2, possible differ-

a 2021 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH

ences between applications to the adaxial and the abaxial
sides of the leaf were investigated in order to differentiate the
influence of the leaf sides on overall uptake. Germination, nu-
trient solution composition, and cultivation in the first three
weeks were the same as those described above. In addition,
foliar application was carried out at the same time as the Bt
foliar application in experiment 1, but the foliar application so-
lution (200 MM KH,PO,, plus 0.1% Silwet Gold) was brushed
onto the respective side of the leaf to avoid cross-contamina-
tion. Per plant, 2mL (6 mL pot) were applied, and to prevent
contamination of the nutrient solution, the plant stems were
wrapped with paper, and the vessel lids were covered with
foil. Harvest took place the following day. In order to deter-
mine the uptake of the foliar-applied P more precisely, subcel-
lular parameters were determined in addition to the total P
concentration in dry matter. Total P concentration was deter-
mined separately in the 4™ leaf, the older shoot (all leaves
below the 4" leaf plus stem), the younger shoot (all leaves
above the 5 |eaf), and the root. The 5" leaf was used to
obtain the apoplastic washing fluid (AWF) and the cell sap.

2.4 Sampling and analysis of plant tissue

To determine their fresh weight, maize plants from each ves-
sel were cut above the ground. Afterwards, the plants were
divided into those parts to be examined and washed three
times in deionized water to avoid fertilizer residues remaining
on the leaf. Oven-dried plants (65 C) were weighed and then
ground to a fine powder (Cyclotec 1093, Foss Tecator, Hma-
nas, Sweden). For mineral nutrient analyses, 200 mg of each
replicate were digested with 10 mL of 69% HNQ, (ROTIPUR-
AN Supra for ICP, 69%) for 45min in a 1800 W microwave
oven (MARS 6, Xpress, CEM, Matthews, MC, USA),
according to the method described by Jezek et al. (2014).
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2.5 Sampling and analysis of subcellular
fluids

The methods for the extraction of AWF (Lohaus
et al., 2001; O’Leary et al., 2014) were used in a
modified form. Briefly, 5h leaves were cut with a
razor blade and carefully washed three times in
deionized water. For infiltration, leaves were cut
into segments of 15cm? without midribs and
placed in separated cups fully covered with deion-
ized water in a desiccator. A vacuum was then
generated for 5 min. Leaf segments were removed
and placed on dry tissue, and water was dabbed
off carefully. For recovery of AWF, the leaf seg-
ments were transferred into 20 mL syringes with
open tips and placed into Sarstedt™ tubes (Sar-
stedt™ Tube, 50mL). Subsequently, the tubes
were centrifuged at 1500rpm for 10min at 4C
(Heraeus Multifuge X3R Zentrifuge, Thermo Fisher
Scientific, Waltham, USA). The supernatant was
transferred into new tubes, weighed, frozen in
liquid nitrogen, and stored at —80 C until further
used. For cell sap collection, leaf segments were
removed from the syringes and frozen in liquid ni-
trogen. They were thawed at room temperature
and transferred afterwards into syringes placed in
tubes for centrifugation (see above). The super-
natant was transferred into new tubes, weighed,
frozen in liquid nitrogen, and stored by —80 C until
purification. AWF samples were diluted at a ratio of
1:10, chloroform was added, and the solution was
vortexed and centrifuged (12000 rpm, 4C, 5min).
Cell sap samples were mixed at a ratio of 1:1 with
an ice-cold methanol/chloroform mixture (1:1, v/v),
vortexed, and shaken at 4 C for 60min. After-
wards, 2 mL deionized water was added, and the
sample was again vortexed and shaken (4C,
60 min). Finally, the mixture was centrifuged at
4500 rpm and 4 C for 10 min. The removed aque-
ous phase from AWF and cell sap was then

J. Plant Nutr. Soil Sci. 2021, 000, 1-11
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Figure 1: Visual symptoms of phosphorus deficiency and impact of phosphorus
re-supply. Representative plants at harvest time (46 days after germination).
Pos. C (positive control), 0.2mM KH,PO, (potassium dihydrogen phosphate) in
nutrient solution (NS); neg. C (negative control), 0.2mM KHPO, in NS in week 1
and 0.01mM KH,PO, in NS for 6 weeks; Root (re-supply via roots), 0.2mM
KH,PO, in NS in week 1, 0.01mM KH,PO, in NS for 2 weeks and 0.2mM
KH,PO, in NS for the last 4 weeks; FA,,, (foliar application), 0.2 mM KH,PO, in
NS in week 1, 0.01 mM KH,PO, in NS for 2 weeks, and 0.0 MM KH,PO, over the
last 4 weeks + 200mM KH,PO, two times in week 4 and 6; FA,;, 0.2mM
KH,PO, in NS in week 1, 0.01mM KH,PO, in NS for 2 weeks, and 0.0mM
KH,PO, over 4 weeks + 100 mM KH,PO, three times in week 4-6; FA;;, 0.2mM
KH,PO, in NS in week 1, 0.01mM KH,PO, in NS for 2 weeks, and 0.0mM
KH,PO, over 4 weeks + 50 mM KH,PO, three times in week 4-6.

passed over C18-columns (JTB-7020-01) for further purifica-
tion. The ion concentration in the AWF was multiplied by
three, and the dilution factor [=(Vwater+Vgas)/Vwater)] of the
maize plants determined by Lohaus et al. (2001).

2.6 Statistical analysis

Statistical analysis was performed using SPSS software
(version 17.0). Values of treatments were subjected to one-
way ANOVA followed by Duncan’s Multiple Range test at
a=5%.

3 Results

3.1 Plant Development

Total shoot dry matter (DM) values of the negative control
(neg.C) and positive control (pos.C) were significantly re-
duced or increased, respectively, in comparison with the treat-
ments involving the re-supply of P (leaves or roots; Figs. 1

2 2021 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH

and 2A). Mean DM values were 33.5gpot? for neg.C and
120.3 g pot! for pos. C. Foliar application after two weeks of
deficiency increased DM up to about 70%, which was signifi-
cantly different compared with the neg. C (Fig. 2A). No signifi-
cant differences in the total plant DM could be found between
the various foliar applications (57.11g, 48.2g, and
51.1gpot?). However, re-supply via the root (Root) gave
significantly higher DM compared with foliar application and
amounted to 85.6 gpotl, representing an additional yield of
65% compared with that obtained after foliar application. The
division into groups of older or younger shoots resulted in
similar proportions of DM being obtained in the older shoot as
in the total plant (Fig. 2B), whereas in the younger shoot, no
significant difference was seen between the neg.C and the
foliar applications as determined after 7 weeks (Fig. 2C). In
contrast, the group Root showed a significantly higher DM.
However, the significantly highest DM was measured in the
pos. C. Re-supply of P via the leaves also significantly in-
creased the root DM in the foliar applications at 200 mM
KH,PO, (FA,,,) in comparison with the neg. C (Fig. 2C). On
the other hand, the DM of roots from plants receiving the foliar
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Figure 2: Dry matter in g pott of (A) total shoot, (B) older shoot, (C)
younger shoot, and (D) root at harvest 46 days after germination.
Pos.C (positive control), 0.2mM KH,PO, (potassium dihydrogen
phosphate) in nutrient solution (NS); neg.C (negative control),
0.2mM KH,PO, in the NS in week 1 and 0.01 mM KH,PO, in NS for
6 weeks; Root (re-supply via roots), 0.2 mM KH,PO, in NS in week 1,
0.01mM KH,PO, in NS for 2 weeks, and 0.2mM KH,PO, in NS for
the last 4 weeks; FA,, (foliar application), 0.2mM KH,PO, in NS in
week 1, 0.01mM KH,PO, in NS for 2 weeks, and 0.0 mMKH,PO,
over the last 4 weeks + 200 mM KH,PO, two times in week 4 and 6;
FA 00 0-2mM KH,PO, in NS in week 1, 0.01 mM KH,PO, in NS for 2
weeks, and 0.0mM KH,PO, over 4 weeks + 100 mM KH,PO, three
times in week 4-6; FA;y, 0.2mM KH,PO, in NS in week 1, 0.01 mM
KH,PO, in NS for 2 weeks, and 0.0mM KH,PO, over 4 weeks +
50 mM KH,PO, three times in week 4-6. Bars represent means + SD
(n = 4). Small letters indicate significant differences between treat-
ments (ANOVA with Duncan test, p £ 0.05).

application at 100mM (FA, ;) or at 50 mM (FA;,) showed no
significantly differences from either the neg.C or the treat-
ment at FA,,,. Moreover, the pos.C group significantly
showed the highest and the Root group the second highest
values in the root.

3.2 P concentration and content in different parts
of plants

The studied parts of neg. C plants cultivated under deficiency
conditions exhibited the significantly lowest P concentra-
tions in all plant groups (Fig. 3A-3D). The P concentra-
tions were between 0.43mgPgDM in the older shoot,
1.1mgP gDM1 in the younger shoot, and 0.74 mgP g DM
in the root tissue; total shoot contained 0.77 mgP gDMZ,
Optimal nutrition led to a P concentration between
1.6mgPgDM™?! in the root and 4.1mgPgDM? in the
younger shoot. Addition of 0.2mM KH,PO, after two weeks
of deficiency significantly raised the P concentration in all
plant parts to the same level as those of the pos. C group.
Re-supply of P via foliar application resulted in an average
percentage increase of P concentration up to 430% in the old-
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Figure 3: Phosphorus concentration [P] in mg g dry matter and con-
tent in mg pot? of (A, E) total shoot, (B, F) older shoot, (C, G)
younger shoot, and (D, H) root were analyzed after harvest 46 days
after germination. Pos. C (positive control), 0.2mM KH,PO, (potas-
sium dihydrogen phosphate) in nutrient solution (NS); neg. C (nega-
tive control), 0.2mM KH,PO, in the NS in week 1 and 0.01mM
KH,PO, in NS for 6 weeks; Root (re-supply via roots), 0.2mM
KH,PO, in NS in week 1, 0.01 mM KH,PO, in NS for 2 weeks, and
0.2mM KH,PO, in NS for the last 4 weeks; FA,, (foliar application),
0.2mM KH,PO, in NS in week 1, 0.01mM KH,PO, in NS for 2
weeks, and 0.0 mM KH,PO,, over the last 4 weeks + 200 mM KH,PO,,
two times in week 4 and 6; FA,,;, 0.2mM KH,PO, in NS in week 1,
0.01mM KH,PO, in NS for 2 weeks, and 0.0mM KH,PO, over 4
weeks + 100mM KH,PO, three times in week 4-6; FA;,, 0.2mM
KH,PO, in NS in week 1, 0.01 mM KH,PO, in NS for 2 weeks, and
0.0mM KH,PO, over 4 weeks + 50 mM KH,PO, three times in week
4-6. Bars represent means + SD (0 = 4). Small letters indicate sig-
nificant differences between treatments (ANOVA with Duncan test,
p £0.05).
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er shoot, around 200% in the younger shoot, and 85% in the
roots compared with those of the neg. C group. Significant
effects on the P concentration in the shoot were detected
between the three foliar applications. FA,,, in three applica-
tions led to the highest P concentration in the whole plant at
2.3mgPgDM! and in the older shoot at 2.3mgP gDM!
(Fig. 3A, 3B). In contrast, plants receiving FA;,, also given in
three applications, revealed the lowest P concentration in
their shoot segments (Fig. 3A—-3C). When applied twice at an
increased foliar fertilizer concentration, as in FA,,, the P con-
centration did not increase as much as in the older shoots of
plants treated with FA,,, (1.8 mgP g DM1), but no differences
were determined in the total plant (2.1 mgP gDM?) and in
the younger shoot.

With regard to the P content of the whole plant or the individu-
al regions, the results showed that FA,,, and FA,, treatment
resulted in a significantly higher P content than of plants
treated with FA;, i.e., approx. 50% more, apart from the root
(Fig. 3). In the older shoot, the differences in the contents
between foliar application and neg. C were significantly the
highest (up to 770%), whereas in the root, they significantly
increased by a factor of two. Furthermore, in all compart-
ments, the contents for the Root group were significantly
increased at twice the value of the foliar applications. The
contents of the pos. C group were significantly the highest in
the older shoot and in the younger shoot with more than 200
and 68 mg P pot™!, respectively. Only values in the Root group
were equivalent.

The proportion of P absorbed following foliar application was,
at 90% of the total P for FA,;, and FA,, significantly higher
in comparison with that for FAy,. Treatment with FA;, achiev-
ed a total P value of 85% for the whole plant (Tab. 2). With a
proportion of 94% for FA,,, and FA,,, and 91% for FA;,, the
values for the total shoot P were above 90%. In the root, almost
50% of the P in all three treatments came from foliar-applied P.
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The uptake efficiency of foliar-applied P reached 26% for FA,
and FA,,, whereas it was significantly higher for FA;, at 32%.

3.3 Potassium and magnesium concentration after
P re-supply

Macronutrient measurements revealed an influence of P nu-
trition amount and method on the potassium (K*) concentra-
tion and content in the plant tissues (Fig. 4A, 4B). In compari-
son to the P concentration in the older shoot, younger shoot,
and root (Fig. 2B-2D), the K* concentration demonstrated an
inverse ratio of the treatments. Overall, the plants receiving
the neg. C and foliar applications had the highest K concen-
trations. However, re-supply of P via the roots reduced the K*
concentration in comparison to that in the plants in the neg. C
group and after foliar applications, and no difference from the
pos. C was observed in the younger shoot. In contrast, the
contents in the older shoot showed the same ratios as those
measured for P. However, this relationship could not be meas-
ured in the younger shoot and root. The neg. C was at the lev-
el of the groups with P re-supply. The K* concentrations in the
older shoot and the root of the pos. C group were the signifi-
cantly lowest and the contents the significant highest, apart
from the root.

The neg. C group consistently showed the lowest magnesium
(Mg?*) concentrations and contents (Fig. 4C, 4D). In compari-
son with the pos. C and Root groups, the values were even
significantly lower. An increase in M¢?* concentration and
content were also measured following the foliar applications.
Thereby, the highest Mg?* concentration was determined fol-
lowing FA, 4 treatment and was significantly higher than that
in the neg. C group. This was also measured for the FA,;,
treatment in the younger shoot. The slightest differences
were seen in the younger shoot. However, an increase of the
KH,PO, concentration in the nutrient solution led to a signifi-
cant increase of Mg?* concentration in the root. At

Table 2: Foliar phosphorus absorption and percentage of total plant phosphorus adjusted by the values of the intermediate harvest and calcu-
lation of the uptake efficiency of treated maize plants depending on the amount of P appliedvia the leaf.2

Treatment Plant part Foliar P absorption Foliar P Foliar P applied Foliar P absorption
(mg pot 1) (% foliar P of total P) in total (% of foliar P
(mg pot 1) recovered)
FAs00 Total 96.77 .4 b 90 ..1 b 372 26..1a
Shoot 90.94 .4 B 94 .1 B
Root 6.27 .1 ns 56 ..7 ns
FA 00 Total 96.33..8 b 90 ..1 b 372 26..2a
Shoot 91.85..8 B 94 .1 B
Root 448 ..1 ns 47 .11 ns
FAg, Total 59.38..9 a 85..1 186 32..3b
Shoot 54.82..7 A 91..1 A
Root 456..1 ns 48 ..10 ns

aFA, (foliar application with foliar application concentration in mM KH,PO,); data are means ...SD (n = 4). Letters indicate significant differen-
ces within the examined plant part between treatments (ANOVA with Duncan test,p £ 0.05); not significant (ns).

a 2021 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH
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5.5 mg Mg?* g DM1, the pos. C group contained 6 times more
Mg?* than the neg. C group, especially after the foliar applica-

Figure4: (A, B) Potassium and (C, D) magnesium concentration
[K*; Mg?*]in mg g~! dry matter and content in mg pot™ of older shoot,
younger shoot, and root were analyzed after 46 days of growth
Pos.C (positive control), 0.2mM KH,PO, (potassium dihydrogen
phosphate) in nutrient solution (NS); neg.C (negative control),
0.2mM KH,PO, in the NS in week 1 and 0.01 mM KH,PO, in NS for
6 weeks; Root (re-supply via roots), 0.2 mM KH,PO, in NS in week 1,
0.01mM KH,PO, in NS for 2 weeks, and 0.2mM KH,PO, in NS for
the last 4 weeks; FA,, (foliar application), 0.2mM KH,PO, in NS in
week 1, 0.01mM KH,PO, in NS for 2 weeks, and 0.0 mMKH,PO,
over the last 4 weeks + 200 mM KH,PO, two times in week 4 and 6;
FA 40 0.2mM KH,PO, in NS in week 1, 0.01mM KH,PO, in NS for
2 weeks, and 0.0mM KH,PO, over 4 weeks + 100mM KH,PO,
three times in week 4-6; FA;,, 0.2mM KH,PO, in NS in week 1,
0.01mM KH,PO, in NS for 2 weeks, and 0.0mM KH,PO, over 4
weeks + 50mM KH,PO, three times in week 4-6. Bars represent
means + SD (n = 4). Letters indicate significant differences between
treatments (ANOVA with Duncan test,p £ 0.05).
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tions (»0.9mgMg?* gDM1), whereas the respective value
for the Root group was 3.4 times higher (3.0 mg M¢* g DM™1).

3.4 Total P and subcellular phosphate-P
concentration in dependence on the treated
leaf side

In all investigated plant regions, treatments with foliar-applied
P showed significantly higher P concentrations independently
of the treated leaf side (Fig. 5). The subcellular measure-
ments showed no significant difference between the treated
leaf sides. In the cell sap, the phosphate-P concentration for
FA baxia) &t 1.66 mmol L1 was slightly higher than the concen-
tration for FA2daxial gt 1 54 mmol L. The increase in P con-
centration in the treated groups was about 30 to 50% compar-
ed with the neg. C group. In particular, in the untreated root,

Figure5: Concentration of phosphate-phosphorus [PQ,-P] in
mmol L~ of (A) apoplast, and (B) cell sap and of phosphorus concen-
tration [P] in mg g dry matter of (C) 4" leaf, (D) older shoot, (E)
younger shoot, and (F) root. Neg.C (negative control), 0.2mM
KH,PO, in nutrient solution (NS) for 1 week and 0.01 mM KH,PO, in
NS for 2.5 weeks; FA29a@ (foliar application), 0.2mM KH,PO, in NS
for 1 week, 0.01 mM KH,PO, in NS for 2 weeks, and 0.0 MM KH,PO,
+ 200mM KH,PO, on the adaxial leaf side in week 4; FA ...
0.2mM KH,PO, in NS for 1 week, 0.01mM KH,PO, in NS for
2 weeks, and 0.0 mM KH,PO, + 200 mM KH,PO, on the adaxial leaf
side in week 4. Bars represent means + SD (0 = 4). Small letters indi-
cate significant differences between treatments (ANOVA with Duncan
test, p £ 0.05).
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the P concentration increased from 1.3mg PgDM? to 1.9
(FApaxia) @nd to 2.2 mgPgDM™ (FA2d@3a) - The highest
concentrations of P were measured in younger shoots. How-
ever, no significant differences in P uptake were measured
between the adaxial and abaxial side of the leaf.

4 Discussion

The efficiency of P fertilizer use is crucial for the economic
and environmental sustainability of agriculture. Little work has
been carried out on the influence of P status on foliar P up-
take. Therefore, we questioned whether the foliar application
of the macronutrient P in maize plants with a P deficiency is
sufficient to enhance plant development and growth. Hence,
the biomass and P plant status in the various parts of the
maize plant were investigated using hydroponic cultivation.

