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Summary

Expanding maize (Zea mays L) cultivation to regions with temperate climates still

requires breeding for chilling-tolerant maize genotypes and, as a result, a better under¬

standing of physiological responses of maize to low temperature The sensitivity of maize

to an immediate reduction in temperature seems to result primarily from the reduced

activity of enzymes involved in carbon fixation and probably also from a decline in

metabolite transport Therefore, an excess of light energy, which can not be utilized for

photochemical processes, is absorbed due to low temperature This excess of energy can

be transformed into heat by dissipative mechanisms However, formation of reactive

oxygen species (ROS) is unavoidable Plants possess several enzymatic and non-

enzymatic scavenging systems that minimize deleterious effects of ROS The major

antioxidants, known to be important in chloroplasts, are ascorbate, glutathione, and

a-tocopherol Scavenging enzymes operate as a quencher of ROS or, rather, are

involved in the recycling of antioxidants

Maize seedlings of the chilling-tolerant genotype, Z7, were grown in growth chambers at

optimal (25 °C) or suboptimal (15 °C) temperature, until the third leaves reached full

expansion, in order to determine the effect of growth temperature on the content of

antioxidants Plants grown at suboptimal temperature exhibited greater amounts of the

following antioxidants a tocopherol, glutathione, and ascorbate An increase in the

content of a-tocopherol was the most significant response to suboptimal growth tem¬

perature In leaves grown at 15 °C, the a-tocopherol content was double that of leaves

grown at 25 °C and almost four times as high when based on chlorophyll content

The specific activity of most scavenging enzymes declined when the assay temperature

was decreased from 25 °C to 15 °C The activity of glutathione reductase (GTR) and de-

hydroascorbate reductase decreased by about 50 % Although growth at suboptimal

temperature led to an increase in the activity of most scavenging enzymes, it could not

compensate for the reduction in activity due to lower temperature In contrast to all

other enzymes, the activity of catalase was markedly lower in plants grown at suboptimal

temperature The findings that GTR had the lowest activity of all scavenging enzymes,

that its activity responded markedly to assay and growth temperatures, and that its

activity was lower in the chilling-sensitive genotype, Penjalinan, suggested that GTR may

play a key role during chilling stress
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Leaves which developed at 25 °C or 15 °C were exposed to high irradiance (1000 pmol

m2 s ') and a severe chilling temperature (5 °C) for up to 24 h to investigate their ability

to withstand photooxidative stress Over time, the degradation of the endogenous

antioxidants ascorbate, glutathione, and a-tocopherol was delayed and less pronounced

in 15 °C leaves Similarly, the decline in chlorophyll a, chlorophyll b, p-carotene, and

lutein was slower throughout the stress period Faster development and a higher level of

non-photochemical quenching (NPQ) of the chlorophyll a fluorescence, related to a

stronger de-epoxidation of the larger xanthophyll cycle pool in 15 °C leaves, may act as a

defence mechanism to reduce the formation of ROS during severe chilling

Formation of superoxide radicals (O2) and the content of hydrogen peroxide (H2O2)

were observed in situ by infiltrating leaves with p-nitrotetrazolium blue and 3,3-diamino-

benzidine respectively When leaves were exposed to high light intensity (1000 pmol m2

s'), their O2 formation and H2O2 content were greater at 25 °C than at 5 °C During

photooxidative stress (1000 pmol m2 s ', 5 °C), O2 formation in 25 °C leaves declined

gradually until almost no 02 was formed after 24 h of stress In 15 °C leaves, 02

formation occurred for a longer period of time during photooxidative stress than in 25 °C

leaves, the H2O2 content was also lower

Infiltration of detached maize leaves with L-galactono-y-lactone (GyL) resulted in a

four-fold higher content of leaf ascorbate Upon exposure to high light intensity

(1000 pmol m2 s') at 5 °C, G^L leaves de epoxidized the xanthophyll cycle pool

pigments faster than the control leaves The elevated ascorbate content together with the

acceleration of violaxanthin de-epoxidation did not affect the induction of NPQ, the

degree of photoinhibition of photosynthesis, recovery from photoinhibition or photo¬

oxidative degradation of pigments and a-tocopherol This indicates that leaves already

contain a sufficient amount of ascorbate for defence mechanisms to operate at an optimal

level or, another explanation, ascorbate might not be involved in these mechanisms