4.1 Foliar application of KH ,PO, increases
biomass and P concentration

The huge differences in dry matter between the positive and
the negative control (Figs.1 and 2) demonstrate the impor-
tance of P as an essential macronutrient and underline the
need for the development of appropriate P fertilization
strategies to ensure high plant productivity, with respect to
changes in Fertilizer Ordinances Jezek et al., 2014). In addi-
tion to reduced dry matter, negative control plants grown in
0.01mM KH,PO, also showed premature leaf senescence
and reduced leaf area. This is in agreement with results of
several other studies (Colomb et al., 2000; Assuero et al.,
2004; Hawkesford et al., 2012). However, studies on foliar ap-
plication have not focused on biomass effects in deficient
plants. The re-supply of P via foliar applications after 2 weeks
of P deficiency resulted in a significant effect on biomass, P
concentration, and P content (Figs.2 and 3). This finding
broadly supports the statement by Noack et al. (2010) that
early P foliar application could lead to an early dry matter
response. On the contrary, no positive effects of P foliar appli-
cation on the biomass are reported in the study of Thorne
(1957). Furthermore, plants receiving foliar P application
showed a visible delay of leaf senescence compared to
plants of the negative control group (Fig. 1). Thus, foliar appli-
cation seems to delay leaf senescence, a feature that
Benbella and Paulsen (1998) have also shown in their field
experiment with wheat (Triticum aestivum). This finding can
be attributed to the significantly increased P concentration
and P content in the whole plant following foliar application
(Fig. 3). Our results thus confirm both the uptake of P by P de-
ficient maize and its utilization for growth under hydroponic
conditions. This is contrary to the findings of Fernandez et al.
(2014) who have reported that no radiolabeled P is taken up
by deficient wheat leaves. According to those authors, this
might be attributable to the decrease in stoma and trichome
density and a failure to open stoma following a normal diurnal
rhythm. In contrast, Clarkson and Scattergood (1982) have
found that leaves of barley (Hordeum vulgare) grown via
hydroponics with a one-week P deficiency have a higher ab-
sorption of radiolabeled KH,PO, than control plants. How-
ever, nutrient deficiency leads to a possible change in the
structure of leaves, which can impair or prevent absorption.

a 2021 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH
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Unsurprisingly, we determined that the P concentration in the
younger shoots of the plants receiving foliar applications was
highest compared with the other plant parts. According to
Fernandez and Brown (2013), P exhibits high phloem mobi-
lity and can be translocated within the plant. Koontz and

Biddulph (1957) have demonstrated on bean plants Phaseo-
lus vulgaris L.) that the immature leaves do not displace foliar
applied 32P, whereas 32P absorbed via fully developed leaves
is displaced into growing tissue. Hence, a redistribution and
translocation of P occur to the point of demand. This is also
evident in the studies of Grant et al. (2001) and McBeath

et al. (2011) and in the younger shoots and the roots of our
study (Fig. 3). However, not all leaves had appeared at the
time of our last P foliar application and, thus, a translocation
of P must have occurred to ensure such high P concentra-
tions in the younger shoot. Overall, up to 90% of the total P
content resulted from our foliar applications (Tab. 2). Our cal-
culations suggested that the proportion in the shoot was even
higher at up to 94% foliar-applied P, and that about 50% of
the P in the roots was attributable to foliar application. No dif-
ferences were found in the dry matter of the younger shoot
between the negative control and the foliar applications or
between the foliar applications (Fig. 2C). In addition to P
re-translocation (Mimura et al., 1996) in the negative control,
a possible explanation is that differences would only become
apparent when the leaves are fully developed, because under
P deficiency, leaf expansion is inhibited (Fredeen et al., 1989;
Assuero et al., 2004). Therefore, based on the P concentra-
tion and P content, we might expect that the leaves of the
plants receiving the foliar applications would have a larger
leaf area with further growth. Probably the largest amount of
P was taken up with the last application, because at this time,
the largest leaf area was present. As harvest took place 10
days later and based on the P content, the lack of difference
in dry matter between the plants receiving foliar treatments
can be explained by the above-mentioned arguments.

4.2 Foliar P is absorbed over both sides of the leaf

The results of our second experiment demonstrated that P
deficient maize absorbed P in equal proportions over the
adaxial and abaxial leaf sides (Fig. 5). Under normal condi-
tions, maize plants show differences in the structure of their
leaves. While a higher stomata density is found on the abaxial
side, the adaxial side has three different types of trichomes
(Driscoll et al., 2006; Martin and Glover, 2007; Revilla et al.,
2016). Further, various studies have shown that stomata
have a direct impact on the absorption rate of foliar-applied
nutrients (e.g. Eichert and Burkhardt, 2001; Eichert and Gold-
bach, 2008); thus, increased absorption via the abaxial leaf
side is suspected. However, the presence of trichomes is
highly likely to promote nutrient uptake, which might be bene-
ficial for foliar fertilization via the adaxial side in maize. For
example, Schlegel and Schdénherr (2002) have shown that
the presence of trichomes on young apple fruits increases the
uptake of CaCl,. According to Fernandez et al. (2014), this
might be because of the reduced thickness of the cuticle and
the occurrence of cracks and discontinuities in the trichome
base. Furthermore, the study of Revilla et al. (2016) has
revealed that maize leaves are less wettable on the abaxial
side of the leaf, but this also depends on the population. A
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similar effect has been observed during application in our
study. However, quantification of the importance of the indi-
vidual uptake pathways is problematic because differences in
uptake being difficult to attribute to just one component
(Peirce et al., 2014).

4.3 The increase of foliar fertilizer concentration
enables the reduction of applications

Higher concentrations of foliar P solutions led to a higher ab-
sorption rate but lower uptake efficiency Schdnherr, 2001;
Girma et al., 2007; Peirce et al., 2014). This has been con-
firmed by our results (Fig. 3, Tab. 2). Moreover, the results of
a further doubling of the foliar fertilizer concentration to
200 mM but with the same applied total P amount as for foliar
application with 100 mM suggested that a third application is
unnecessary. No differences have been measured in dry mat-
ter and P content (Figs. 2 and 3) and, hence, from a practical
point of view, the saving of an additional application will be of
importance from a time and economic perspective. According
to Fernandez and Eichert (2009), the higher absorption rates
can probably be attributed to the finding that the uptake rate
is determined by the difference in concentration of the solutes
within the spray solution and the interior of the leaf. Never-
theless, in our study, foliar application with 200 mM KH,PO,,
and foliar application with 100 mM KH,PO, achieved, at 26%,
a significantly lower relative absorption rate than foliar appli-
cation with 50mM KH,PO, at 32% (Tab. 2). In our experi-
ments, application by spraying led to unavoidable losses,
thereby reducing the efficiency (Tab. 2). In addition to the drift
caused by the wetting of the plants from all sides, the run-off/
dripping of the spray solution along the leaves and over the
stem must also be taken into account. This was revealed by
the darkening of the paper that we had wrapped around the
base of the stems to prevent the spray solution from affecting
the nutrient solution. A further indication that the leaf fertilizer
was not completely absorbed was the presence of individual
crystalline residues of the spray solution on individual maize
leaves. These were mainly formed where larger quantities of
solution had accumulated and dried out leaving deposits.
Reed and Tukey (1978) and McBeath et al. (2020) have
found low uptake efficiency in the use of KH,PO, as a foliar
fertilizer, attributable to its crystallization on the surface of
leaves.

4.4 Foliar application is at a disadvantage
compared with re-supply via the root

Despite the positive effects compared to the negative control,
foliar application was at a disadvantage compared with the
re-supply of P via the root in hydroponics. With respect to the
dry matter and P concentration, the re-supply of Pvia the root
showed significantly increased values (Figs.2 and 3A-3D).
Foliar application with 100 mM KH,PO, led to no differences
in P concentrations in the older shoot compared with the posi-
tive control and re-supply via the root. However, if the P con-
tent of the plants was taken into account (Figs. 3E-3H), the
total amount of P in the shoot and root was significantly
reduced by half when P was applied via the leaf. On the one
hand, P foliar application is limited by the fact that concentra-
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tions that are too high lead to damage of the leaf through high
nutrient loading (Noack et al., 2010). On the other hand, P
supply in the leaf by foliar-applied P is for a short period of
time as shown by Arsic et al. (2020), whereas re-supply via
the root in hydroponics ensured continuous supply. However,
we must point out that the above experiments have been
conducted by hydroculture. A possible interaction of P-ions
with soil components has not been considered in this study.
Although the addition of P via the root affects the P concen-
tration of the positive control, it cannot solve a two-week defi-
ciency, if the P content is also taken into account (Fig. 3).

4.5 P re-supply reveals different effects on
potassium and magnesium

Decreased K* concentrations for the positive control and for
re-supply via the root are attributable to a dilution effect
(Figs. 4A,4B) as was also shown by Reinbott and Blevins
(1991, 1994). On the other hand, in the foliar applications, the
K* content in the older shoot increased more than the dry
matter, regardless of the applied concentration, and therefore
the concentrations did not decrease. The finding that the con-
tents increased more than the dry matter can be attributed to
the additional amount of K" applied to the leaves. Surpris-
ingly, no increase in the K" content was observed in the
younger shoots, despite foliar application. Because the K
level was not deficient and because P has no influence on K
uptake, a possible K* effect as a result of foliar application
cannot be assessed.

In comparison with K*, the Mg?* concentration in the maize
shoot or root is dependent on the P nutritional status of the
maize plants, since the Mg?* concentration was the same in
the nutrient solution of all treatments (Fig. 4C). This is consis-
tent with other studies. Reinbott and Blevins (1991, 1994)
measured an increase in the Mg?* concentration and Mg?*
content under increased P levels. The P foliar application had
an effect on the uptake of Mg?*, as can be seen in the con-
centrations/contents of Mg?* but especially in the Mg?* con-
tent in the older shoot (Figs. 4C, 4D). However, re-supplyvia
the root has a stronger effect. This is probably attributable to
the continuous P supply in the nutrient solution. An interesting
finding was the Mg?* concentration and content in the root of
the positive control and the re-supply via root. This suggests
that the P-supply/level in the root space is decisive for Mg#*
uptake, as is consistent with the study of Reinbott and Ble-
vins (1991). These results confirm the assumption ofReinbott
and Blevins (1999) that the uptake and translocation of Mg**
are directly influenced by P levels, e.g., via the regulation of
channels divalent cations.

5 Conclusion

Our results show the potential benefits of such foliar applica-
tion in maize with P deficiency. Under controlled conditions,
we have shown that foliar application can be used to inter-
vene in cases of acute P deficiency, as maize plants are able
to absorb P through the leaf, despite P deficiency. A P foliar
application on maize might also be a suitable for avoiding
sudden P starvation. Furthermore, an additional application
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can be omitted by doubling the spray concentration without
increasing the P amount. Nevertheless, the concentration of
P should not be increased at will, because concentrations
that are too high lead to damage of the leaf structure or of
functional processes within the leaf. No difference was de-
tected with regard to whether the nutrient P is appliedvia the
adaxial or abaxial side of the leaf. This finding is beneficial for
nutrient absorption as the plant can be wetted from both sides
to increase the potential uptake area and to avoid losses dur-
ing the spraying process, both further increasing the effi-
ciency of P uptake. Our data show that further research on
application techniques will be beneficial in order to make foliar
application more efficient, especially given that farmers will
increasingly be forced by law to reduce P soil fertilization.
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Abstract

One crucial aspect for successful foliar application is the uptake of the nutrient into the
cytoplasm for metabolization by the plant. Our aim was to determine the subcellular
distribution of folar-applied P in leaves, the translocation of this P within the whole plant, and
its impact on the ion status of@eficient maize plants within the first 48of treatment. Maize
plants with P deficiency were sprayed with 200 KHPQ. After 6, 24, and &h, the 8" leaf

of each plant was harvested for the isolation of apoplastic washing fluid, cell sap, and vascular
bundle sap and for the examination of transporter gene expression. The remainder of the
plant was divided into @ leaf, older and youngerh®ots, and root for total P determination.

No accumulation of foliaapplied P was measured in the apoplast. P was mostly taken up into
the cytosol within the first 6h and was associated with increased mRNA levelRHT1
transporters. A strong tendencywards rapid translocation into the younger shoot and an
increase in N@ uptake or a decrease in organic acid translocation were observed. The
apoplast seems to exert no effect on the uptake of fepplied P into theepidermal and
mesophyll cells of tact leaves. Instead, the plant responds with the rapid translocation of P
and changes in ion status to generate further growth. The effect of the absorbeddpliied

P is assumed to be a rapid process with no transient storage in the leaf apoplast.
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1 Introduction

Phosphorus (P) accounts for 0:0%% of total dry plant matter, depending on crop species
(Vance et al. 2003}t is one of the most important of plant nutrients, and because of its high
plant requirement, is classified as an essential macronutrient. Globally, P is one of the most
frequently limiting nutrients for plant growth. P has a low availability, especially on acid soails,
which account for 30% of the total land area worldwi@ldexkull und Mutert 1995)P
deficiency has a negative effect on crop yigthwkesford et al. 2012nd can also affect the
uptake of other nutrients, for example N@Jeschke et al. 1998y Mg (Reinbott und Blevins
1991) Therefore, plants have developed various gtile systems as a result ofsearvation,

e.g., highaffinity P uptake, storage afiorganic Rn the vacuole, réranslocation ofinorganic

P between tissues, and exudation of phosphatases or organic acids into the rhizosphere
(Mimura 1999) One important crop with a requement for P fertilization is maiz&€éa mays
L.).Therefore, maize plants require the application of starter P to provide essential P for early
growth (Grant et al. 2001 Moreower, in addition to starter P during sowing, foliar application
late inrseason has become established as an effective alterngin/efertilization of crops on

soils with a high P fixatiagiNoack et al. 2010)-oliarapplied P might thus also play a significant
role under conditions ophosphorusdeficiency. The nutrientan be applied directly to the
plant and enables a higher efficiency of fertilizer (&rma et al. 2007)The nutrient must
however be absorbed by the plardspecially the leaves, to have an effect on metabolism and
crop yield. Therefore, the nutrient has to penetrate the leaf surface and apoplast to reach the
cytosol of the mesophyll cells in order to be utilized by the p{iniack et al. 2010According

§} §Z HMEE vS 5§ 8§ }( E + E ZU —vuSaEdss thapi%edrivien by ¢ %o
concentration gradients and takes place mainly via the cuticle and stofiathert und
Goldbach 2008; Fernandez et al. 20I@)e probability and rate of uptake via the cuticle and
stomata presumably depends on the contact area between the fertilizer droplet and the leaf
suface. This area is thus just as crucial for uptake as the formulation of the spray liquid, the
leaf composition, and the leaf ma@sernandez und Brown 2013jowever, in order to reach

the cytosol or to be translocated via the phloem within the plant, the nutrient must first enter

the apoplast.

The apoplast comprises those parts within the plant that are exthalegl Its counterpart, the

symplast, is the intracellular continuum of all connected cytosols of mesophyll cells within a
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leaf of a plan{Mimura 1999) According tdSattelmacher et a[1998) the apoplast is foned

by all components between the plasmalemma and the cuticle, i.e., the cell wall, middle
lamella, xylem, and gaand waterfilled intercellular spaces. The apoplast has functions in the
ion balancg(Grignon und Sentenac 199Element detoxificatior{Sattelmacher et al. 1998)

and regulation btransient pH fluctuationgGeilfus und Muhling 2011; Mihling et al. 199%)
plants. Furthermore, the leaf apoplast is known to play a role as a diffusion barrier and in ion
exchange(Ferndndez und Brown 2013)ons present in the apoplast also influence the
movement of ions between the apoplast and the symplaste et al. 2012However, little is
known about the movement of ions within the apoplasheTuptake of nutrients into/from

the apoplast and their interaction within the apoplast have not been examined in detail. The
physicachemical properties of the apoplast presumably influence the movement and uptake

of foliar-applied nutrients into the sympst(Fernandez und Brown 2013)

Foliar application can only be effective when the nutrient is absorbedheiapoplast, into

the symplast from where it can be utilized or translocated via the phloem into the growing
parts of the plant, such as young leaves, fruits, or gf8ukovac und Wittwer 1957)A
distinction is made between highly mobile nutrients (e.g., N, P, K, or Mg) that can achieve a
systematic effect in plants, conditionally mobile nutrients (e.g., Fe, Zn, B), and almost
immobile nutrients (e.g., Ca, Mn;) that primarily achieve a local efféaivkesford et al. 2012;
Fernandez und Brown 2013Jhis means that the effectiveness of the treatmemast be
considered in relation to the effect to be expected. Therefore, even locally acting nutrients
can have a great benefit for the development of plants and, especially, of {rétmandez

und Brown 2013; Fernandez et al. 201i8) addition, the developmental stage of the wetted
plant organs plays a major role in nutrient translocation within a plant. FétoBntz und
Biddulph(1957)have shown, byneans of radiolabeled P, that when applied to mature leaves
of Phaseolus vulgaris? is mostly translocated to the younger leaves and root, whereas
immature leaves exhibit little to no translocation of fokapplied P. This suggests that,
depending on thestage of development, translocation of mobile P in the phloem occurs to
the site of demand. The internal utilizationiobrganicP within the plant requires its transport
through membranes wherever symplastic connections are lost. Thus, membrane transpor
systems are also required for the distribution and remobilizationnofganic Pin shoot
tissues. A number of members of tiRRHT Ifamily of plant phosphate transporters perform
this role(Mudge et al. 2002; Smith et al. 2003)
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Several studies have analyzed the effects of P foliar apiplizeas reviewed byNoack et al.
(2010) Aspects of optiral concentration, optimal timing, and yield increase have been
investigated in various crops, especially soybe@tyd¢ine maxL.) and wheat Triticum
aestivun). For examplelFernandez et al2014b)and Peirce et al(2014)have investigated

the influence of the leaf surface and the P nutritional status on the upgadcetranslocation

of P in wheat. However, in all previous studies, little work has been carried out on deficient
plants, and no subdivisions have been made between the movements ofdpipied P into

the apoplast and symplast. Thus, the aim of this gthds been to determine the apoplastic
uptake and movement of foliaapplied P into the apoplast and symplast over a fixed period
of time in P deficient maize plants and to compare these data with theupply of P via the
roots. We have also investigatede effect of the reapplication of P via the leaf on other
nutrients and chemical compounds. Such an approach should provide further information
about the uptake, distribution, translocation, and effect of P within leaf tissue and about the
impact of theapoplast on the uptake of foliaapplied P into the mesophyll cells of intact

leaves.

2 Material and methods

2.1 Experimental setp

Experiments were carried out in the greenhouse at the experimental station of the Institute
of Plant Nutritonand Soil§ v U <] o hv]A E+]3C ~AdE£TNI[ AI[[EU (1£0[ A
KWS SAAT SE & Co. KGaA, Einbeck, Germany) was grown undephetbperiod (light
intensities: 206650umol photon m* s1) in nutrient solution, and the temperature was set at
23+2/15°C (day/night). The temperature and humidity were regulated by automatic air
exchange. Seeds were germinated in vermiculite/perlite (2:1) for 6 days. Uniform maize
seedlings were transferred into 10plastic vessels. Initially, the concentration of therient
solution was 25%, but this was gradually increased to 100% within a week. The 100% nutrient
solution (pH5.9) had the following composition: 118V Ca(NG)2, 0.7mM NHNG;, 1.0mM

K.SQ, 2.0mM CaGl 0.5mM MgSQ, 200uM FeEDTA, §M H:BQ, 2uM MnSQ, 0.5uM

ZnSQ, 0.3uM CuS@ and 0.0M (NH)Mo07O4. The solution was changed weekly to avoid
nutrient depletion, and at the same time, the vessels were newly randomized. TH&OKH

concentration was adjusted depending on the treatment.
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P uptake ia foliar application compared with +gupply via the roots was to be determined in
P-deficient plants over time. Four treatments with 12 biological replicates were cultivated
under normal P conditions (0i@M KHPQ,) to ensure proper seedling developmenithin

the first 7 days after seedling transference (TAb Afterwards, in order to induce P deficiency
symptoms, the P concentration in the nutrient solution was lowered to MPLKHPG in all
treatments, except for the positive control. After two weeunder nutrient deficiency, re
supply occurred via the roots by increasing thef® concentration back to 0.&\M KHPQ

or via foliar application as described in section 2.2. To assess P uptake over time, four
biological replicates of each treatment veeharvested at three time points, namely at 6, 24,
and 48&n, after P resupply. To gain further insight into P uptake, subcellular parameters were
determined in addition to the total P concentration in dry matter. The total P concentration
was determinedseparately in the % leaf, the older shoot (all leaves below th#& eaf plus
stem), the younger shoot (all leaves above tfdéaf), and the root. The'sleaf was used to
obtain the apoplastic washing fluid (AWF) and the cell sap @am additi, the plants were

cut off below the 4 leaf for collection of the vascular bundle sap. The first exudate was
discarded to avoid contamination from cut cells. Vascular bundle sap was kept on ice during
collection and stored at20°C until purification. T response of the plants to a P foliar
application was examined in a broader perspective by measuring other nutrients or organic
acids. To obtain an overview of the activity of various transporters with respect to P uptake
via the leaf, the abundance of itain transcripts was analyzed in fresh plant material after
6h. A second batch of plants was grown under identical conditions. The youngest fully
expanded leaf (YFEL), one growing leaf, and the roots were harvested. Fresh plant materials
were immediatelyfrozen in liquid nitrogen and stored &20°C. For RNA analysis, leaves and

roots were ground in liquid nitrogen and stored-80°C.

2.2 Foliar application

The unique foliar application occurred in the early morning hours betweenabmi3@nd
6.30am to avoid leaf burn by high irradiation and to take advantage of the higher air humidity.
The foliar application solution (p#5) contained 2060M KHPQ,and 0.1% (v/w) Silwet® Gold
as a wetting agent to increase its spreading and penetrating properties.cApphs were
conducted using a calibrated hafeld spray bottle. The plants were wetted from
underneath and from above with ¥8L (93ng P pot?) foliar application solution. To prevent

contamination of the nutrient solution, the plant stems were wrappeith paper, and the
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vessel lids were covered with foil. The negative control was grown under deficient conditions,

whereas the foliar application group received no further P supply via the roots.

Table 1:Schematic view of experimental setup with four dist P treatments and 12 biological
replicates. Four biological replicates for each harvest date at 6, 24, and 48 hours after foliar application.
Three maize plants were harvested and divided irftdeaf (infiltration/centrifugation method) and

4" |eaf, older and younger shoot, and root (total P).

Treatment(12 biological replicates)
Pos.C Neg.C Root FA00

Week 1 + + + +
Week 2/3 + - - -
Week 4 + - + FA

Sub Total Sub Sub Total Sub

Total [P] cellular [P] cellular Total [P] cdlular [P] cellular

Harvest: 6, | 4" leaf; 4" |eaf; 4" |eaf; 4" leaf;
24 and older-; older-; older-; older-;
48h after | younger | 5" leaf younger | 5" leaf younger | 5" leaf younger | 5" leaf
Pre shoot; shoot; shoot; shoot;
supply root root root root

#o0s.C (positive control); ne@ (negative control); Root @®ipply via root); F& (foliar application
with 200mM KHPQ); +(0.2mM KHPQ via roots); t (0.0ImM KHPQ via roots);FA(200mM KHPQ
via leaf)

2.3 Sampling and analysis abeellular fluids

The method for extraction of AWF was used as describe@d@yach und Muhling2021)
Briefly, 3" leaves were cut and carefully washed three times in deionized water. Leaf segments
of 15cn? were placed in a desiccator, and a vacuum was then generatednfiam.5=or the
recovery of AWF, the leaf segments were transferred intamRGsyringes with opetips and
placed into Sarsted! tubes (Sarstedt’ Tube, 50nL). Subsequently, the tubes were
centrifuged at 150@m for 10min at 4°C (Heraeus Multifuge X3R Zentrifuge, Thermo Fisher
Scientific, Waltham, USA). The supernatant was transferred and saor80°C until further
used. For cell sap collection, leaf segments were removed from the syringes and frozen in
liquid nitrogen. They were thawed, centrifuged, and stored82°C until purification (see
above). AWF samples were diluted at a ratio of 1ctoroform was added, and the solution
was vortexed and centrifuged (12068m, 5min, 4°C). Cell sap samples were mixed at a ratio

of 1:1 with an icecold methanol/chloroform mixture (1:1, v/v), vortexed, and shaken for
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60min at 4°C. Afterwards, rAL ceionized water was added, and the sample was again
vortexed and shaken (60in, 4°C). Finally, the mixture was centrifuged fomiQ at 4500pm

and 4°C. The removed aqueous phases were then passed over stratal@Gidis (JTB020

01) for further purifiation. The ion concentration in the AWF was determined by isocratic ion
chromatographyDionex™ IG5000 Capillary Reageftree IC System, Thermo Scientifind

was multiplied by 3, and the dilution factor (=(Vwater+Vgas)/Vwater) of the maize plants was

determined as given biohaus et al(2001)

2.4 Samplingrad analysis of plant tissue

For total P concentration, the fresh weight of the various plant parts (depending on the
experiment) was first determined. To avoid the presence of foliar fertilizer residues, all plant
parts were washed three times in deionizedter. Overdried plants (65°C) were weighed

and then milled to a fine powder (Cyclotec 1093, Foss Tecator, Hoéganas, Sweden). For the
determination of minerals with inductively coupled plasimmass spectrometry (IGHS;
Agilent Technologies 7700 SeriesbBigen, Germany), 2089 of each replicate was digested

with 10mL of 69% HN§EXROTIPURAN Supra for ICP, 69%) foridin a 1800V microwave

oven (MARS 6, Xpress, CEM, Matthews, MC, USA) according to the method descrédxak by

et al.(2015)

Free inorganic anns and organic acids were extracted in hot water. Gaaad milled fine
powder (20mg) was dissolved and boiled fomin in ImL deionized water, mixed thoroughly

by vortexing, and immediately placed on ice fom3@. An aliquot of 0.156L supernatant

was collected and diluted with 1.350L deionized water, followed by the addition of 0.200
chloroform. Subsequently, the samples were vortexed and centrifuged once again. The
supernatant was collected and cleaned by being pasedugh strata Cl&olumns.
Afterwards, both the anions and organic acids were determined $gcratic ion

chromatography (Dioné¥ IG5000 Capillary Reagefiree IC System, Thermo Scienbific

2.5 RNA isolation and ®PCR analysis

For analysis of the mRNA transcript level eftain phosphate transportersZ(nPHTI1,
ZmPHT12, ZmPHT12, the total coding RNA of leaves and root were extracted by using TRIzol
~/VA]SE}P ve }E& JvP S8} S$Z u vu( SHUE EJ[e JveSEM S]}veX d
RNA were determined by a Nane®/Plus Spectrophotometer (GE Healthcare Life Science),
and the integrity was checked by gel electrophoresis. Total isolated coding RNA@EL A -«
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reverseSE ve E] (Joo}AJvP 8Z u vu( SUE E[+ JVeSEpu S]}ve -
Thermo Fisher Scientific, USA), including DNase | treatment. The quality fniesized

cDNA (110 dilution) was examined by standard PCR with the modilesteeference gene
ubiquitin-conjugating enzyme (Zm UBGekilfus et al. 2011; da Silva et al. 20I)yantitative

RTa&/ Z A » % E(}EuU C $8Z W}A Eh%i "z Zi ' v D3 ED]E
the primers shown in TablBl on a CFX96 Rdmne System (Bi@ad Laboratories GmbH,
Munich, Germany). Each reaction (200 }v 3§ ]\M dfieach primer, 2..0 ] cpPRA
templates, and other reaction components. After an initial denaturation step (95°Qior)5

RTeeW Z A« EE&] }us }A E 9186, 8D°0 for 39pTRLC o)} &H), féllowed by

a melting curve stage (95°C ford,%0°C for tnin, 95°Gor 15s, 24°C for 18). Three biological
replicates and three technical replicates were used for each treatment. The transcript levels

of the genes were normalized with the endogenous control BC), and the expression
changes of target mMRNAs were dahined ty using the 244 § u S Z4Bivak und
Schmittgen 2001)

2.6 Statistical analysis

Data were statistically analyzed using SPSS software (version 17®j)agidPad Prism 8. The
analysis was based on four biological replicates per treatment. The effects of treatments were
tested using onavay ANOVA according to Duncamisrfiogeneity of variancedr Games
Howell peterogeneity of variancemultiple range test at p G@%. Significance of the
correlations was tested using a twailed Pearson’s correlation on GraphPad Prism 8 at

p &%.Significant differences are indicated by different letters.

3 Results

3.1 Plant growth

Examination of growth parameters showed a digant increase in dry matter of the positive
control compared with the deficient groups over the course of the harvest perioth)(48
(Fig.1). Furthermore, no significant difference was seen in dry matter between the negative
control and the groups with Re-supply in all investigated plant regions, except afteh48

the roots (FiglE). This was also observed in the fresh weight of thie&f (Fig. 1E), whereas
the fully developed % leaf showed no major differences between the variants (Fig. DA). |
contrast, the deficiency groups exhibited enhanced root growth that was significantly

different fromthe positive control (FidLE).
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Figurel: Fresh matter in grampot™? of (A) 3" leaf, and dry matter in gramot™of (B) 4 leaf, (C) older
shoot, (D) younger shoot, and (E) root at harvest 6, 24, and 48 hours after foliar applicatio@. Pos.
(positive Control), 0.&:M KHPQ (potassium dihydrogen phosphate) in nutrient solution (NS); @eg.
(negative control), 0.&hM KHPQ in NS for 1 week and 0.6iIM KHPGQ in NS for the following weeks;
root (resupply via roots), 0rBM KHPQ in NS for 1 week, 0.02M KHPQ in NS for 2 weeks, and
0.2mM KHPQ as resupply in week 4; R (foliar application), 0..aM KHPQ in NS for 1 wek,
0.01mM KHPQ in NS for 2 weeks, and (WiM KHPQ + 200mM KHPQ as resupply in week 4. Bars
represent means + standard derivation<4). Letters indicate significant differences between
treatments (ANOVA with Duncan tept,3.05).
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3.2 Subcellular phosphat® concentration

The analysis of the subcellular phosph&&oncentrations [P£P] showed the lowest values
in the AWF and the highest values in the cell sap PAg). In the apoplast, the main
differences betweerall treatments became apparent after B4and remained until the third
harvest. The positive control group and those plants receivirgupply via their roots
revealed the significantly highest R® concentration in the apoplast. Significant differences
between the negative control and the foliar application group were measured aftera?dl
48h. Correlation analysis between harvest dates and the-PP@oncentration in the AWF
revealed a determination coefficient of 58% forsepply via the root, whems no correlation
could be determined in the foliar application group (D). Almost the same correlations
could be observed for the cell sap (R2&). Compared with the concentration in the AWF, all
treatments differed significantly in the cell sapeaf6h (Fig2B). Foliar application and +e
supply via the root showed the third and second highest concentration at 2.6 and
3.7mmol PQ-PL?, respectively. At 0.9%mol PQ-PL?, the concentration in the negative
control was 1.8 times lower than thewrcentration in the group with rsupply via leaf. This
ratio could also be determined after Bdand 48, as the values for both treatments remained
relatively stable. After 4B, no significant difference between the positive control and foliar
applicaion group could be measured, whereas astgpply via the root revealed the
significantly highest concentrations as early afi2An almost reverse picture for the groups
with re-supply was obtained from the vascular bundle sap analysis2€E)gResupply via the
leaf achieved the significantly highest concentration after the fitrs{&1mmol PQ-P L1), but
this level markedly decreased during the followingh4®.2mmol PQ-PL?Y) to almost that of
the negative control (0.0Bimol PQ-PLY).

A highy significant negative correlation was detected by correlating vascular bundle sap
concentration with the time after resupply =-0,888, Fig2F). This correlation gave a
determination coefficient of nearly 38% for the group with rootsugpply. The aacentrations

here did not rise to the level of foliar application afteh ®&ut remained stable over 2%
(-2.3mmolPQ-PLY) and slowly declined after 24 while nevertheless exhibiting the
significantly highest values from the timepoint afteth.6The values for both control
treatments remained relatively stable, although the concentrations for the negative control

at -0.04mmol PQ-PL* were below the concentrations of the other treatments (FAG.).
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Figure2: Concentratim of phosphatephosphorus [P@P] in mmolL* of (A) apoplast, (B) cell sap, and
(C) vascular bundle sap at 6, 24, and 48 hours after foliar applicatiorC Possitive Control), Or@M
KHPQ (potassium dihydrogen phosphate) in nutrient solution (N8y.€ (negative control), OrAM
KHPQ in NS for 1 week and 0.6dAM KHPQ in NS for the following weeks; root (resupply via roots),
0.2mM KHPQ in NS for 1 week, 0.0tM KHPQ in NS for 2 weeks, and GV KHPQ as resupply

in week 4; F#yo (foliar application), 0.2n1M KHPQ in NS for 1 week, 0.66M KHPQ in NS for 2
weeks, and 0.0M KHPQ + 200mM KHPQ as resupply in week 4. (D) Apoplast, (E) symplast, and
(F) vascular bundle sap showing correlations for the treatments Root aggefween[PQ-P] and
time. Bars represent means +standard derivatior=4). Letters indicate significant differences
between treatments (ANOVA with Duncan or Games Howellpe&, 1 X i« X
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3.3 Phosphorus concentration after Pstgoply

P foliar application significantly increased the P concentration [P] in all parts of the plant
compared with the negative control over time by a factor of up to 2 @ighnh the younger
shoot, the group receiving foliar application exhibited an increasing trend, as was indicated by
the correlation of P concentration with time after-sipply, with a determination coefficient

of nearly 71% (Fi®@C). However, in the ™leaf, the P concentration reained stable

(R =0.14; Fig3E), and negative correlations were determined for the older shoot and the
root (R* =-0.56;-0.53; Fig3F,H). At 3.9ng Pg' DM, the highest P concentration in the group
re-supplied via the leaf was measured after8 the younger shoot. Compared with the
negative control, this represented an increase of 130%nit.P gt DM). The concentration

in the group resupplied via the root was 6rigPg? DM and, for the positive control,
7.0mgPg?! DM. In the roots, the Boncentration increased by 100%6and 43% (4B) after
foliar application compared with the negative control. The grougsupplied via the root
revealed no significant differences from that-sapplied via leaf in most cases afteh.6
However, after24h, the difference between foliar application and-sapply via the roots
became significantly evident. The P concentration in the group with roesupply
approached the level of the positive control in thé kaf and the younger shoot (F8A,C).
Compared with foliar resupply, the P concentration in the groups with Pstgply via root
remained stable in the root$ =0.04; Fig3D,H), but a major increase was observed in the
younger shoot over timeR =0.88; Fig3G). Overall, the positiveontrol showed the highest

P concentration and the negative control the lowest. In addition, the concentrations in the

control groups exhibited a decreasing trend over time.

55



Kapitel2

Figure3: Total phosphorus concentration [P] in DM and correlations between total phosphorus
concentration [P] and time of harvest for Root andds&eatments at 6, 24, and 48 hours after foliar
application. (A, E)"™Leaf, (B, F) older shoot (stem and leaves beltiieaf), (C, G) younger shoot
(leaves above'sleaf), and (D, H) root. Pd8.(positive Control), O0rBM KHPQ, (potassium dihydrogen
phosphate) in nutrient solution (NS); nég.(negative control), 0rBM KHPGQ in NS for 1 week and
0.01mM KHPQ in NS for the following weeks; roatecupply via roots), 0/2aM KHPQ in NS for 1
week, 0.0InM KHPQ in NS for 2 weeks, and GV KHPQ as resupply in week 4; F& (foliar
application), 0.2nM KHPQ in NS for 1 week, 0.06M KHPQ in NS for 2 weeks, and M KHPQ

+ 200mM KHPQ as resupply in week 4. Bars represent means +standard derivatierd]. Letters
indicate significant differences between treatments (ANOVA with Duncan or Games Howell test,
p @.05).
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3.4 Relative transcript abundanceRH T transporter genes

Under Pdeficiency, the expression of the three studied transporters in ZnePHT 1family
were significantly increased compared with the positive control with sufficient P supply
(Fig.4). The mRNA expression of plasma membrane transpdrt@PHT12vas significatty
increased for the negative control and in the groups witksugply via root and leaf. In the
youngest fully developed leaf (YFEL), the groups with-8upply showed a significant
decrease in mRNA expression compared with the negative control. Siredalts were
measured in the growing leaf, but no significant difference was seen between the negative
control and the group with P rsupply via the leaf. In the roots, no difference in mRNA
expression was detected between the threel€ficient groups (i§. 4A-C). In the growing leaf,
MRNA expression @mPHT1;1showed the same pattern as that f@mPHT12Fig.4E). In

the YFEL and the roots, mMRNA expressiatnoPHT1;lin the group with P resupply via the

leaf was at the same level as that of the aége control, whereas in the treatment with +e
supply via the root, the expression was significantly reduced 4Bigz). Compared with the
other two transporters, the differences were less pronouncedZorPHT1;2 Although the
highest mRNA expressiorae/measured in the growing leaf for the negative control and the
plants resupplied via the leaf, this level was similar to those of the other transporters
(Fig.4H). However, in the YFEL, no difference was detected between the groups wih P re
supply andthe positive control (FiglG). Moreover, mMRNA expression of tAemPHT1;2
transporter was not significantly increased in the rootssupplied with P compared with
roots in the positive control (Figl). In contrast, no significant difference could beamared
between the root resupply treatment and the other two treatments, both of were

significantly different from the positive control.

57



Kapitel2

Figure4d: Relative expression of {8)ZmPHT12 (DF)ZmPHT1;1 and (Gl) ZmPHT1;Qyeres in the
youngest fully expanded leaf, a growing leaf, and the roots. ®gpositive Control), OrAM KHPQ
(potassium dihydrogen phosphate) in nutrient solution (NS); Ge@egative control), OrAM KHPQ

in NS for 1 week and 0.6AM KHPQ in NS 6r the following weeks; root (resupply via roots), i
KHPQ in NS for 1 week, 0.06M KHPQ in NS for 2 weeks, and vV KHPQ as resupply in week

4; FAqo (foliar application), 0..hM KHPQ in NS for 1 week, 0.06M KHPGQ in NS for 2 weeks, and
0.0mM KHPGQ + 200mM KHPQ as resupply in week 4. Bars represent means +standard derivation
(n=3). Small letters indicate significant differences between treatments (ANOVA with Duncan or
Games Howelltesh G i Xifie X

3.5 Nitrate and organic acidsmoentration after RFresupply

Regardless of the type of P-sepply, the nitrate (N&) concentration increased significantly

in contrast to that of the negative control after #8n the older shoot-3%) and the vascular
bundle sap£5%) (FighA, C). his was also evident in the younger shoot. However, the group
re-supplied via the root showed a significantly stronger increase than the group with foliar
application and was at a similar level to that of the positive control aftdr @8g5D). In the

4t leaf and the roots, no effect on N@oncentration could be measured as a result of P re
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supply. The concentrations in the groups with P deficiency were significantly lower than those

in the positive control (FighB,E).

Fgure5: Nitrate (NQ) concentration in mmoal?! of (A) the vascular bundle sap and in gi¢gPM of

(B) 4" leaf, (C) older shoot (stem and leaves beldWehf), (D) younger shoot (leaves abovel&af),

and (E) root at 6, 24, and 48 hours after folgplication. PosC (positive Control), OrAM KHPQ
(potassium dihydrogen phosphate) in nutrient solution (NS); Ge@egative control), OrAM KHPQ

in NS for 1 week and 0.6AM KHPQ in NS for the following weeks; root (resupply via roots) G2
KHPQ in NS for 1 week, 0.06M KHPQ in NS for 2 weeks, and vV KHPQ as resupply in week

4; FAqo (foliar application), 0..hM KHPQ in NS for 1 week, 0.06M KHPQ in NS for 2 weeks, and
0.0mM KHPQ + 200mM KHPQ as resupply in week 4. Ba represent means +standard derivation
(n=4). Letters indicate significant differences between treatments (ANOVA with Duncan or Games
Howell test,p (.05).
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The concentration of malic acid in the vascular bundle sap was significantly highest in the
negative control (FiggA). The largest differences were measured afteh.4Bor the group
with P foliar fertilization, the concentration was 40% lower and, for the groegupplied via
the roots, was even 74% lower. The lowest concentration was measardide positive
control. Similar results were found for the concentrations of citric acid in the vascular bundle
sap (Fig6B). The concentrations were significantly reduced in the groups withspaly.

The significantly lowest concentrations were mea&slin the positive control.

Figure6: Concentration of (A) malic acid and (B) citric acid in mnhof vascular bundle sap at 6, 24,
and 48 hours after foliar application. P& (positive Control), OrAM KHPQ (potassium thydrogen
phosphate) in nutrient solution (NS); nég.(negative control), 0BM KHPQ in NS for 1 week and
0.0ImM KHPGQ in NS for the following weeks; root (resupply via roots),nfiM KHPQ in NS for 1
week, 0.0InM KHPQ in NS for 2 weeks, and Gy KHPQ as resupply in week 4; F& (foliar
application), 0.2nM KHPQ in NS for 1 week, 0.06M KHPQ in NS for 2 weeks, and M KHPQ

+ 200mM KHPQ as resupply in week 4. Bars represent means +standard derivatie#]. Letters
indicate ggnificant differences between treatments (ANOVA with Duncan or Games Howelb t€st,
0.05).

4 Discussion

In this study, the uptake of foliaapplied P in maize under P deficiency was determined
subcellularly in order to gain new insights into nutrient movement within leaf tissue. The dry
matter results showed that a deficiency of P leda significant reduction of plant growth
(Fig.1), thus demonstrating the importance of an adequate supply of this essential
macronutrient to the plant. No difference was measurable in the dry matter of théesf,
probably because of the sufficientdapply of all treatments in the first week. However, the
other plant compartments exhibited P deficiency conditions from the second week onwards;
this considerably restricted growth, in particular the growth and expansion of the leaves

(Fig.1D), as showin previous studiegPlénet et al. 2000; Assuero et al. 2004) the same
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time, the plants of the deficiency groups showed increased root growth under P deficiency
(Fig.1E), leading to a typical decrease in the shoot/root rgli@wkesford et al. 2012J-irst
adaptations to the addition of P were visible in the dry mass of the roots, which did not
increase compared with that in the negative control. Here, foliarilfieation was no less

effective than root fertilization (FidL.E).

4.1 Effect of folianpplied P on the P& concentration of various subcellular
compartments

In most studies regarding P foliar application, the P concentration of the whole tissue is
measured, and no difference is made between the intracellular and the apoplastic space. In
the present study, we have measured the apoplastic and the intracellulax-PPO
concentrations separately in relation to P foliar application. Our results demonstrate tha
foliar application leads to significantly increased s+#%0 concentrations in all three
compartments, i.e., the apoplast, cell sap, and vascular bundle sa@2)HRy. comparing the
concentrations of PEP in the apoplast and cell sap, even an increasepiake into the
epidermal andnesophyll cebecomes apparent. In comparison with the control treatments
(~6:1), the P@P concentration ratio is approximately 11:1, which can be attributed to the
maintenance of a stable inorganic P concentration in ¢lyeoplasm for enzyme reactions
(Schachtran et al. 1998)In additionMimura et al.(1990)have shown higher uptake rates of

P in isolated protoplasts of-@kficient leaves. This is attributable to the upregulation of
transporters. Independatly of this, the P concentrations in the apoplast and cell sap change
in parallel (Fig2), as also shown bWimura et al.(1996) presumably because of the P
homeostasis achieved via membrane transport between the various-iatet intracellular
pools, i.e., between the cytoplasm, vacuole, apoplast, and nu¢kectsachtman et al. 1998)
Moreover, these results are in agreement with those obtainedvioyura et al.(1990; 1992;
1996) who have worked on phosphate transport across membranes, phosphate re
trandocation, and inorganic phosphate homeostasis in the leaves of barley with a P root
supply. The increasing concentrations are confirmed by the determination of the increased P

concentration in the % leaf as a result of foliar application (F3g).

Furthermore, the results show no temporarily high accumulation of fedjgplied P in the
apoplast. Thus, we can conclude that folsgaplied P, which has penetrated the leaf, is almost
completely absorbed into thepidermal andnesophyll cells (Fig) and tha the response of

the plant is rapid. The absence of accumulation in the apoplast might be attributable not only
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to homeostasis, but also to the structure of the apoplast and the upregulation of P
transporters. The apoplast is composed of the wdtee s@ce, which is freely accessible to
ions and charged and uncharged molecules, and the Donnan free space, in which cation
exchange and anion repulsion take place. Because of the high proportion of carboxyl groups
(RCOO in the cell walls, the apoplast acts a cation exchanger, whereas anions are repelled
(White 2012) In addition,Schachtman et al(1998) report that P starvation leads to an
increased expression of transpers of the plasma membrane gene family. In our study, the
gene expression of threemPHT Ifamily R'H* co-transporters have been found to be highly
affected under P deficiency in the youngest fully expanded leaf, a growing leathemdats

in comparisn with those of the positive control (Fi§). ForZmPHT12and ZmPHTZ2, this

result is in agreement with those dagy et al.(2006)and Liu et al.(2016) whereas for
ZmPHT1;INagy et al(2006)have also detected increased relative expression, whelraast

al. (2016)report no hgher relative expression in the roots. The rate of phosphate transport
across plasma membranes is determined in part by the number of transporters in the
membranes. This number is related to the rates of transcription of the genes encoding the
transporters the rates of mRNA decay, and the rates of protein turnd¢@enith et al. 2003)
Physiological measurements have shown that plants rapidly increase theicigapar
phosphate uptake under phosphate deprivati@@larkson und Scattergood 1982hus, the
higher abundance of theggasma membrane transporters confirms the rapid uptake of both
foliar-applied and roofapplied P after two weeks of P deficiency. As describdéldton und

Tran (2011) members ofthe ZmPHT1family exhibits a certain degree of tissapecific
expression, which may explain the differences in the relative expression of mRNA in the
various plant regions (Fig). In addition, regardless of the transporters, a decrease in relative
expression has been detected mainly in those plantsupplied via the roots. In plants—+e
supplied via the leaf, we have found a lower relative expression mainly in the youngest fully
expanded leaf, even less expression in the growing leaves, and noneahallroots (Figb).

This implies the increased P concentrations exert some form of feedback regulation in the

plant.

Our results suggest that a shadrm high P foliate supply leads to uptake into the cytoplasm
or to temporary storage in the vacuolhich occupies more than 80% of the cell volume and
acts as a kind of main buffdMimura et al. 1990; Schachtman et al. 199B)oreover,

Morcuende et al(2007)have demonstrated, irabidopsiseedlings, that, as a result of R re
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supgy, rapid (<3 h) upregulation of the cellular molecular machinery occurs to promote
growth and to optimize metabolic pathways for energy production, followed rapidly by cell
division and lipid and protein biosynthesis. This finding is contrary to thiaewfandez et al.
(2014b)who have found that P deficient wheat plants fail to absorb fedigplied P, and that,

with increasing plant P status, the absorption increases. The authors suspect that this effect is
attributable to the additionally discovered change in the surface structure of the leaf and the
decrease in the number of stomata and trichomes. Our results have established that foliar
applied P can indeed penetratedeficient maize leaves and is taken up by thenplato the

cells.

4.2 Rapid translocation of fokapplied P within the plant to sites of demand

We have obtained another important finding by measuring the-P@oncentration in the
vascular bundle sap (F2C). In general, the groups resupplied vitlexhibit the highest PP
concentrations, but the significantly highest 2 concentration over the entire measuring
period after én is conspicuous in the foliar application group. This confirms the rapid uptake
of P into the cell and the translocatiaf foliar-applied P to the point of demand. Our results
from the subcellular measurements are also confirmed by the determination of the P
concentration in the individual plant compartments (R3§. Translocation of the folieapplied

P occurs mainly whin the first 24 and is very low after 48 as illustrated by the negative
correlation between P@P concentration and time (FigC,F). Here, translocation of P occurs
within the first 6h into both the younger shoots and the roots (R@.,D). Wheras
translocation in the younger shoots increases steadily over time 3EigC), it decreases
again in the roots over the following b8ut remains increased compared with the negative
control (Fig3D,4D). Furthermore, the differences in the P concatibns of the older and
younger shoot indicate that the plant directs P to sinks, i.e., the growing partS36;0);
hence, the P concentrations in the younger shoots are higher than those in the older shoots
under P deficiency, as describedMimura (1995) This is also measurable in plants wigh
supply via the roots (Fi§C). According tbuan et al.(2017) the decrease in P concentration

in roots might be attributed to miRNAs serving as laligjance signals and traveling from
shoots to roots to maintain inorganic P homeostasis at the wiptdat level, under low
inorganic P conditions, through enhanced P uptake and translocation. Accordiagdiake et

al. (1997) a large proportion of réranslocated P via phloem to the rootsredoaded into the

xylem and transported into the growing plant tissue in deficient plants. Our results reveal that
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the onset of translocation within the plant is rapid, and that the febpplied P is not only
effective at the site of application. Usinggh-resolution laser ablatiofinductively coupled
plasmamass spectrometry elemental mappingrsic et al.(2020) have shown the rapid
movement of applied ions from the leaf surface to the phloem withirh2dnd a re
translocation of foliatapplied P into the growing leaves within 7 days. The authonglude

that foliar P only provides a temporary nutritional relief for the deficient leaves, since they
decline back to a-Heficient status by days 6 and 7. This is, in particular, evident from the
negative correlation of P concentration and time in thlder shoot, the root, and the vascular
bundle sap during the first 48(Fig2F,4B,D). Furthermore, the increase in the younger shoot
as a result of resupply via the roots is significantly stronger than after foliar fertilization
(Fig.4C). The diffances between reupply via the leaf and root indicate that foliar
application provides a positive effect but cannot keep pace with the consistency of root
application under hydroponic conditions. However, three P foliar applications within 14 days
resultin a 70% biomass increase compared with a P deficient cof@@lach und Muhling
2021) WhereasArsic et al.(2020)performed their first measurement after 24 we have
shown that the uptake of foliaapplied P occurs mainly within the firshgin agrement with
Wittwer und Lundah{1951) According® Neumann et al. (1981), the penetration of JRid

can persist for up to 7, despite the apparent drying of the applied droplets. However, foliar
applied P is presumably not completely translocated. This is evident from previous studies
(Barrier und Loomis 1957; McBeath et al. 202@) particular, the translocation of foliar
applied P from treated leaves to other parts of the plant is reduced in wheat when applied at

early tilleringcompared with application at flag leaf emerger(€irce et al. 2019)

4.3 Foliarapplied P increases uptake of nitrate and decreases translocation of organic
acids

An irfluence of P resupply (mainly in the form of foliar application) on the uptake and
translocation of other nutrients or chemical compounds within the firsth4®as only
measurable for Neand organic acids (Fig,6). An increase in Mg concentration hin the

first 48h could not be measured and seemed to become apparent only as a consequence of a

longer growth phase (Gorlach and Muhling 2021).

A reduced uptake and lower translocation of nitrate from the roots to the shoot under P
deficiency was also dected byJeschke et a(1997) Neumann et al(1999) andGniazdowska

und Rychte(2000)who postulated reduced Nreductase activity in the roots and a lower
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sink requirement attributable to slower growing deficient plants or to increased proton
extrusion. Our results show a rapid plant response inithe first 48h after P resupply via

the leaf or root, especially in the growing younger shoot (b)gThus, the increase in the
nitrate concentration occurs in parallel with the increase in the vascular bundle sap
(Fig.5A,C,D), possibly related tan increase in the ATP level, which also drops as a result of
P deficiencyGniazdowska und Rychter 200Qn the other hand, the rsupply of P probably
induces greater growtmithe plant. The higher concentration of Bl@ the younger shoot in

the group with root resupply can be explained by the sustained P uptake by the roots

(Fig.2, 3), whereas during foliar application, the increase in P concentration is limited.

The decease of the concentrations of malic acid and citric acid in the vascular bundle sap as
a result of P resupply can therefore be seen as a reaction of the plant to the increasing P
concentration within the plant tissue (Fig). As a result of P resupplavhe root, the effect

is not only greater on the P concentration, but also on the two organic acid$(B)gwhich
supports the assumption that the formation of organic acids is reduced aftersBpgly. An
important component of the response of th@ant to inorganic P starvation is the excretion

of organic acids from the roots into the rhizosphere, resulting in rhizosphere acidification
(Raghothama4999; Plaxton und Tran 2011According taJoneg1998) malate and citrate are
mainly released into the rhizosphere under P deficiency. The increased P concentration by
resupplying probably reduces the activity of enzymes such as malate hydrogenase and citrate
synthase, which are increased under deficiency(Fang et al. 2009)The finding of no
increased concentrations of malic acid and citric acid in tleshnd root (data not shown)

is probably attributable to the direct excretion of organic acids via the roots.

5 Conclusions

Our results show the potential benefits of P foliar application in maize with P deficiency. Under
controlled conditions, we have slwn that the P concentration in the plant tissue increases in
all compartments, especially during the firsh.6This also results in the increased uptake of
nitrate or decreased translocation of organic acids. No accumulation of-gjalied P in the
apoplast has been detected, but rather a rapid increase of the P concentration in the symplast
of epidermal andnesophyll cells. We conclude that increased expressi®Hdtitransporters
favors the uptake of P into the cytosol, and that there is no interfiee from the apoplast on

foliar-applied P. The plant shows rapid translocation of the absorbed nutrient within the plant,
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especially into the sinks. Thus, fole@pplied P can be assumed to be an efficient fertilizer
technique, as the P is absorbed inteetleaf mesophyll. Our results demonstrate the rapid
effect of foliarapplied P, which is an advantage, especially for the speedy remedy of deficiency

conditions.
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Table S1List of primer pairs used for RT gPCR analysis.

Gene bank accession Primer Sequence of forward (f) and reverse (r) Length %GC Annealing Product
number Name %0 EJu QEpe ~11; (bp) content temp (°C) size (bp)
NM_001112348.1 Zm PHT12 |[F |GTCACTACCTTGCTGCACAC 20 55 59 157

R [CATAAGTGGCTGCGAGGATG 20 55 59
JQ178245.1 Zm PHT1;2|F |AGTACGCCAACAEEAGG 20 55 59 131

R [GTTGGATGGAGCACTGTTCG 20 55 59
NM_001111799 Zm PHT1;1|F [TGGTCATGGTCATCTGCTCC 20 55 59 148

R [TACTCGGACATGATGGTGGC 20 55 59

73



Kapitel3

3. Kapitel

Evaluation of maize growth following early season foliar P
supply of various fertilizer formulations and in relation to

nutritional status

Bruno Maximilian GdrlagilonNiklas Henningsen, Jens Torsten Mackars Karl Hermann

Muhling

Agronomy(2021) 11(4), 727

DOl 10.3390/agonomy11040727

74



Article

Evaluation of Maize Growth Following Early Season Foliar P
Supply of Various Fertilizer Formulations and in Relation to
Nutritional Status

Bruno Maximilian Gdérlach *, Jon Niklas Henningsen, Jens Torsten Mackens

Citation: Gorlach, B.M.; Henningsen,
J.N.; Mackens, J.T.; Mihling, K.H.
Evaluation of Maize Growth

Following Early Season Foliar P
Supply of Various Fertilizer
Formulations and in Relation to
Nutritional Status. Agronomy2021, 11,
727. https://doi.org/10.3390/
agronomy11040727

Academic Editor: Frank Liebisch

Received: 4 March 2021
Accepted: 7 April 2021
Published: 9 April 2021

Publisher's Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional af I-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/

4.0/).

and Karl Hermann Muhling

Institute of Plant Nutrition and Soil Science, Kiel University; Hermann-Rodewald-Strae 2, 24118 Kiel, Germany;
jnhenningsen@plantnutrition.uni-kiel.de (J.N.H.); jimackens@plantnutrition.uni-kiel.de (J.T.M.);
khmuehling@plantnutrition.uni-kiel.de (K.H.M.)

* Correspondence: bgoerlach@plantnutrition.uni-kiel.de; Tel.: +49-431-880-3189

Abstract: The ef ciency of phosphorus (P) use in agriculture needs to be improved, with farmers
being increasingly forced by law to reduce P soil fertilization. Thus, P foliar application might become
more important in agriculture. The effect of foliar P fertilization has not been widely studied in maize,
despite it being a crop with high P demand during juvenile development. Our aim was to investigate
the effect of P foliar application during juvenile development on maize crop growth and yield. We
conducted outdoor pot experiments to investigate the effect on P uptake, translocation, and dry
matter following three applications of foliar fertilizer of various P formulations and with additional

P soil fertilization between the 4th and 6th leaf stage during two growing seasons. To determine
direct and possible long-term effects, plants were harvested at various developmental stages. P
foliar application resulted in a signi cant increase in P concentration in all plant parts ten days
after the last application, regardless of P form, nutritional status, or year. P concentration remained
high only in those parts of the plant that were present during foliar application. Biomass effects
were sporadically visible until owering, but not at maturity. We conclude that foliar P fertilization
during juvenile development does not increase yield but might nevertheless be a useful remedy for
short-term P de cits.

Keywords: foliar application; foliar nutrition; foliar uptake; nutrient management; phosphate;
phosphorus

1. Introduction

Phosphorus (P) is an essential and indispensable macronutrient for plant growth and
is the second most frequent limiting macronutrient after nitrogen [ 1]. The nutrient is of
prime importance as a structural component in nucleic acids, phospholipids, coenzymes,
and phosphoproteins [ 2] and as an energy carrier in the form of adenosine diphosphate
(ADP) or triphosphate (ATP) [ 3] and also plays a role in photosynthesis and respiration [ 4].
Thus, in the absence of an adequate P supply, plants show a range of P de ciency symptoms
such as decreased plant height 2], reductions in tillering [ 5], restricted seed formation [ 6],
reduced leaf area [7,8], and premature senescence of leaves §]. However, plant uptake
precedes biomass development, and so early season P-nutrition is crucial for the life cycle
and growth of shoot and root [ 10]. Indeed, a persistent P de ciency during juvenile
development cannot be subsequently recovered in the form of a late-season supply [2].

One of the arable crops with a close relationship to P is maize (Zea mayd..). Maize is
the second-largest arable crop both worldwide [ 11] and in Germany [ 17]. In Central and
Northern Europe, maize is sown in the springtime (April/May). Low temperatures are
a major yield-limiting factor. In April, in particular, the air and soil temperatures are at a
minimum for optimal growth conditions. Maize growth is slow at temperatures lower than
15 C because the seedlings lose the ability to establish dry matter during the development
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of the root, which is weak under these conditions [ 13]. Moreover; nutrient acquisition is
particularly limited by low temperatures since, under low soil temperatures, the solubility

of nutrients and the speed of diffusion decrease [ 14]. Consequently, the availability of P,
which is delivered by diffusion [ 1], is signi cantly reduced. Low soil temperatures cause
two problems: (I) poor development of the root area [ 13,15] and () reduced availability
of soil P to the plant [ 2,16]. In addition, the low availability of P ions in bulk soils (large
reactivity relative to numerous soil constituents [17]) and a concentration below 10 M in
the soil solution limits plant uptake of P [ 1,18]. Since the diffusion rate of P is low, root
uptake generates a rhizosphere that is depleted of P [1]. In consequence, P is one of the
least available and most inaccessible macronutrients in soil [19]. Therefore, maize plants
require the application of starter P at sowing to provide essential P for early growth [ 2].
The practical method of supplying P to provide suf cient water-soluble P in the root area
and to increase P fertilizer ef ciency is usually by banding the fertilizer near to or with the
seed during sowing [ 2,20]. This method ensures P nutrition during juvenile development.

According to Hart et al. [ 21], the use of (mineral) fertilizer has massively increased over
the last century. Furthermore, agricultural systems have changed from being a net sink of P
to a net source of P, which increases the problem of diffuse P losses pP2]. In order to protect
the environment and maintain its ecological and chemical status, the European Union has
adopted various directives (EU Nitrates Directive, EU Water Framework Directive) that
have led to Fertilizer Ordinances being drawn up at the level of the individual states in
the EU. The Fertilizer Ordinance regulates good professional practice with regard to the
application of fertilizers on agricultural land and is intended to increase the ef ciency of
fertilizer use [ 23]. Thus, in the future, farmers will be increasingly forced by law to reduce
P fertilization of the soil. Foliar application has become an increasingly important tool for
sustainable and productive crop management [ 24] and is used worldwide. In addition, this
method can be employed at times of high nutrient demand. The application of nutrients
such as P by this technique might therefore lead to an increase in the ef ciency of fertilizer
use [10,25].

In the literature, many factors are mentioned that have an in uence on the absorp-
tion and translocation of leaf fertilizers: (1) the physical and chemical properties of the
sprayed nutrient solution (e.g., molecule size, solubility, surface tension); (2) environmental
factors (e.qg., relative humidity, temperature, radiation); (3) plant species and physiology
of the plant (e.g., architecture of the cuticle, wax layer, mobility of the nutrient in the
plant) [24,26,27] However, the effectiveness depends not only on the uptake of nutrients
into the leaf, but also on the subsequent transfer of nutrients to other parts of the plant,
such as young leaves, grains, or fruits. Hence, nutrients with high phloem mobility are the-
oretically more likely to generate systemic effects in contrast to immobile elements [ 24]. The
uptake of various forms of foliar P have previously been shown for some crops, especially
for winter wheat [ 28-31]. Nevertheless, most of the research on foliar P fertilization has
been conducted on winter wheat in the U.S. and Australia. According to Noack etal. [ 10],
foliar fertilization is the most effective and ef cient method for late-season P supply. We,
therefore, wished to study the effect of P foliar application during juvenile development in
maize and to determine whether this would lead to a more ef cient design of P fertilization
in maize. The effects of three P foliar applications were studied with regard to (1) the
concentration and translocation of P within the plant, (2) biomass development, and (3)
yield during a speci c time course. These aspects were investigated as a function of two P
foliar fertilizer forms and the nutritional status of the maize plants.

2. Materials and Methods

The experimental designs were completely randomized and were carried out in the
outdoor area of the Experimental Station of the Institute of Plant Nutrition and Soil Science,
Kiel University, Kiel, Germany (54 20%0°°N, 10 6%55°0F). Basic fertilization was mixed
into the soil by using a (concrete) mixer. One gram N (as NH 4NO3), 1.2 g K (as KoSOy),
1.2 g K (as KCI), 0.5 g Ca (as CaS@), and 0.33 g Mg (as MgSQ,) were applied to each
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pot (Mitscherlischpot, 6.2 L). To eliminate nutrient de ciencies other than P, additional
nutrient solutions were surface-applied at 30 days after sowing (DAS) at levels (in g pot 1)
of: 0.015 Fe (as Fe-EDTA), 0.010 Cu (as CuS() 0.015 Zn (as ZnSQ), 0.030 Mn (as MnSQ,),
0.010 B (as HBOg), and 0.002 Mo (as (NHg)gM07054); at 43 DAS: 1 K (as KSQ) and 0.5 N
(as NH4NO3); at 57 DAS: 1 K (as KSQ) and 0.5 N (as NH4NO3); at 71 DAS: 1 K (as KSQ),
0.5 N (as NH4NO3), 0.1 Ca (as CaS@), and 0.1 Mg (as MgSQy). Two maize seeds Zea mays
L. var. Keops, KWS SAAT SE & Co. KGaA, Einbeck, Germany) were sown per pot at a
depth of 3.5 cm. Five days after germination, the plants in the pots were separated into one
plant per pot. Under natural weather conditions, plants were watered only if necessary.
Excess rainwater was collected and returned. In anticipation of heavy rainfall, plants were
moved to a rainout shelter. At times of high water demand, containers were placed in large
buckets with a continuous water supply.

P foliar fertilizer was applied early in the morning (5.30—6 a.m.) to avoid leaf burn
by high irradiation and to take advantage of the higher air humidity. Maize plants were
sprayed from above by using an in-house spraying technology with three double at fan
nozzles (Air Injektor Kompakt-Doppel achstrahldiisen IDKT 120, Lechler, Metzingen, Ger-
many). The overlapping of leaves was avoided by the pots being aligned with appropriate
spacing. To improve the wetting of the plants, 0.1% of the wetting agent Silwet ® Gold
(Spiess-Urania, Ochsenfurt, Germany) was added to the sprayed uid. Contamination of
the soil was prevented by covering the pots with aluminum foil and wrapping the stems
with paper. The applied concentration was equivalent to 1.24 kg phosphorus ha 1ina
total volume of 200 L ha 1.

2.1. Experiment 1

Experiment 1 was conducted from May to October 2019 to investigate the uptake and
in uence of two different P foliar fertilizer formulations on growth, P concentration, and
grain formation. Mitscherlich pots were lled with 6 kg air-dried and sieved soil (<4 mm).
The soil substrate was an arable (with organic fertilization) loamy sand from the district of
PIon (Schleswig-Holstein) with 79.3% sand, 13.3% silt, and 7.4% clay. Further details are
summarized in Table 1. Three treatments were cultivated in ve biological replicates: a
control treatment (control) without foliar P application and two treatments with different
foliar P fertilizers (KH ,POy4, H3POy). Foliar fertilizers were applied on 40, 46, and 53 DAS.
The concentration of the fertilizer solution was 200 mM, and the pH was 4.5. ForH 3POQy, the
pH had to be raised to 4.5 using NaOH, as otherwise, severe leaf burn would have occurred.
To illustrate possible effects of P foliar application over time, maize plants were harvested at
three dates, namely ten days after the last P application (BBCH 16), at owering (BBCH 65),
and at maturity (BBCH 89). This includes three crucial developmental stages of maize. The
developmental stages of maize consisted of germination (BBCH 00-09), leaf development
(BBCH 10-19); stem elongation (BBCH 30-39); in orescence emergence, heading (BBCH
51-59); owering, anthesis (BBCH 61-69); development of fruit (BBCH 71-79); ripening
(BBCH 83-89); and senescence (BBCH 97-997]. The total P concentration was studied in
various parts of the plants for better evaluation.

Table 1. Physico-chemical characteristics of the soils.

Soil Experiment 1 Soil Experiment 2

pH (CaCl,) 5.9 6.1
Phosphorus (mg 100 g ! soil) 75 5.0
Phosphorus release rate ( g kg 1*10 min) 825 519
Potassium (mg 100 g 1 soil) 8.6 7.9
Magnesium (mg 100 g ! soil) 8.7 5.1
Copper (mg 100 g ! soil) 1.3 0.9

Manganese (mg 100 g * soil) 23.6 145.5
Zinc (mg 100 g ! soil) 1.4 1.3

Boron (mg 100 g ? soil) 0.33 0.38

Sulfur (mg 100 g 1 soil) 5.7 5.9




Agronomy2021, 11, 727

4 0of 17

2.2. Experiment 2

The second experiment was set up in the subsequent growing season from May to
October 2020 in order to investigate whether soil fertilization with P had an in uence
on the effect of foliar-applied P. Mitscherlich pots were lled with 6 kg air-dried and
sieved soil (<4 mm). The soil substrate was an arable loamy sand from the district of
Ost-Holstein (Schleswig-Holstein) with 71.8% sand, 19.9% silt, and 8.3% clay. Further
details are summarized in Table 1. The experiment comprised four treatments with ve
biological replicates: two control treatments with 200 and 300 mg KH ,PO4 soil fertilization,
respectively, and two treatments with additional foliar application. KH ,PO,4 was used as
foliar fertilizer and was applied on 35, 42, and 49 DAS. The P concentration was 200 mM,
and the pH was 4.5. Aboveground plant material was harvested ten days after the last
P application (BBCH 16) and at maturity (BBCH 89) and was then separated into groups
containing the various parts of the plants for better evaluation.

2.3. Plant Sampling and Analysis

Plants were cut aboveground. Afterward, the plant material was divided into those
parts to be examined. All plant parts were washed three times in deionized water to avoid
fertilizer residues remaining on the leaves. Oven-dried plants (65 C) were weighed and
then milled to a ne powder for further analysis (Cyclotec 1093, Foss Tecator, Hoganas,
Sweden). For mineral nutrient analyses, 200 mg of nely ground plant material was di-
gested with 10 mL of 69% HNO 3 (ROTIPURAN Supra for ICP, 69%) for 45 min in an 1800 W
microwave oven (MARS 6, Xpress, CEM, Matthews, MC, USA) and subsequently mea-
sured using inductively coupled plasma-mass spectrometry (ICP-MS; Agilent Technologies
7700 SeriesBdblingen, Germany) according to the method described by Jezek et al. [33] For
starch analysis, the milled grain material was additionally ground with a ball mill (Schwing-
muahle MM 400, Retsch GmbH, Haan, Germany). Starch concentration and content were
determined by enzymatic hydrolysis of starch to glucose as described by Brandt et al. [34].

2.4, Statistical Analysis

Data were statistically analyzed using SPSS software (version 17.0). Analysis was
based on ve biological replicates per treatment. Effects of treatments were tested using
Student's t-test in cases of two experimental groups or one-way ANOVA and following
Duncan's Multiple Range test at 5%.

3. Results
3.1. Development of Biomass, P Concentration, and P Content Over Time

During the entire growth period, predominantly no signi cant difference was seen
in the dry matter (DM) of the total plant. However, at owering, plants with additional
KH »,PO, foliar P application showed signi cantly higher dry matter than those receiving
the control treatment, whereas those treated by foliar fertilization with H 3PO,4 were not
signi cantly different from either treatment (Figure 1A). Mean dry matter values were
117.2 g pot 1 for the control, 130.0 g pot 1 for foliar application with KH ,PO,, and 122.2 g
pot 1 for foliar application with H 3PO,. By the time that the plants had fully ripened, no
signi cant difference could be determined in the dry matter of the plants (Figure 1A).
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Figure 1. (A) Dry matter in g plant 1. (B) Phosphorus concentration (P) in mg g ! dry matter.
(C) Phosphorus content (P) in mg plant 1 of the total maize plant. Control without P fertilization
(control), three foliar applications of 200 mM potassium dihydrogen phosphate (KH ,POy) or phos-
phoric acid (H 3POg) at 40, 46, and 53 days after sowing. Maize plants were harvested during the 6th
leaf stage (BBCH 16), owering (BBCH 65), or maturity (BBCH 89) over time. Bars represent means +
SD (n =5). Upper and lower case letters indicate signi cant differences between treatments within
the development stages (ANOVA with Duncan test, p  0.05).
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In contrast, signi cant differences in P concentrations were evident ten days after
foliar application, but these diminished during the further progress of the growing season
(Figure 1B). At 3.8 mg P g ! DM, plants that had received an H 3PO, foliar application
exhibited a signi cant increase of 44% compared with the control treatment. The P concen-
tration of the plants that were foliar-fertilized with KH  ,PO,4 (3.3 mgP g 1 DM) was at a
lower level than those with foliar-applied H 3PO4 but was signi cantly higher than those
under the control treatment (2.6 mg P g 1 DM). At owering, the P concentration was in a
range of 1.8 mg P g 1 DM, and only the treatment with foliar-applied H 3POj4 resulted in
a signi cant increase in comparison with the control treatment. The lowest P concentra-
tions (all showing no signi cant differences) were measured in plants at the third harvest.
However, for P content, the values for the treatments with additional foliar applications
were 25% higher than those from the control treatment with signi cant difference until
owering (Figure 1C).

3.2. P Concentration in Various Parts of Plants at 6 Leaf Stage, Flowering, and Maturity

The determination of the dry matter of the various plant parts showed differences
only in the roots. The root dry matter of the group with H 3PO, foliar fertilization was
signi cantly reduced (Figure 2A). The studied parts of the control plants cultivated under
no P supply exhibited the signi cantly lowest P concentrations in all parts of these plants
(Figure 2B). The P concentrations were between 2.3 mg P g DM in the older shoot,
2.4mgP g ! DM in the youngest fully expanded leaf (YFEL), and 4.3 mgP g 1DMin
the younger shoot; root tissue contained 1.5 mg P g 1 DM. Supply of P via the foliar
application with KH ,PO4 and H 3PO4 resulted in an average percentage increase up to 17%
in the younger shoot and 37% in the root (Figure 2B). In the older shoot and the YFEL, foliar
application with H 3PO,4 showed a signi cant increase in concentration compared with
foliar application with KH ,PO4 (Figure 2B). In the older shoot, in particular, this resulted in
an increase of P concentration by 88% above the mean value of the control plants compared
with an increase of 44% when KH ,PO,4 was applied.

During owering, the groups with supplemental foliar fertilization showed signi -
cantly lower dry matter in the leaves below the ear leaves (lower leaves) but signi cantly
higher values in the leaves above the ear leaves (upper leaves) and the growing maize cobs
(Figure 3A). No differences in P concentration could be measured in the ear leaves and the
leaves above them (Figure 3B). However, signi cant differences in P concentration were ev-
ident in the leaves below the maize cobs. At 1.9 mg P g 1 DM, the P concentration in maize
plants following H 3PO, foliar application was 24% higher compared with maize plants
having KH ,PQ, foliar application and 40% higher compared with maize plants without
foliar application (Figure 3B). Foliar application of H 3PO,4 also showed the signi cantly
highest concentrations in the roots and the stem. However, the application of KH ,POy4
had the signi cantly second-highest concentration in the stem but showed no signi cant
differences in the root from either the control or the treatment with H 3P0, (Figure 3B). The
opposite was seen in the young maize cobs and the associated husk leaves. Signi cant
effects were detected between the control and the H3PO, group. At3.3mgP g DM, the
control group showed the highest P concentration (Figure 3B).
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Figure 2. (A) Dry matter in g plant 1 and (B) phosphorus concentration (P)inmg g * dry matter at
BBCH 16 (6th leave unfolded) following the three treatments: control without P fertilization (control)

or three foliar applications of 200 mM potassium dihydrogen phosphate (KH ,PQ,4) or phosphoric
acid (H3PO,) at 40, 46, and 53 days after sowing. Maize plant material was separated into root, older
shoot, youngest fully developed leave (YFEL), and younger shoot. Bars represent means + SD ( = 5).
Upper and lower case letters indicate signi cant differences between treatments within the examined
parameters (ANOVA with Duncan test, p 0.05).
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Figure 3. (A) Dry matter in g plant 1 and (B) phosphorus concentration (P) inmg g 1 dry matter of
the investigated parts of the plant were analyzed after harvest at owering (BBCH 65). Plant material
was separated into root, stem, lower leaves (leaves below the ear leaves), ear leaves, upper leaves
(leaves above the ear leaves), and maize cobs (+husk leaves). Control without P fertilization (control)
or three foliar applications of 200 mM potassium dihydrogen phosphate (KH ,PO,) or phosphoric
acid (H3PO,) at 40, 46, and 53 days after sowing. Bars represent means + SDr(= 5). Upper and
lower case letters indicate signi cant differences between treatments within the examined parameters
(ANOVA with Duncan test, p 0.05).

Once the plants had fully ripened, no signi cant differences were seen in their dry
matter, except for the cob leaves and the leaves above them (Figure 4A). At maturity, the P
concentrations in the roots were below a value of 1.0 mg P g ! DM, which was however
higher than the P concentrations of the individual shoot sections, which were below a value
of 0.5 mg P g 1 DM, except for the P concentration in maize grains. In the individually
studied plant regions, no signi cant differences were detected among the three treatments,
even in the lower parts of the plant (root, stem, lower leaves), with the exception of
the maize grains (Figure 4B). However, the measurement of the P concentration in the
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maize grains showed a signi cant increase in the groups with additional foliar fertilization
compared with the control. At 2.39 mg P g ! DM for the treatment with KH ,PO, and
2.47 mg P g 1 DM for the treatment with H 3PO,, the concentrations were at similar levels,
regardless of the foliar-applied P form. The P concentration in the control group was 13%
lowerat2.17 mgP g 1 DM.

Figure 4. (A) Dry matter in g plant 1 and (B) phosphorus concentration (P) inmg g ! dry matter
of the investigated parts of the plant were analyzed after harvest at maturity (BBCH 89). Plant
material was separated into root, stem, lower leaves (leaves below the ear leaves), ear leaves and
upper leaves, husk leaves and corncob, and grains. Control without P fertilization (control) and
three foliar applications of 200 mM potassium dihydrogen phosphate (KH ,PO,) or phosphoric acid
(H3PO,) at 40, 46, and 53 days after sowing. Bars represent means + SDr(=5). Upper and lower case
letters indicate signi cant differences between treatments within the examined parameters (ANOVA
with Duncan test, p  0.05).
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3.3. Dry Matter and P Concentration according to P Soil and Foliar Fertilization

Determination of total dry matter of shoots of maize plants at BBCH 16 showed a
signi cant increase as a result of the foliar application in the group receiving soil fertilizer
of 200 mg P (Figure 5A). A signi cant difference was shown in the older shoot, whereas
no signi cant increase in dry matter was observed in the younger shoot (Figure 5B,C). In
the group with soil fertilization of 300 mg P, the foliar application showed no effect on dry
matter (Figure 5A—C). Regardless of the amount of P fertilized via soil, the P concentration
in all examined parts of the plant and thus also in the total shoot was signi cantly increased
by three foliar applications of P (Figure 5D—F). In the older shoot, the P concentration was
increased by 40% (200 + foliar application, FA) or 20% (300 + FA) by foliar P fertilization
compared with the control treatment. Moreover, the effect was stronger in the older shoot
than in the younger shoot, in which an increase in concentration of only 27% and 7%,
occurred, respectively.

Figure 5. Dry matter in g plant 1 and phosphorus concentration (P)inmg g ?® dry matter of ( A,D)
total shoot, (B,E) older shoot, and (C,F) younger shoot at BBCH 16 (6th leaf unfolded). Plants were
cultivated with 200 mg P soil fertilization (200) with additional foliar application (FA) (200 + FA)

or with 300 mg P soil fertilization (300) with additional foliar application (300 + FA). KH ,PO4 was
used as foliar fertilizer and was applied at 35, 42, and 49 days after sowing. Bars represent means
+ SD (n = 5). Asterisks indicate signi cant differences between treatments of one fertilization level
(student” s t-test,p  0.05).
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In fully ripened plants, a signi cant effect was no longer seen in shoot dry matter
following three P foliar applications during juvenile development, regardless of P soil
fertilization (Figure 6A). Moreover, no signi cant difference was measured in the P con-
centration of the total shoot (Figure 6B). In particular, in the examined maize grains, no
signi cant increase in dry matter could be determined by a P foliar application (  Figure 6C).
In addition, P and starch concentrations were not increased in the grains ( Figure 6D,E).
Only the starch content in the group receiving soil fertilization of 200 mg P was signi cantly
increased as a result of P foliar fertilization. However, this was not evident in the group
with 300 mg of soil-applied P (Figure 6F).

Figure 6. Total shoot (A) dry matter in g plant 1, (B) phosphorus concentration (P)inmgg *dry
matter, (C) grain dry matter in g plant 1, (D) grain phosphorus concentration (P)inmgg I dry
matter, (E) starch concentrationinmg g ! dry matter, ( F) starch contentin g plant 1, and (G) number
of grains per maize cob at maturity (BBCH 89). Plants were cultivated with 200 mg P soil fertilization
(200) with additional foliar application (FA) (200 + FA) or with 300 mg P soil fertilization (300) with
additional foliar application (300 + FA). KH ,PO4 was used as foliar fertilizer and was applied at
35, 42, and 49 days after sowing. Bars represent means + SDr(= 5). Asterisks indicate signi cant
differences between treatments of one fertilization level (Student “st-test,p  0.05).
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4. Discussion

We have shown that early season P foliar fertilization has a signi cant effect on
P concentration and P content but a marginal effect on biomass development in maize
(Figure 1, Figure 5, and Figure 6). The effect of P foliar fertilization on P concentration
is mainly measurable at the time of the rst harvest at the 6 ™ leaf stage. At this point, a
signi cant increase is evident regardless of the foliar P fertilizer form or the P nutritional
status of the plant (Figures 2B and 5D—F). Previous studies have found that the application
of H3POy results in a high uptake ef ciency. According to Peirce et al. [ 35], the higher
penetration rate of H 3PO4 is associated with a higher percentage of scorch, which can
cause signi cant leaf damage. Leaf damage is suggested to have a negative effect on the
translocation of foliar-applied H 3PO4 [35,3€]. In addition, photosynthesis might also be
negatively affected by leaf damage, resulting in reduced plant growth [ 37]. Therefore,
the occurrence of scorch is suspected to be the cause of the lack of yield effect §5,38]. To
prevent this, we raised the pH of the H 3PO,4 spray solution in the present study to 4.5.
Thereafter, the application of H 3PO; still showed a signi cantly higher absorption than
KH ,PQy4, con rming the higher uptake ef ciency of H 3P0O,4. This was mainly measurable
in the plant regions directly affected by foliar fertilization (Figure 2B). The lower uptake
ef ciency of KH ,P0O4 might be attributable to the phenomenon of crystalline formation
on the leaves. At low humidity, an increased accumulation of crystalline residues occurs
that prevents the penetration of P into the leaf. This observation and the lower uptake
rates of KH,PO,4 compared with other P-containing products have also been reported
by McBeath et al. [36] and Reed and Tukey [39]. The formation of crystalline residues in
KH PO, was visible in our study but was probably not as strong as that in the study of
McBeath et al. [3€], and the differences in uptake were less pronounced. This is attributable
to possible differences in relative humidity. A similar effect of crystalline formation was not
observed with H 3PQy,, despite an increase in pH. Nevertheless, a high amount of sodium
hydroxide is necessary to adjust the pH of the H 3PO,4 spray solution in order to avoid
high leaf damage. Compared with KH ,PO,4, H3PO, also provides no signi cant additional
yield; hence, our decision to use KH »,PQO, in our second experiment.

We observed no difference in P concentrations in the younger shoots and roots (which
were not directly affected or only partially affected by foliar P) between the two P foliar
fertilizers. This showed that the percent translocation of foliar fertilized H 3PO,4 was lower
than that for KH ,PQy4, which was also con rmed by the data from the roots and growing
corn cob during owering (Figure 3B). Despite differences in pH during the application
of H3PQy, this nding was also evident in the studies by Peirce et al. [ 35 and McBeath
et al. [36]. Nevertheless, the assumption of translocation of foliar-applied P to the root by
Peirce et al. [31] can be con rmed by the signi cantly increased P concentrations in the
roots in the present investigation (Figures 2B and 3B). The translocation of (foliar-applied) P
to the roots is supported by the studies of Koontz and Biddulph [ 40] and Jeschke et al. f1].
Over time until grain maturity, the signi cant increase could not be maintained in the
two experiments. At owering, P concentration was still signi cantly increased only in
the leaves below the ear leaf or in the roots and the stem. Thus, P concentration was
further enhanced in plant parts that were also present during foliar fertilization (Figure
3B). This indicates that the foliar-applied P is hot completely translocated. Moreover, in
Peirce et al. [35], translocation of foliar-applied P from treated leaves to other plant parts
was reduced in wheat when applied at early tillering compared with the application at ag
leaf emergence. According to the authors, this might be attributable to high scorching and
the reduced ability of the leaf cells of younger plants to translocate P to other parts of the
plant. Possibly, the latter is more likely, since less (H 3POy4) or even no scorching (KH ,POy)
occurred in our experiment. However, the stress conditions that were experienced by the
plant and that were possibly caused by the low incidence of scorch in the treatment with
H3PO,4 could have been the trigger for the lower translocation of H 3PO,4. In addition,
compared with Peirce et al. [ 35], our results showed that scorching is enhanced by very low
pH values. On the other hand, P uptake via the roots might also reduce re-translocation at
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younger growth stages, and complete re-mobilization might only occur with grain lling
and end with leaf senescence. Translocation is probably more effective under severe P
de ciency conditions because P uptake through the root is reduced. However, in the study
by Fernjndez et al. [30], no difference in percent translocation was found at different P
soil fertilization levels. On the other hand, a signi cant effect of P foliar application on
biomass growth in maize under severe P de ciency has been shown in plants grown under
hydroponics by Gérlach and Muhling [ 42]. The ndings of no (KH ,PQ,) or signi cantly
lower (H 3P0O,4) P concentrations in the growing maize cobs and husk leaves at owering
compared with the control indicate a dilution effect, as the dry matter of growing cobs was
signi cantly increased in the groups with foliar fertilization (Figure 3B). With regard to the

P content of the maize cobs and husk leaves, the results showed a signi cant increase of
43% in P contents for the treatments receiving foliar application (Figure S1). At maturity, no
longer were any differences seen in the P concentrations of the individual shoot segments,
apart from the grains (Figure 4B), a nding that supports the assumption of only complete
translocation of foliar-applied P to grain lling. As described by Grantetal. [ 2], P re-
mobilization within the plant is crucial for the P concentration in the grain and is the
reason that P is effectively translocated from senescent plant parts to the grain until the
plants have fully ripened [ 43]. This is in agreement with our results (Figure 4B) and also
with other studies of P foliar fertilization in wheat [ 35,44,45]. The signi cantly elevated
P concentrations in the maize grains can be attributed to P foliar fertilization. As seen at
owering (Figure 3B), the concentrations of P and the contents (Figure S1) in the plant
parts affected by foliar fertilization are signi cantly increased and are only completely
translocated into the grain at maturity. This suggests that no substitution of P occurs in
the plant as a result of P foliar fertilization. Thus, root P uptake is unlikely to be strongly
affected by P foliar fertilization, as also shown by McBeath et al. [36] for wheat. However,
no signi cant effect on P concentration in the grains was determined in experiment 2
(Figure 6D), and we detected no differences in the P concentrations in all other examined
plant parts (Figure S2). Furthermore, no signi cant difference could be measured in the
P content at maturity in the plants of experiment 1 (Figure 1C). Consequently, a possible
in uence on P root uptake cannot be excluded and might occur because of an increased
translocation of P from the older leaves into the grain.

Moreover, experiment 2 showed that the nutritional status of the plant has an in uence
on foliar-applied P absorption. The results suggest that foliar-applied P uptake is increased
when the P nutritional status of the plant is lower. This might be mainly because the
uptake rate is determined by the difference in concentration of the solutes within the spray
solution and the interior of the leaf [ 26]. A better effect of P foliar fertilization at a lower
nutritional status of the plant is consistent with the study of Mosali etal. [ 29] on wheat.
However, Fernjndez et al. [30] have found that foliar-applied P absorption is higher in
wheat plants with a higher soil P supply. The authors suggest that this is related to changes
in leaf morphology. Furthermore, we have not detected an effect of P foliar fertilization on
starch concentration in either experiment (Figure 6E,F, and Figure S3), only in the group
with 200 mg P soil fertilization in experiment 2. The higher content was attributable to an
increased grain dry matter and a slightly increased starch concentration, as a result of P
foliar fertilization (Figure 6C,E). Similar results were obtained in the study of Leach and
Hameleers [46]. Likewise, P foliar fertilization showed a signi cant effect in the group
with 200 mg P soil fertilization with regard to the number of grains per cob, but not in the
other groups (Figure 6G and Figure S4). This demonstrates the complexity of the ef cacy
of foliar-applied P and its dependence on numerous factors.

P foliar fertilization showed a signi cant dry matter effect at the rst harvest date only
in experiment 2 in the group with a soil fertilization of 200 mg P. The dry matter effect in
experiment 1 at owering can be attributed mainly to the more advanced development
of the maize cob, possibly as a result of P foliar fertilization (Figure 3A). Despite three
applications of foliar P fertilizer, concentration effects were not re ected in yield, but foliar
fertilization prevented much variability in plant and grain dry weight between replicates
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compared with the controls (Figure 1A, Figure 4A, and Figure 6A,B). The absence of a
yield effect, despite the increase in P concentration and content, might be attributable to
the insuf cient translocation of foliar-applied P. As described by McBeath etal. [ 36], the
effect of P foliar fertilization depends on the effectiveness of translocation within the plant.
As our results showed, complete translocation also did not occur until grain lling, as
discussed above (Figures 3 and 4). On the other hand, the yield effect of foliar P fertilization
at the 6th leaf stage in experiment 1 was possibly reduced by the strong P replenishment
capacity of the soil (Table 1), which was probably accelerated by warm temperatures and
the small soil volume. However, the soil type was deliberately selected to test the effect
of foliar P fertilization under regional conditions. Although our experiments were in
the range of practical application rates of 1.24 kg phosphorus ha 1, the latter could be
increased, because of the lack of leaf damage, in order to achieve a possible yield effect.
The differences in the dry matter of the leaves above and below the ear leaves might
be the result of a lower cob set since the overall number of leaves was the same in all
treatments (Figure 3A, data not shown). In general, studies with P foliar applications
show inconclusive results, as summarized in the review by Noack et al. [ 10]. The lack
of a positive yield effect has been demonstrated in previous studies of wheat [ 29,47]
and maize [25], whereas other investigations have detected a yield effect as a result of P
foliar fertilization [ 48,49]. Nevertheless, the potential of P foliar application is apparent as
revealed by the signi cant increases in P concentration and content. We assume that foliar
P application can be used to bridge short-term P de ciencies in the root zone because P
is applied directly to the plant and will not be in uenced by any soil parameters. Foliar
application from both the abaxial and adaxial leaf surface might improve the success of P
foliar fertilization in practical eld trials because more P would be available to the plant for
the same amount of effort, as can be seen in the study of Gérlach and Muahling [42].

5. Conclusions

The foliar application of P resulted in a signi cant increase in P concentration not only
in the shoot, but also in the root, irrespective of the year, P form, or nutritional status of the
treated maize plants. The increase in P concentration was signi cantly stronger in plants
with no or less P soil fertilization. In plants with P foliar applications, P concentrations
remained increased mainly in the plant segments that were also present at the time of
applications (root, stem, lower leaves). Complete translocation of the grain occurred during
maturity. Therefore, P foliar application is an effective fertilizer technique for the ef cient P
acquisition by maize plants. In general, foliar P fertilization resulted in a higher consistency
in dry matter and grain yield. A possible negative effect of P foliar application on P uptake
via the root cannot be excluded. The reason that the signi cant effect on plant P status
resulting from P foliar application does not translate into increased biomass or grain yield
remains unclear. However, other mechanisms need to be investigated to explain the lack of
maize responses to foliar application of P. Thus, plants respond to P foliar application, but
this method might be improved by foliar application on both sides of the leaf.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11040727/s1, Figure S1: Phosphorus content (P) in mg plant ! of the investigated
parts of the plant were analyzed after harvest at owering (BBCH 65). Plant material was separated
into root, stem, lower leaves (leaves below the ear leaves), ear leaves, upper leaves (leaves above the
ear leaves), and maize cobs (+husk leaves). Control without P fertilization (control) or three foliar
applications of 200 mM potassium dihydrogen phosphate (KH ,PO,) or phosphoric acid (H 3PO,4)
at 40, 46, and 53 days after sowing. Bars represent means + SDr(= 5). Letters indicate signi cant
differences between treatments (ANOVA with Duncan test, p  0.05). Figure S2: Phosphorus
concentration (P) in mg g ! dry matter of (A) stem, (B), lower leaves, and (C) ear + upper leaves.
Plants were cultivated with 200 mg P soil fertilization (200) with additional foliar application (FA) (200

+ FA) or with 300 mg P soil fertilization (300) with additional foliar application (300 + FA). KH  ,POq4
was used as foliar fertilizer and was applied at 35, 42, and 49 days after sowing. Bars represent
means + SD ( = 5). Asterisks indicate signi cant differences between treatments of one fertilization
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level (student” s t-test,p  0.05). Figure S3: (A) Starch concentration in mg g 1 dry matter, and (B)
starch content in g plant 1. Control without P fertilization (control) or three foliar applications of
200 mM potassium dihydrogen phosphate (KH 2PO,4) or phosphoric acid (H 3PQO,) at 40, 46, and
53 days after sowing. Bars represent means + SD ( = 5). Letters indicate signi cant differences
between treatments (ANOVA with Duncan test, p 0.05). Figure S4: Number of grains per maize
cob at maturity (BBCH 89). Control without P fertilization (control) or three foliar applications of
200 mM potassium dihydrogen phosphate (KH ,PO,) or phosphoric acid (H 3POy) at 40, 46, and 53
days after sowing. Bars represent means + SD @ = 5). Letters indicate signi cant differences between
treatments (ANOVA with Duncantest, p 0.05).
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5.1 Hintergrund

FehlendesWissen uberdie Aufnahme von blattapplizierten Nahrstoffen fihrte dem
beliebten Spruchppray and pray(Fernandez und Eichert 2009)rotzdem hat sich die
Blattdiingung in der Landwirtschaft immer mehr etabliert, d& im Vergleich zur
Bodendingung potentiell umweliundlicher und zielgerichteter igEichert und Fernandez
2012) Dies gilt insbesondere im Bereich der Mikrbrsioffe, welche von Pflanzemm
Vergleich zu Makroné&hrstoffen greringerenMengen bendtigt werdenUntersuchungerzur
Wirkung von Mikronahrstoffbehandlungen haben gezeigt, dass die
Applikationsknzentrationen bei Wurzelbehandlungen imikromolaren Bereich liegen
wahrend bei BlattanwendungerKonzentrationenim millimolaren Bereich angewendet
werden (Fernandez und Ehert 2009) Makronahrstoffe wie P wurdebei dieser Art der
Dungungahrzehntelanguicht beachtetweil die von der Pflanze benétigteAlIRIngermengen
zu grof3 sind, unallein durch eine Blattdiingung gedeckterden zu kénnen(Mosali et al.
2006) In den letzten zwanzig Jahren hat sich die Forscivangllem auf die zusatzlichHe
Blattdingung o ¢} P Vv VvV Su %3} %% %o, @it FBalfétssteigerung von Getreide 6.
Weizn)in Landern wie den USA oder Australien fokussiert in dem Review voNoack et
al. (2010)zusammefassend erlautert wirdJedochist wenig Uber den Einfluss vorNwangel
auf die Aufnahme und Wirksamkeibn Fhosphor tber da8latt bekannt(Peirce 2015)

Eine derHypothese in der valiegenden Arbeit lautet, dasgine RBlattdiingung ein
unterstiitzender Faktor fiir eine Uberbriickung kritischer Phasen oderBehebung von
witterungsbedingtemP-Mangel seinkonnte. Insbesondere bei Kulturpflanzen mit einem
hohen RPBedaf wahrend der Jugatentwicklung (zB. Mais) bei denen sich ein friher P
Mangel negativ auf degpateren Ertrag auswitkkonntesicheine RBlattdiingungpositiv auf
den Biomassezuwachs auswirken.

Letztendlich kann festgehalten werdewlassdie RBlattdiingung in unserer heimischen
Landwirtschaft noch keine groRe Rolipielt Dies liegtu.a. darin begrindet, dass
weitestgehend Boden mit guter R/ersorgung sowieein wachstumsfreundliches Klima
vorliegen. Diese Grundermoglichen eine gute Rinzenentwicklunghne die Notwendigkeit
einer zusatzlichen BlattdiingungKlimatische Verédnderunge(Trockenheit und Kélte im
Frihjahr) unddie Novellierungender Diungeverordnundihren aberauch in Deutschland

langsanmzu einemUmdenken in der Dingemittefaplikation.
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Die vorliegendeDissertationbeschaftigtsich mit dem Thema deP-Blattdiingung um ihre
Wirksamkeitin Maispflanzen mit akutem-Rlangel zu bestimmen Die wissenschaftliche
Schwerpunkte liegen daban der Verteilung des blattappliziertenPhosfors auf die
subzellularen Kopartimente Apoplast und Symplasauf der Translokationinnerhalb der
Pflanze,auf der Entwicklung der Biomasse sowaelf dem Einfluss der Konzentration der

Spritzbriihe auf die Aufnahme umlie notwendigeApplikationshaufigkeit.

5.2 HochgradigePhosphornangel bei Mais hat keinen Einfluss auf die

Aufnahme von blattappliziertenh®splat

Die groBen Unterschiede in der Trockenmasse zwischen Ritanzender Gruppe mit
optimaler Fhosphonersorgung und denen mitunzureichenderP-Versorgung(Kaptel 1,
Fig.1, 2; Kapitel2, Fig.1) zeigensehr deutlichdie zentraleBedeutung von P als essentiellen
Makronahrstoffauf. DieeigenenErgebnissén der hier vorgelegten Arbeitnterstreichen die
Notwendigkeitneuegeeignete FDUngestrategien zu entwickeln, unotz derVerénderungen
in der Dingeverordnungeine hohe Pflanzenproduktivitat zu gewahrleisténm Beispiel zeigt
sich nach zweWochen unter P-Mangelbedingungen, dasdie RReserven der Pflanzen
aufgebrauchsindund das Wachstum der Pflanzem ca.20% verringerist (Kapitel2, Fig.1).
Im Verlauf der folgenden Wochsteigen die Unterschiede in der Trockenmasse al#Hon
Vergleich zur Kontrollgruppe mit ausreichendei/&sorguny an. Neben den typischen
rotvioletten bis purpurnen Verfarburen durch verstarkte Anthocyarbildung (Vance et al.
2003)ist dies insbesondere aginer verringerten Sprossgroleekennbar (Kapitel, Fig.1, 2;
Kapitel 2, Fig.1). Ebenfalls istlie Entwicklung neuer Blatteverzogert undeine verkleinerte
Blattflachekannin den Versucheminter RMangelin Kapitell und 2 festgestellt werdenDie
Ergebnisse bestéatigen die Befunde aus 8&ndien vorPlénet et al(2000)sowie Assuero et
al. (2004) Wie in den Ergebnissater eigenen UntersuchurgusKapitell belegt wird kann
eine dreimaligeBlattapplikation von RRinem RMangelentgegenwirken. Dies igisbesondere
an der Sprossgrof3e, Trockenmasse und der Anzahl gesunder Béittiererbarund kann vor
allem auf diepositive Entwicklung der Pflanzen im Bereich des alten Sprosses (Stangel und
vollentwickelteBlatter) zurtickgefihriverden (Kapitell, Fig.1, 2).

Infolge der Blattapplikationen istas Schossen der Pflanzerit 50 bis60cm Unterschied in
der Pflanzenhohem Vergleich zur ®angelkontrollestarker ausgepragiewesenim jungen

Sprossdagegenist kein positiver Effekt durch die Blattdiingung auf die Trockenmasse zu
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dokumentieren(Kapitell, Fig.2C) Im Vergleich zun6herenTrockenmasse dd?flanzemmit
einer Wiederzugabe von P Uber die Wurzeln zeigth dass dieP-Versorgung durch
blattappliziertes Rur kirzere Dauereinen positiven Effekauf das pflanzliche Wachstuhat
(Kapitell, Fig.2). Des wird durch die Abnahme derTRanslokation in deGruppemit P-
Blattdiingung im Vergleich zuBruppe mit wiedereinsetzender Wurzeldiingung sichtbar
(Kapitel2, Fig.2G F). Auchin der Studie vor\rsic et al(2020)zeigt sicleine Abnahme in der
Translokation von blattappliziertemi® GerstenpflanzerEine weitere Erklarursgndglichkeit
fur den ausbleibenden Effekt in der Trockenmasse im jingeren Spéyssdass die Blatter
noch nicht vollstandig entwickeltsind und erst mit vollstandiger Blattentwicklung der
Kontrollgruppe mit PMMangel Uberlegen gewesen wéaren. Dies kann darauf zurtickgefuhrt
werden, dass unterRlangeldie Blattausdehnung gehemnst (Fredeen et al. 1989; Plénet
et al. 2000) Hervorgerufen wird dies durch eingerminderte Zellprduktions und
Zellteilungsrate, abeaiuch die durchschnittliche Lange der Zellteilungsastimter RMangel
verringert(Assuero et al. 2004Ynter Berucksichtigung derlRonzentrationen bzwGehalte
im jungen Sprossus Kapitell und 2 kann man davon ausgehendass die Blatter der
Blattdiingungsvarianten mit weiterem Wachstum eine gr@8tattausdehnung aufeisen
werden als die Blatter voriPflanzen der fMangelgruppe Zusatzlich isder Zuwachs der
Trockenmasse des Sprosses in @eappen mit FBlattdingungm Vergleich zuKontrolle mit
P-Mangelgrolier als der Zuwachs in der Wurzeltresinasseaund fuhrt zu einer Verschiebung
des Spros®VurzelVerhaltnisses zugunsten des Sprossémpitell, Fig.2). Dieses Ergebnis
lasst sich dadurch erklaren, dass untetMBngel das Wurzelwachstum zur besseren
NahrstofferschlieRung gestarktird. Nebenanorganischem RKapitell, Fig.3D; Kapitel2,
Fig.3D) werden vor allem Photosyntheseprodukte zur Aufrechterhaltung des
Wurzelwachstumswus dem Spross in die Wumelerlagert (Fredeen et al. 1989; Cakmak et
al. 1994)Nach 4& kannnoch keinsignifikaner Effekt durch dieP-Zugabaiber das Blatbder
die Wurzein Kapitel2 bestimmt werden.Jedochist die Wurzeltrockenmassebildung der R
Mangelkontrolle um 266 erhdht(Kapitel2, Fig.1E).

Zwséatzlichist an denPflanzen der Blattdiingungsvarianten eine hohénezahl an vitalen
Blattern im alten Sprog®aten nicht gezeigt)zw. einezeitlicheVerzégerung des Absterbens
von Blattern nachweisbar(Fig.5.1). Aus diesen Befunden lasst sich ablejtetass die
Seneszender alteren Blatter in der Negativkontrollefolge eine P-Blattdiingung verzogert

wird, was durch die signifikant héherenkK®nzentrationen und ¥Sehaltein Spross und
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Wurzel bestatigt wid (Kapitell; 2). Gleicheswird von Benbella und Paulse1998) an
Weizenpflanzen im Felcdhachgewiesen Hir die Seneszenz ist die-Hbmoostase der
Gesamtpflanzeausschlaggebendwelche die FKonzentration in den jungen Blattern auch
unter P-Mangel aufrechtzuerhaltemersucht, um dereWachstum zu gewahrleistgiMimura
1995) Entscheidend daflr ist die holifaloemmobilitat von RFernandez und Brown 201.3)
die eine generelle Rwobilisierungvon P aus alten vollentwickelten Blattern in junge
wachsende Blatter innerhalb der Pflanze ermddli(Biddulph et al. 1958; Greenway und
Gunn 1966) DiesengesamtheitlichenProzess énnen ebenfallsMimura et al. (1996) an
jungen Gerstenpflanzen mitlangelnachweisen. Durch diesen Mechanismus konesbei

P-Mangelpflanzen zu einem Absterben der alteren Blakeg.5.1).

Figure5.1: Verzogerung der Blattseneszefioter Pfeil)Jund Anthocyanverfarbungorangener Pfeil)
aufgrund von PhosphaBlattdiingung bei Maispflanzen unter Phosphormabgdingungen.(A)
Vergleich zwischeR-Blattdiingung (links) undusbleibendeBlattdingung (rechts)(B) Maispflanze
mit P-Blattdiingung undC Maispflanze ohne Blattdiingung.

Neben PhosphofFernandez et al. 2014kann auch zB. fir Bor (Will et al. 2011pder Zink

(Li et al. 2018bkeine oder nureine geringe Absorption des blattapplizierten N&hrstoffs

98



Diskussion

nachgewiesen werden. Dies isunabhangig von der KulturpflanzeTrotz des
Nahrstoffmangels, welcherzu einer Veranderung der Blatiorphologie und Absorption
fuhren kann konnen mit de in dieser Arbeit ermittelten Daterlie Annahmen bestatigt
werden, dass eine-Blattapplikation in friihen Entwicklungsstadi@doack et al. 201@)zw.

unter RMangekustandenMcBeath et al. 202®ei Mais in Hydrokultur einen positiven Effekt

auf die Biomasseentwicklung h&lie Ergebnisse al&pitell zeigen dass 906 des Gesanit

P in den Maispflanzen auf die Blattdiingung zurtckzufuhren ist und es infolgedessen zu einem
positiven Effekt auf die Entwicklung von Malapzen mit akutem fMangelkommt. Somit

kann postuliert werden, dass die Zunahme an Biomasse bei hochgradiyéendgel groRRer

ist. Dies zeigt, dass deEinsatz derP-Blattdiingung in Mais sinnvoll ware und das

Einsatzspektm der RDingung in Maivergolert.

5.3 Die Aufnahme von blattapplizierh Fhosplor wird nicht durch den

Apoplasten beeinflusst

In dem Review voRernandez und Brow§2013)wird postuliert dass auf das Blatt applizierte
Nahrstoffe durch die physikaliseh undchemischen Eigenschaften des Apoplasten in ihrer
Bewegung bzw. Aufnahme in den Symplasten beeinflusst wekdenen. Dies wird darauf
zuruickgefuhrt, dass der Apoplast ein heterogener Bereich ist,eder Diffusionsbarriere
darstellt und eine entschiglende Rolle im lonenaustauseimnimmt (Fernandez und Brown
2013) Darauswird abgeleitet dass die Eigenschaften des Apoplasten eine Auswirkung auf die
Aufnahme von blattgedingten Nahrstofféraben kdnen. Insbesondere da¥orhandensein
verschiedensterlonen im Apoplagtn konnte einen Einfluss auf die Bewegung von
aufgenommeren Néahrstoffenhaben(Lee et al. 2012) etztendlich ist Gber die Bewegung von
Nahrstoffentiber den Apoplasten hin zum Symplasten wenig bekannt imd\dfnahme von
Nahrsbffen sowohl inden als auch aus dempoplastennoch nicht hinreichend untersucht
(Sattelmacher 2001)

Eswird angenommen dass @e RBlattapplikationjedoch nur danreu einer Erh6hung der
Trockenmasséalsodes Ertragsfiihren kannpwenn P tber den Apoplasten in den Symigias

der Mesophyllzellen des Blattesifgenommen wird. Dort kanR in den metabolisch aktiven
Kompartimenten verwertet werden oder Uber das Phloem in wachsende Pflanzenteile wie
junge Blatter, Frichte oder Korner verlagert werdddukovac und Wittwer 1957Wie von

Sattelmacher et al(1998)zusammengefasst, hat si@h &lteren Studien gezeigt, dassenn
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die Aufnahmevon Nahrstoffenin den Blattapoplasten die Aufnahme in den Symplasten
Ubersteigt, es zu einer Akkumulation voN&ahrstoffenim Blattapoplastenkommen kann.
Aufgrund dieser Erkenntnisse werden dgroplastische undler symplastische Raum der
vorliegenden Studiseparat voneinander untersuth

Wahrend im Symplasten die Konzentratiomn mehr als inmol L ansteigt, erhdhtdiesesich

im Apoplasten erst nach 24um @&. 0,2mmol L (Kapitel2, Fig.2). Dabei erfolgt eine rasche
Aufnahme von blattappliziertem P in die Mesophyllzellemabhangig von der behandelten
Blattseite Kapitell, Fig.5). So kann P unmittelbar von dd?flanzen fur ihren Stoffwechsel
genutzt werden.Daraus lasst sich ricks@flien, dass das kurzfristig hohe Angebot an
blattappliziertem P nicht durclBindungen innerhallwes Apoplasten beeinflussivird und
nahezu vollstandig in die Epidermisad Mesophylizellen aufgenommaenird. Wie bei einer
P-Wiederzugabe Uber die Wurzelddpitel2, Fig.2; Mimura et al. 1990; 199Zibernimmt der
Apoplast auch bei einer Blattdiingung eitmansiente Speicherfunktion mit ansteigender P
Konzentration im Zellinneren. Die Ergebnisse dieser Arbeit zeigen,ddas&/irkung des
aufgenanmenen P alsehr effizient angesehen werdd@ann wodurch diepositive Wirkung
einer Blattdingunguf den Zuwachs in d@iomassen Kapitell erklart werden kann
Morcuende et al.(2007)zeigen in ihrer Studieine rasche Reversibilit@uf allen Ebenen
infolge einer PWiederzugabeiliber die Wureln bei RMangelpflanzen Insbesonderedie
Konzatrationen von ATP und Hexosephosphatesrholen sichinnerhalb von Minuten
AulBerdem kommt es zu einem raschen Absinken des untbfamyel ansteigenden
Tricabonséurespiegels, was auf eine schnelle IndukiorGdykolyse hinweisDies fuhrt zum
Abbau von Kohlenhydraten mit anschlieender Energiegewinnung im CitratZykldsas
pflanzliche WachsturtHeldt und Piechulla 2015)uch die Repression von GenetN@®&'RNA
Synthese) wird aufgehoben bzw. die verstarkte Induktion V@enen, die fur die
Galakto/SulfolipiedSynthese und den Abbau von Phospholipidendtigt wird. Des Weiteren
zeigt diese Arbeitdassinfolge einer FBlattdingung nicht nur die Expression vBmPHT1
P/H* CoTransporten verringert wird, sondern auch dieufaahme von weiteren N&hrstoffen
wie Nitrat und Magnesium induziert wirKapitell, Fig4B; Kapitel2, Fig4,5). Ebenso
kommt es infolge einer ansteigenderK®nzentration zur Verringerung der Translokation von
organischen Sauren innerhalb der Pflan@&pitel2, Fig.6). Die Veranderungn dieser
Prozesse veranschaulichen, dass infolge eiABlaRdingung der Stoffwechsel der Pflanzen

wieder angeregt wird.
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Die rasche Amahme von blattappliziertenP kann auf die FHomoostase innerhalb der
Pflanze zurtikgefuhrt werden. ldchden AutorenLauer et al(1989a)ist unter RMangel der
grofdteAnteil ananorganischenin den metabolisch aktiven Kompartimenten der Zelle, dem
Cytosol und den Chloroplasten zu finden. Daher ist anzunehmen, dass vorersie
cytoplasmatische Honzentrationinfolge einer FBlattdingung erhéht wd. AuRerdem wird

die rasche Aufnahme wahrscheinlich auch durch diverse Eigenschaften (Dominanz freier
CarboxylgruppenWhite 2013 des Apoplasten begulnstigbDie in unserer Untersuchung
gefundeneerhohte Expression der Plasmamemb#&nPHTIP/H* CoTransportea (Kapitel2,
Fig.4) unterstitzt ebenfallsdie Annahme einer raschen Aufnahme von blattapplizief®en
lonen in die Mesophyllzellen zur Erh6hung dé¢dhzentration im CytosdPflanzen reagieren
unter anderem auf MMangel mit der Regulation verschiedend?SRGene (phosphate
starvationresponse)Luan et al. 2017)Dau gehort nicht nur die Remobilisierung von P aus
alteren Blattern, sondern auch die verstarkte Expression vdmaRsportern(Raghothama
1999) Eine raschere Aufnahme aus dem Blattapoplasten Uber die Plasmamembran in den
Symplasterzeigen Mimura et al.(1990; 1992hach der Zugabe von P tbdie Wurzeln an P
Mangelpflanzen im Vergleich zu Kontrollvarianten. Dies sabtauch idenErgebnissen aus
Kapitel2 infolge einer PBlattdingungFig.2).

AulBerdem konnterArsic et al(2020)an Blattern von jungen Gerstenpflanzen mivRngel

eine Aufnahme sowohl Uber die Cuticula als albar die Stomatanachweisen Die grolite
Akkumulation findet jedoch in d& sogenanten Faserzellen statt. DeshafithlieRendie
Autoren darauf dass Uber ebendiese Faserzellen die Hauptpenetration und Uber die
Bindelscheideder weitere Transprt in Richtung kitbtindel erfolgt Diese Faserzellen
befinden sichentlang der Mittelrippe und deBlattadern und sind mit den erweiterten
Bindelscheiden verbundeZudem Knnen nehrere Studien den Zusammenhang zwischen
dem Vorhandenseiwvon Stomata(Knoche und Bukovac 1992; Eichert und Burkhardt 2001;
Eichert und Goldbach 2008fer Trichomen bzw. Narben von Trichom@fernandez et al.
2014a; Schreel et al. 2020nd der Aufnahme von auf der Blattoberflache abgelagertem
WassefNahrstoffen aufzeigen. Aus dies Erkenntnissen und den Ergebnisser Studieaus
Kapitell (Fig.5) kannaus der Sicht des Autoetbgeleitetwerden, dass die Aufnahme von
blattappliziertem P unter P-Mangelstuationen wahrscheinlich Uber wschiedene

Aufnahmepfade erfolgen kann. Dies&nnahme wird durch dieblattmorphologschen
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Unterschiede zwischen der abaxialen(mehr Stomata)und adaxialen(mehr Trichome)
Blattseitebekraftigt (Driscoll et al. 2006; Martin und Glover 2007; Revilla et al. 2016)

5.4 Die Translokatin von blattappliziertem Rosplor beglnstigt die
Wirkung einer Rosplor-Blattdiingung

Wird Fhosphoriber die Wurzeln aufgenommen, so wird es vor allem tber das Xylem zu den
jungeren Blattern transportiert unchiderenMesophylizellen aufgenommen. Dort wird P zum
Teil metabolisiertund der gro3te Teil in den Vakuolen zwischengespeicti&idleski und
Laties 1963; Mimura 1999%ei einer Blattapplikatiormussder Nahrstoffaber nicht von der
Wurze| sondern von dem Blatt in die riéishe Pflanze verlagert werdeheben der raschen
Aufnghme van blattappliziertem P in den ersterh6in den Symplasnh der Mesophyllzellen
zeigt sich auch eine rasche Translokation aus den Blattern in die restliche Hilapiel2,
Fig.2C) Nach @ ist die Konzentration an P£P in den LeitbundelfPhloem-/Xylemsaft)
infolge einer Blattdingungm Vergleich zu den Kontrollgruppen oder einer Wiederzugabe
Uber die Wurzebm héchstenKapitel2, Fig.2G F) Das uber das Blatt aufgenommene P wird
vor allem in die Wurzeln und den wachsenden Sprostagert, cen sogenannten Sisk
(Kapitel2, Fig.3). Dies bestétigt die signifikant erhdhterk®nzentrationen (7%),-Gehalte
(50%) bzw. Trockenmass€27%) der Wurzeln in Hydrokultur Kapitell im Vergleich zur P
Mangelkontrolle Fig.2, 3). Nach den Ergebnissen é(apitel2 kann vor allem der wachsende
Sprossals Hauptsink betrachtet werden. Wahrend imB#att, dem alten Spross und der
Wurzel keine odereine eher negative Korrelation zwischen-Kbnzentration und Zeit
bestimmt werden konte, zeigte sich im wachsenden Spross eine positive Korrelation
(Kapitel2, Fig.3). Je &lter die Blatter, desto héher die Verlagerung von blattappliziertem P
(Koontz und Biddulph 1957)

Zwar erfolgt die Translokation von P vor allem innerhalb der erstdn 2er im Zeitverlauf
von 48h kann n dieser Arbeigezeigt werden, dass diekbnzentrationen im jungen Spross
weiter ansteigen und gleichzeitig im alten Spross langsam abnehiamit¢l2, Fig.3B,C).

Die Translokationst nach 48 immer noch um den Faktor sieben im Vergleich zur P
Mangdkontrolle erhoht Kapitel2, Fig.2C). Dies lasst auf eine stetige Translokation von P aus
vollentwickelten Blattetagen in die wachsenden Blattetagen riickschliel3en. In der Studie von
Arsic et al(2020)wird nach vier Tagen der kritische Wert fur physiologischdémaRgel von

2mgg’ TM (Carstensen et al. 2019 der Gerstewieder unterschritten und nach sieben
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Tagen ist die f/Konzentration des letzten vollentwickelten Blattes wieder auf dem Niveau der
P-Mangelkontrolle. Im Gegenzug bleibt sie im wachsenden Blatt weiterhin Gber dem
kritischen Wert. Auch iKapitel1 werden die h6chsten Konzentrationen an P imgsiten Blatt
gemessen.

Dies zeigt, dass es auch in den PflanzerKapstell eine Translokation in den jungen Spross
gegeben haben muss3gnifikant erhéhte FKonzentrationen in einem nicht durch die
Blattdiingung betroffenen jingsten Blatielegen diese Amhme (Anhang, Figl). Dies
bestatigt eine schnellsystemische Wirkung einerBlattdiingung.

Insbesondere unter Nahrstoffmangel isine Zirkulation von Nahrstoffen im Phloenmdi
Xylem innerhalb der Pflanzeesentlich fir das pflanzliche WachstMarschner et al. 1997)
Die Ergebnisse iHapitel2 zeigen dass die Translokation von blattappliziertem P innerhalb
der Pflanze zum grof3ten Teil unmittelbar in den ersteh 2é4ch einer Blattdiingung erfolgt
und die Translkation negativ mit der Zeit korreliert igEig.2C,F).Arsic et al(2020)beweisen

im Bereich der Leitbundaine starke Akkumulation von blattappliziertem P nacth24/as
auf eine rasche BewegungslalattappliziertenPin Richtung des Phloems hindeutet und die
Ergebnisse der erhohten R®-Konzentrationenn den Leitbindeln erklafKapitel2, Fig.2C)

In der eigenen Arbeit stammtac50% desP-Gehaltes in der Wurzelus der FBlattdingung
(Kapitell, Tab.2). Generell wird nicht mehr P in die Wurzel verlagaeuhd esgibt keinen
Untersdied zwischen den draierwendetenBlattdingurgsvarianten Kapitell, Fig.3D,H).
Diese Befunde lassamrmuten, dass infolge derBlattdiingung das4Ronzentrationsniveau
in der Pflanze wahrscheinlich einen kritischen Wert Uberschritten hat, soeia3sil des in
die Wurzeln verlagertenPhosphors im Zuge der PHomoostaseauf der Ebene der
Gesamtpflanzéir ein weiteres Wachsturaurtick in den Spross verlagerire

NachLuan et al(2017)kommt es unter IMangel zur Expression von Fernsignatéia in die
Wurzel verlagert werden und dort daflr sorgen, ddss E2Konjugasekodiert wird, welthe
eine Komponente deMangelsignaltransduktionsketteon anorganischem Phosphiat und
die RAllokation zwischen Spross und Wurzeln regulféang et al. 2006; Bari et al. 2006)
Dies hat zur Folge, dass es zu einer verstarkten Expression von Transgorntent, die fur
die Aufnahme in die Wurzel und die Beladung desmyl@lahrstoffransport in den Spross)
verantwortlich sind(Kapitel2, Fig.4). Die in Kapitel2 (Fig.3) dieser Arbeit dokumentierte
Abnahme unddie daraufhin nach & relativ konstant bleibende HRonzentration in den

Wurzelnbestatigen die Ergebnissaus Kapitell. Diesbekratftigt die Hypothese,das es zu
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einem Rucktransport von in die Wurzel verlagentd® in den Spross kommt, wenn ein
kritischer Wert Uberschritten wirdKapitel2, Fig.3D). Auch Peng und L{2005) zeigen an
Weizenpflaazen mit beginnend® P-Mangel den Prozess einer verstarkten mRebilisierung
von P aus den alteren vegetativen Organen Uber das Phloem in die Wurzeln, mit
anschlieBender Wiederbeladung des Xylems und Rucktransport zum Sink.

Ebenfalls belegen dierhobenen Daten dieser Arbeit dass die Konzentrationen in den
Blattdiingungsvarianten nicht auf das Niveau der Mangelpflanzen zinkek, wodurchdie
Pflanzerianger von den fReserven einer Blattdiingung zehren koniiiéapitell, 3).

Im Vergleich zu denur einmal behandelte21 Tage alten Gerstenpflanzen in der Studie von
Arsic et al(2020)kann in der hier vorliegendeArbeit gezeigt werden, dassahrscheinlich
deutlich mehr P aufgenommen wirdies kénnte unter anderem auf die wiederkehrende

Blattdiingungaber auch auf den zunehmenden Blattfladmdex zurlcgefihrt werden.

5.5 Eine Verdopplung dehBsplor-Applikationskonzentration reduziert
die Appkationshaufigkeit bei gleichbleibender Effizienz

Entscheidend fur die Blattdunguigg die effiziente Nutzung dieser Diingungstechnik, also mit
dem geringsten Aufwand den gré3ten Nutzeanerzielen. Dies bedeutet, dass die Anzahl an
Applikationsterminen auf das Ntigste beschréankt werden sollte. Jeder einzelne
Applikationsterminist aus 6konomischer Sicht kostbar, daPersonal {eit) und Material in
Anspruch nimmtSo kann in dieser Arbeitaint nur die Aufnahme von blattappliziertem P und
des®n effektive Translokatiomnter RPMange| sondern auch das Potential dEinsparung
einer Applikatio durch Konzentrationserhohungezeigt werdenKapitell, Fig.3). Hohere
Absorptionsraten lassen sich durch den Konzentrationsgradienten zwischen
Applikationslosung und der Konzentration innerhalb des Blattes erklaren. Nach dem
Fick’'schen Gesetz ist der Konzentrationsgradient die treibende Kraft fur die d@iffusi
(Fernandez und Eichert 2009)nter Bericksichtigung der Konzentrationen firs#Oim
Apoplasten nti weniger als InmolL? (Kapitell, Fig5A; Kapitel2, Fig2A) und den
Konzentrationa der Applikationslosunger{50, 100 bzw. 20@&molL?) ist ein groRer
Konzentrationsgradient gewéhrleistet, welcher zu einer Aufnahme vondas Blattfiihrt.
Daraus last sichlaut der Autoren Fernandez und Eicherf2009) schlie3en, dass die
Aufnahmerate hauptsachlich durch die Konzentration in der Applikationslésuhgleru

Blattoberflache bestimmt wirdJe hoher die Losungskonzentration, desto mehr P kann in
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kirzerer Zeit aufgenommen werdenUm einen hohen Konzentrationsgradienten
aufrechtzuerhalten, muss der geloste Nahrstoff zum einen eine hohe Mobilitat im
Blattapoplasten und zum anderen eine rasche Aufnahme in die Epideromd
Mesophyllizellen awfeisen(Ferrandez und Eichert 2009Dieswird in den Untersuchungen
der vorgelegtenStudieaus Kapitel2 bewiesen.Andererseits ist der Konzentrationsgradient
dynamisch, da unmittelbar nach der Applikatider NahrstoffésungWasser verdunstet und

die Konzentratia dadurch weiter ansteigt

Fur jeden gelosten Stoff gibt es einen definierten Schwellenwert fir die relative
Luftfeuchtigkeit oberhalb dessen die Ldsung flussig bleibt und unterhalb dessen sie
austrocknet. Dieser Schwellenwert wird @eliqueszenzpunkbezeichnet(Burkhardt und
Eiden 199; Fernandez et al. 2017per Deliqueszenzpunkt iston den hygroskopischen
Eigenschaften des gelosten Stoffes abh&nBgfinden sich der Deliqueszenzpunkt und die
relative Luftfeuchtigkeit in einer@leichgewichtso ist die Konzentration des geldstgtoffes

am groRten. Ubersteigt die relative Luftfeuchtigkeit den Deliqueszenzpunkt, so nimmt die
Konzentration ab. Fallt sie jedoch unter den Deliqueszenzpunkt, so trocknet der geloBte
vollstandig ein und eine Aufnahme bleibt grnandez et al. 2011 aherbeginstigerein
hoher Deliqueszenzpunkind eine niedrige Luftfeuchtigkedas rasche Austrocknen der
Applikationslésungwodurch die Diffusion in das Blatt gestoppt wirlul3erdemist nach
Schoénherr (2000) auch bei niedriger Luftfeuchtigkeitdie Durchlassigkeit der Cutiey
aufgrund geringerer Radien dejvassrige PorenZherabgesetztDie Abhéngigkeivon der
umgebenden Luftfeuchte fir didufnahme von Nahrstoffendie auf das Blatt appliziert
werden, wird in vorherigenStudien beobachte{Allen 1960; Eichert et al. 1998chdnherr
2000) Die kaum steigende Gesamtkonzentration in den Maispflanzen Bia®applikation
nach den ersten b (Kapitel2, Fig.2,3) und das schnelle Eintrocknen der Applikationslésung
innerhalb der ersten 20 Minuten sowie einem Deliqueszengpuon95%fir KBPQ (Mauer

und Taylor 2010zeigen dass vor allem die relative Luftfeuchte und der Deliqueszenzpunkt
die Aufnahmerate begrenzen. In Kombination mit eibaftfeuchte von maximal 6 in den
Morgenstunden war die Penetrationszeit des geldsten P stark begreetztendlich ist die
Beziehung zwischen der Konzentration der Applikationsigaumd der Aufnahmerataicht
ganzlich geklartFernandez und Eichert 200®)ie Autorenerdrtern in ihrem Reviewdass es
sowohl Studien gibt, die eine positiy&chonherr 2001 Korrelation zwischen steigender

Konzentration der Applikationslésung und Aufnahmeraten dokumentiestsguch Studien
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die einenegative(Schegel et al. 2006Korrelation zwischen steigender Konzentration der
Applikationslosung und Aufnahmeraten nachweisen

Die indieser Arbeitvorliegenden Ergebnisse zeigait steigendem Konzentrationsgradienten
eine hohere Penetratiomate (Kapitell). Es zeigt sich, dass mit steigender Konzentration der
Applikationslosung auch debsolute nicht aberdie relative Aufnahmerate steigKapitell,
Tab.2). Ein Ruckgang der relativen Penetrationsraten mit hoher&oRzentrationen kdnnte
zusatzlichauch aufeine fortschreitende Sattigung der Aufnahmeorte zurtckzufuhren sein
(Chamel 1988)Auch in anderen Studien zeigt sich, dass hohet€oizentrationenbei
gleichzitig hdherer Applikationsmengeu einer héheren FAufnahmerate in MaigGirma et

al. 2007)und Weizerfuhren (Peirce et al. 2014pei gleichzeitig veingerter Effizienz. Somit
muss bei steigender Konzentration mit EinbuRen in der Effizienz des Dlngers gerechnet
werden. Erhoht sich jedoch nur die-Ronzentration in der Applikationslésung urdie
applizierte Gesamtmengdbleibt gleich, kann kein Absinkender Effizienzbzw. der P
Konzentration und der Trockenmasdegestimmt werden (Kapitell, Fig.2,3; Tab2).
AulRerdem verringert sichath Peirce(2015)die relative Translokation mit Erhéhung der P
Konzntration der Applikationsldsung, die absolute Translokation bleibt aber immer noch
hoher.

Da P als Makronahrstoff in gréReren Mengen voraRien benétigt wird sollte fur eine
effektive Blattdingungeine hohere Konzentration mit einer etwas geringerEffizienz
eingesetzt werden, da die Menge an blattappliziertem P auf den Hektar gegeladiv gering

ist (2-3kghat).

Ubersteigt de relative Luftfeuchtigkeit, B in der Nacht oder in den Morgenstunden, wieder
den Deliqueszenzpunkt, so kann es mee erneuten Verflissigung des applizierten Stoffes
kommen. Dies ermdglicht eine erneute Penetration der Blattoberfla@fernandez et al.
2017) Betrachtet mandie RGesamtkonzentration unden RGesamtgehalt der Daten aus
Kapitel2 (Anhang, Fig2), so zegt sich einerseits, dass innerhalb der erst&m der grolite
Anteil des blattapplizierte P aufgenommen ind. Andererseits ist auf3erdem ein leichter
Anstieg des f#5ehaltes Uber diersten48h zu erkennen. Dies deutet darauf hin, dass es zu
einer erneuten Verflissigung der eingetrockneten Applikationslosung und einer
wiederkehrendenPenetraton des Blatts gekommen sein muséufgrund von erhohter
Luftfeuchtigkeit in den Morgenstunden befeuchtete Blattemd die Bildung von

Guttationstropfen an den Blattranderikdnnen eine Wiederbefeuchtung beginsiyg
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Verbrennungenkénnen in dieser Arbeitnur an einzénen Pflanzen beobachtet werden,
insbesondere dortwo esaufgrundder Wachstumsmorphologieu einer Ansammlung der
Applikationslosung gekommen ist (F32). Auch in deDissertation vorPeirce(2015)treten
kaum Verbrennungsschaden an dem Puiakif, wo der Tropfermit KHPQ appliziert wrd.
Verbrennungen auf dem Blatt zeigen sich laut der Autddenmann et al(1981)fur KRPQ
erst ab einerKonzentration HD,5M. Zu Verbrennungen kommt es durch die Aufnahme zu
hoher Salzkonzentrationenwelche phytotoxisch wirkemund zum Absterben vo Zelen
fuhren. Begunstigt wird diedurchdie Konzentration, die Umweltbedingungen (Luftfeuchte,
Temperatur)den pHWert bzw. die Verwendung von Additivéisichertund Fernandez 2012;
Fernandez et al. 2013Yor allemP-Formen mitniedrigen pHWerten zeigen eine verstarkte
Aufnahme aber gleichzeitig auch ein groReres Potentirl Verbrennungen(Peirce et al.
2014; Peirce et al. 2016; McBeath et al. 20 niedriger Deliqueszenzpunkieginstigt
eine langer anhaltende Aufnate, so dasshthere Salzkonzentrationen eindgan und
Blattschaden verursacht werdektnnen (Noack et al. 2010)Daher wird eine langer
anhaltende Penetration durch die Ansammlung von Applikationslésamgoestimmten

Lokalisationen des Blattés dieser Studie als Ursache fur Verbrennungen angesehen

Figure5.2: Verbrennungsschaden an Blattern durch das Ansammeln der Applikationslésung in den
Blattachseln noch nicht vollstandig entwickelter Blattéd) Sehr starke Verbrennungedurch
Ansammlung der Applikationsldsundie zum Verlust von Blattgewebe geflihrt hab@) Zeitpunkt

der letzten Applikation durch leichte Verbrennungsschaden sehr gut sichtbar. Das Blatt war zum
Zeitpunkt der Applikation nur bis zur weif3en Linie sichtbar.
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Eswird davon ausgegangerass Verbrennungen die photosynthetisch aktive Blatti#ch
verringern (Neumann 1979und dies die ertragsfordernde Widkg einer Blattdiingung
schmaélert (Fernandez et al. 2013paherkdnnen bei Makronahrstoffen wie P, die in hohen
Mengen appliziert werden muissen, Salze mit eineomen Deliqueszenzpunkt von Vortell
sein. Langsaere Aufnahmeraten konnten Blachaden gréfitenteils vermeidewie in
diesem Fall&KRBPGQ (Eichert 2019)

5.6 In GefalRversuchen mit Bodensubstrat fiilgine Phosphor
Blattdiingung zu einer héheren Konstanz der Trockenmasse und des

Kornertrags

Die gewonnenen Erkenntnisse aus den Hydrokulturversuchen sollten augtaiapflanzen
Uberpruft werden, die in Bodensubstrat wachsg@fapitel3). Vergleicht mardie Datender
vorliegenden Arbeitius den Kapiteld und 2 mit den Daten au&apitel3, soist die fehlende
Konstanz im Biomassezuwachs bei in Bodensubstrat wachseki@déspflanzen mit P
Blattdiingung deutlich erkennbar Kapitel3, Fig.1,5). Dies kanneinerseitsdurch die P
Versorgung an den Wurzeln erklart werden. Wahrend in Hydrokultur Gber zwei Wochen
starker PMangel herrscht und ab dem Zeitpunkt deBRattapplikdionen kein P mehr tber

die Wurzeln angeboten md, werden Bodensubstrate mit optimaler Versorgungsstufe
(Gehaltsklasse C) verwend&ie Bodengehalte und Nachlieferungspotentiéieaittel-hoch)

der beiden Bodensubstrate lassen vermuten, dass diese die Wirkung eBlattélingung
herabsetzen.Diese Konstellationenwurden bewusstso ausgewahlt, da sie Bbéden der
SchleswigHolsteinischen Ackerbaegionen widerspiegeln sollen (Kapitel3, Tab.1).
Andererseits erfolgte in Hydrokultur eine vollstandige Benetzung (abaxial und adaxial) mittels
kalibrierter Handspruhflasche, wahrend in déarsuchen mit Bodensubstrat die Applikation
nur von oberhalb (Uberwiegend adaxial) durch eigene Sprihtechnik mit drei
Doppelflachstrahldiisen (Air Injektor Kompdkoppelflachstrahldisen IDKT 12@schler,
Metzingen, Deutschlandrfolgte. Die in dieser ArbeitaobenenDatenzur Bestimmung der
Aufnahme in Abhéangigkeit der Blattseitéapitell, Fig.5) und dieDaten dersubzelluléaren
Verteilung von PKapitel2, Fig.2) zeigen, dass bei beidseitiger Behandlung mindestens eine
Verdopplung de P-Konzentration erreicht wirdWohingegen bei einseitiger Behandlung die
Konzentration nur um ein Viertel bis ein Drittel erhohtadviAuRerdemzeigen die Daten aus

Kapitell (Fig.5), dasssich dieadaxiale und abaxiale Blattseite der RAufnahme nicht
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unterscheiden Daraus kann abgeleiteverden dass eine MBlattdiingung mit beidseitiger
Benetzunglen Effekt einer Blattdliingung vetifdem sollte.

Wie indenKapiteh 1 und 2zeigt sich auchiirin Bodensubstrat wachsendéaispflanzen eie
signifikane Erhohung der HRonzentrationin den einzelnen Sprossabschnitten und der
Wurzel. Dies bestétigt die Aufnahme da#attappliziertenPhosphorsn Hydrokulturausden
Kapiteh 1 und 2. Ebenfalls wird die Translokation von blattapplizient® innerhalb der
Pflanze bestatigKapitel2), da auch hier eine Erh6hung deKBnzentrationen bzw. Gehalte
in den Wurzeln festgstellt werden lann (Kapitel3, Fig.1C,2B).

In der Studie aukKapitel3 zeigt sichgdoch dass die ®rlagerung von blattapplizierter® nur
zu einem gewissen Teil erfolgt und vor allem imd#urch die Applikation betroffenen
Pflanzenabschnittenverbleibt Kapitel3, Fig.3,4). Ebenfalls bldben in Kapitell die
Konzentrationen in den vahtwickelten Blattern (alter Sprossauch zehn Tage nach der
letzten Applikation signifikant erhéht Kapitell, Fig.3B).Wie in Kapitel3 bereits diskutiert
erfolgt ene vollstandigelranslolation erst wahrend der Kornfullundpies kdnnteneben der
fehlenden Wachstumszeiein weitererHinweis darauf sein, warum iapitell zum Zeitpunkt
der Ernte noch keine signifikanten Unterschiede zwischen der niedrigeredeméiéheren
Aufwandmengen eingetreten sin@Kapitell, Fig.2). Aul3erdem zeigsich auchn Versuchen
mit Bodensubstrateine Verzogeung der Blattseneszennfolge einer Blattdingung mit P
(Fig.5.1).

Dennochwar die Wirkung einer Blattdiingunign Vergleich zu absolutenfangelsituationen
in Hydrokultur weniger stark ausgepragdtiieraus ist zischliel&n, dass die Wirkung einer P
Blattapplikation vor allem unter absoluten Mangelbedingungen zur Geltung korDex.
Weiterenzeigt die vorliegende Arbeit, dass P unabhéngig voréttumgsstatus der Pflanze
aufgenommen wirdKapitel3, Fig.5), weshalb der Einsatz flexibel gestaltet werden k&¥ie.
aus dem Revieartikel von Noack et al(2010)hervorgeht, zeigemlie bisherigen Studiemit
P-Blattapplikatioenim Allgemeinen nichtlurchgehendschliissige Ergebniss®o zeigen auch
die Ergebnisse au&apitel3, die Komplexitat der Wirksamkeit vdnattappliziertem P undlie
Abhéangigkeit der Wirkung von zahlreichen Faktorenwie Pflanzenartoder Sorte,
Blattph&nologie, Anzahl der Stomata oder dewrherrschenden Umweltbedingungen

(Fernandez und Brown 2013)
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5.7 Bedeutung derl®splor-Blattdiingung in Maigif die Zukunft

Die Blattapplikation von Phosphor ist laut der Autofdoack et al(2010)eine potenzielle
Managementstrategie, die einestrategsche Anwendung von Dinger in gunstigen
Jahreszeiten ermoglicht. Allerdings haben sowohl im Feld als auch im Gewachshaus angebaute
Pflanzen unterschiedliche Reaktionanf die PBlattapplikation gezeigtDie Ergebnisse der
vorgelegten Dissertation zeigeanschaulich dass die #Blattdiingung nicht nur als eine
strategsche Anwendung in gunstigen Jahreszeiten zur Ausschopfung des Ertragspotentials
genutzt werden kann, soman auch unterstarken Mangelbedingungerdas Potential zur
Verbesserung des Nahrstoffhausaltaben konnte (Kapitell;3). Vor allem die rasche
Translokation an blattappliziertem Zigt, dass mit einer schnellen Reaktion der Pflanze zu
rechnen ist Kapiel2). Es kann postuliert werden, dass kurzfristigeM&ngel behoben
werden kann. Somit kénnten nsbesondere niedrige Temperaturen wahrend der
Jugendentwicklung von Mais und einer daraesultierendenschlechteren Aneignung von P
aufgefangen werdenledah muss die Aufnaheuund Wirkung von blattapplizierta P auch
unter entsprechenderBedingungeriiberprift werden.

AulRerdem istdut des Abschlussberichtgber die Auswertung regionaler Klimaprojektionen
der Autoren Dalelane und Deutschland€¢R012) davon augugehen dass die Anzahl an
warmeren und intensivereWetterextremen zunehmen wirdWechselhafte Temperaturen
wahrend der Jugendentwittkng von Maisim Frihjahrkénnten mit einerAbnahme der
Niederschlage das Risiko von Trockemd Kaltestresserhdhen Durch Troc&nheit wird die
P-Aufnahme von Pflanzen stark gehemmt, so dass es zum Auftreten-Maméel kommen
kann (Bergmann 1993)Nach Turner (1985) zahlt RMangel zu den ersten Folgen unter
leichtem bis maRigen Wasserstress. Dies ist auf eine noch geringere MobilitatleaerP
unter trockenernBodenbedingungen zurtckzufiihren, da Biffusion von FPonen entlang von
wassergeflllten Poren oddBodenpartikelbenetzenden Wasserfilmeerfolgt (Peuke und
Rennenberg 2004; Marschner und Rengel 20I#¢ Wirkung der MBlattdiingung unter
akutem RMangel misste jedoch unter verschiedenen Stadien von Trockenstress
wissenschaftlich untersuchwerden.Des Weiteren sollte auch Uberprift werden, wie lange
Maispflanzen von einer-Blattapplikation zehren kénnebzw. ob die Maisgenetik (Zahn
Hartmais) die Blattdiingung beeinflusst.

Nach der Aufnahme kann dieBPattdiingung als sehr effizient angesehen werden, wie in der

Studie inKapitel2 dokumentiert werden konnteDennochmisste die Effizienz wahrend des
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Applikationsvorgang erhoht werden. Die Ergebnissen Hydrokultur zeigen eine geringe
Effizienz(<32%) aufgrundhoher Verluste arApplikationsdsungwéahrend der Behandlung
(Kapitell; 2). Aufgrundder Applikationstechnik in den Versuchen aus Kagitélann auch
dort von einer niedrigen Efiienz ausgegangen werdenn der Literatur wird aber in
Abhangigkeit der Applikationstechnikeindosierspritzengine Aufnahmeeffizienz von hrsi
95%erzielt(Peirce et al. 2016; 2019; McBeath et al. 2011; 20R@her musste vor allem die
Forschunghinsichtlichder Applikationstechnikvorangetrieben werdenum das vorhandene
Potential einer RBlattdiingungbesser ausnutzen zu konné®PS, Pflanzenerkennung und
Bandspritzung wie z.B. AmaSelect RoiMpot). Dies wirde zudem auchdie
Applikationgienauigkeibei kleineren BlattflachenindewerbessernAul3erdem kannas den
Datender Kapitell bis3 geschlussfolgert werden, dass eine Benetzung beider Blattseiten eine
hohere RPAufnahme gewahrleisten wirde. Daher wéare es von Vorteil, beide SeiteBlalktss
zu behandeln, um eine mdoglichst groRe Anwendungsflache und damit die grol3tmdgliche
Penetrationsflache zu erha&ih (Kombination aus Droplegund Flaclstrahldisen). Hierzu
missten jedoch ebenfalls weitere Umseichungen durchgefihrt werden.

Die eindeutigen Konzentrationserhéhungemrf bis zu 2006, Kapitell; um bis zu 150,
Kapitel2; um bis zu44%, Kapitel3) lassen vermutendass einanehrfacheBlattapplikation
von Phosphor alstrategsche MalRnahme zur Behebung vosMBngel eingesetzt werden
kann. Fehlende eindeutige Ertragseffekte Kapitel3 deuten darauf hin, dass es keine
ausreichenden Beweise daflr gibt, ob ein&tartdingung reduziert werden kénnte. Dies
misste, unter der Berilsichtigung der Applikationstechniikonzentration undthaufigkeit

in Feldversuchen uberpruft werden.
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Zusammenfassung

Zusammenfassung

Phosphor (P) istin unentbehrlicher Makronahrstoff fir das Wachstum von PflanZam
Beispiel hatMais wahrend der Jugendentwicklung em hohen Bedarf amnorganischem
Phosphatim wurzelnahen Raum. Kalte und Trockenheit kbnnen zudem-dieeiynung von
Mais verringern und sich negativ auf den Ertrag auswirkem®erdem kommt erschwereh
hinzu, dass herkommlich€-Diingemittel eine geringe Nutzungseffizienzaufweisen Dies
verstarkt dieProblematik der diffusen-Rerluste von landwirtschaftlich genutzten Flachen.
Unter dem Aspekt einer effizienteren-\Rersorgung von Kulturpflanzerkonnte die P
Blattdingung eine Mdglichkeit zur gezielten Behebung von auftadgan R
Mangelsituationen darstellen.

Zwar ist dé RBlattdiingungkein neues Verfahrenedochist wenig tber die Aufnahme von P
Uber das Blatt unter Mangelbedingungen bekannt. Die wissenschaftlichen Schwerpunkte
dieser Arbeit lgen dabei in der Verteilung des blattapplizierten Phosphors auf die
subzellularen Kompartimente Apoplast und Symplast, auf der Translokation innerhalb der
Pflanze, auf der Entwicklung der Biomasse sowie auf Berfluss der Konzentration der
Applikationsl@ungauf die Aufnahme undie notwendige Applikationshaufigkeit.

In Hydrokultur unter kontrollierten Bedingungen im Gewéachshakisnnte gezeigt werden,
dass Maispflanzen mitkatem RMangel blattappliziertes Phosphaufnehmen kdnnen.
Dabei stellte sich draus, dass die-Ronzentrationen von behandelten Pflanzear allem
innerhalb der ersten 6 Stundenach erfolgter Applikationn allen Pflanzenteilerstark
angestiegensind AuBerdem konnte gezeigt werden, dalie Zellwandeigenschaften und die
lonenverhdtnisse im Blattapoplasén keinen negativen Einfluss auf die Bewegung der
blattapplizierten Plonen hat. Vielmehrwurde das blattapplizierte Punmittelbar in die
metabolisch aktiven zellularen Kompartimentder Epidermis und Mesophyllzellen
aufgenommen Dabei erfolgte d&¢ Aufnahme von blattapplizierter®R unabhangig von der
benetzten Blattseite (ad abaxial).

Die deutlich erhdhte P-Konzentrationin den Leitblindelnbelegte zudem eine rasche
Translokationvon blattappliziertem Rwus dem BlattDabei dominieten die Wurzeh und der
wachsende Spss alsSinkorgane

Eine dreimaligeBlattapgikation fihrte nicht nur zu einer erhdhten -Ronzentration und

einem verstarktenSpross und Wurzelvachstum, sondern konnte auch einemMRngel|
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Zusammenfassung

beispielsweisein Form von verfrihte Blattseneszenz oder verringerteBlattflache
entgegenwirken

Durch eine Verdoppelung der N&ahrstoffkonzentration bei gleichbleibender P
Aufwandmenge konnte auf eine zusétathe Blattapplikationverzichtet werden.Dennoch
sollte dieP-Konzentration nicht beliebig erhoht werden, geark erhohte Konzentrationen zu
Schadigungn der Blattstruktur oder vomphysiologischen Prozessen Blatt fuhren.

In GefalRversuchen mit Bodensubstféhrte die PBlattdliingung zu einer hoheren Konstanz
der Trockenmasse und des Kornertra@srAnstieg der IKonzentrationwar bei Pflanzen mit
keiner oder geringer dBodendiingung starker EHne vollstandige Translokation des
blattappliziertenPhosphas erfolgte jedocherst wahrend der Kornfullungsphase. Warsich
der auseiner Blattdiingung resultierend&ffekt auf den FStatus der Pflanzaicht in einer
signifikanterhohten Biomasse oder einem hoheren Kornertragdergeschlagen hamuss
jedochin weiteren Forschungsvorhaben untersucht werden

Die Ergebnisseer vorgelegten Dissertation zeigen anschaulich, dass-BiatRlingung nicht
nur als eine strategische Anwendung in ginstigen Jahreszeiten zur Ausschopfung des
Ertragspotentials genutzt werden kann, sondern auch ustarken Mangelbedingungen die

Maoglichkeit zur Verbesserung des Nahrstoffhaattesbieten kann
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Summary

Summary

Phosphorus (P) is an essential macronutrient for plant growth. For example, maize has a high
demand for inorganic P in the root zone during juvenile development. Colddesubht
conditions can reduce P acquisition by maize and negatively impact yield. In addition,
conventional P fertilizers have a low fertiliagse efficiency. This increases the problem of
diffuse P losses from agricultural land. Foliar P fertilizatioghtmhowever provide a more
efficient P supphand specifically ameliorate P deficiencies.

Although foliar P fertilization is not a new technique, little is known about foliar P uptake under
deficiency conditions. The scientific focus of this work has lmeethe distribution of foliar
applied P to subcellular compartments of the leaf (e.g., apoplast and symplast), translocation
within the plant, biomass development, and the influence of spray concentration on uptake
and required application frequency.

In the greenhouse, maize plants grown under conditions of acute P deficiency by hydroponics
have been shown to be able to take up foliar applied P. The P concentrations within the
treated plants increase significantly in all parts of the plant, especially gitlmfirst 6 hours

after application. Moreover, cell wall properties and ion ratios in the leaf apoplast do not
negatively affect the movement of foliar applied P ions. Instead, foliar applied P is taken up
directly into the metabolically active cellulaompartments of the epidermal and mesophyll
cells. In addition, the uptake of foliar applied P occurs independently of the wetted leaf side
(ad, abaxial).

The markedly increased P concentration in the vascular bundles provides evidence of the rapid
translocation of foliar applied P from the leaf. The roots and the growing shoot dominate as
sink organs.

On the one hand, a triple foliar application results in an increased P concentration and
enhanced shoot and root growth, and on the other hand, counterastsiptoms of P
deficiency, e.g., premature leaf senescence or reduced leaf area.

By doubling the nutrient concentration, but at the same P application rate, an additional foliar
application can be omitted. Nevertheless, the P concentration should not beased
arbitrarily, since strongly increased concentrations lead to damage of the leaf structure or of

physiological processes in the leaf.
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Summary

The results of this work show that foliar P fertilization not only can be used as a strategic
application in favorale seasons to exploit yield potential, but can also provide the opportunity

to improve nutrient balance under severe deficiency conditions.
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Anhang

Figurel: Phosphorkonzentration im @®latt (A), 7.Blatt B), 8 Blatt ©, jungsten noch nicht
erschienenem Blatt¥) und Wurzel®) von Maispflanzen aus einem Zwischenversuch 14 Tage nach der
letzten von drei BlattapplikationenPos.C (Positivkontrolle) mit einer Phosphorversorgung von
2,0mM KHPQ (Kaliumdihydrogenposphat) in der Na&hrlosung (NS)P1 mit einer
Phosphorversorgung on  1,2nM KHPQ in der NS P2 mit einer Phosphorversorgung von
0,8mM KHPQ in der NS Nahrlésungszusammensetzung unglechsel erfigte wie in Kapitel
Abschnitt2.2 beschriebenDie Blattapplikatioren (FA erfolgten 21, 27 und 35 Tage nach der Aussaat
mit einer Applikationskonzentration von 8@V KRHPQ (P1) und 14&M KHPQ (P2) in den friihen
Morgenstunden zwischen 6:3030 Uhr.Die Blattapplikation erfolgte nach demselben Prinzip wie in
Kapitell Abschnit2.2 beschrieben Die einzelnen Blattetagen wurden nach der Ernte dreimal
gewaschen, anschlieBend getrocknet und gemahlen. Die Analyse hagphodr erfolgte wie in
Kapitell Abschnitt2.4 beschrieben. Balkestellen Mittelwerte + SD danE&5). Kleine Buchstaben
kennzeichnensignifikante Unterschiede zwischererd BehandlungenANOVA mit Duncamest,

p @,05).
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Anhang

Figure2: PhosphorGesamtkonzentration&) und GesamtgehaltB] der Maispflanzen aus Kapit2l
ohne 5 Blatt. Dasb5. Blatt wurde fir dieInfiltrations-ZentrifugationsMethode (AWFEXxtraktion)
verwendet (Kapite, Material& Methoden). Pos.C  Positiviontrolle),  0,2nM KHPQ
(Kaliumdihydrogephosphat) in der Nahrlosung (NS); neg\édativiontrolle), 0,2nM KHPQ in der
NS in Woche 1 und 0,06dM KHPQ in der NS fudie restlichen zweiWochen; Root\Wiederzugabe
Uberdie Wurzeln), 0,2nM KHPQ in derNS in Woche 1, 0,0aM KHPQ in der NSin Woche 2 und 3
und 0,2mM KHPQ in der NSals Wiederzugabe in WocHe FAq (Blattapplikation), 0,tnM KHPQ
in der NS in Woche 1, 0,0aM KHPGQ in der NSin Woche 2 und 3ind 0,0mM KHPGQ in Woche 4+
200mM KHPQ als Wiederzugabéber das Blatin Woche4. Graphenstellen Mittelwerte + SD dar
(n=4). Kleine und grol3e Buchstaben kennzeichnen signifikante Unterschiede zwischenerd
BehandlungefANOVA mit Duncaest,p @,05).
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