Moreover, a higher content of ascorbate appeared to increase the requirement for

reduced glutathione (GSH), indicated by a higher susceptibility of GSH to photo¬

oxidative stress in GyL-treated leaves

Exposure of maize plants to a four day chilling stress (6 °C) caused a stronger reduction

of photosynthetic activity and efficiency in plants which had been grown at 25 °C rather

than at 15 °C Chilling-acclimated plants were able to de-epoxidize their xanthophyll

cycle pool to a greater extent and exhibited a faster recovery from chilling stress than

plants which had not been acclimated to chilling Antioxidant content and the size of the
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xanthophyll cycle pool were less affected by chilling stress However, chilling seemed to

induce a temporary increase in the glutathione content and to trigger the synthesis of

a-tocopherol during the phase of recovery at 25 °C When 15 °C plants recovered at

25 °C after a chilling stress, their pigment and antioxidant contents reached almost the

same level as the 25 °C leaves This indicates that leaves respond directly to chilling

stress by down-regulation of PS II accompanied by de epoxidation of the xanthophyll

cycle pool, whereas antioxidant and pigment contents are affected later and only above a

certain temperature

Maize was sown in the field in Eschikon, Switzerland, in three consecutive weeks, so

that early grown plants were exposed to chilling conditions, whereas late grown plants

developed under more favourable growth conditions Measurements of the quantum

efficiency of CO2 fixation (<J>C02) and PS II (OPS II) were made simultaneously on the

third fully expanded leaves Activity of scavenging enzymes and the content of pigments

and antioxidants were also determined Leaves that developed under chilling conditions

showed typical chill-induced alterations, namely low photosynthetic capacity and effi¬

ciency, reduction in the pigment contents and a decrease in catalase activity However,

there was no evidence that oxidative stress was enhanced by the Mehler reaction, since

the ratio of <1>PS IU<t>C02 was always close to the expected ratio for maize leaves

Furthermore, neither an accumulation of antioxidants, nor an increase in scavenging

enzymes activities were found in early grown plants Nevertheless, comparison of the

chilling-tolerant genotype (Z7) with the chilling sensitive genotype (Penjalinan) showed

that chilling tolerance might be correlated to an increase in the antioxidative capacity

Chill-induced damage of the photosynthetic apparatus can be prevented by a more

efficient dissipation of excess absorbed light energy, which results in a decrease in

singlet oxygen and superoxide radical formation, and by an enhanced antioxidative

capacity, which leads to a further reduction in the content of ROS a-Tocopherol might

protect the photosynthetic apparatus, whereas glutathione in conjunction with GTR seem

to preserve enzymes that are involved in carbon fixation Nevertheless, the response of

the scavenging systems to low temperature is rather slow Together with alterations in

the pool size of the xanthophyll cycle, scavenging systems represent the long-term

adaptation of the plant The major defence mechanism, that can be regulated within

minutes to hours and even at low temperature, appears to be non-photochemical

quenching in combination with de-epoxidation of the xanthophyll cycle pigments
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ZUSAMMENFASSUNG

Die Ausdehnung des Anbaus von Mais (Zea mays L) in kuhl-gemassigte Klimazonen

erfordert weiterhin eine Zuchtung von kuhletoleranteren Genotypen Ein besseres Ver-

standnis der physiologischen Reaktionen des Maises auf niednge Temperaturen konnte

den Zuchtfortschritt beschleunigen Die Sensibihtat des Maises gegenuber Temperatur-

senkung scheint primar aus der reduzierten Aktivitat von Enzymen der Kohlenstoff-

fixierung und wahrscheinlich auch aus der Abnahme des Metabohtentransportes zu

resultieren Bei niedngen Temperaturen wird daher Lichtenergie, die nicht fur photo-

chemische Prozesse genutzt werden kann, im Uberschuss absorbiert Die Nutzung

energiedissipierender Mechanismen ist der sicherste Weg, uberschussige Anregungs-

energie in Form von Warme zu dissipieren Dennoch ist die Bildung von reaktiven

Sauerstoffverbmdungen unausweichlich Pflanzen besitzen mehrere enzymatische und

nicht-enzymatische antioxidative Systeme, welche die schadliche Wirkung der reaktiven

Sauerstoffverbmdungen zu mimmieren vermogen Die wichtigsten Antioxidantien der

Chloroplasten sind Ascorbat, Glutathion und a-Tocopherol Antioxidative Enzyme

konnen direkt reaktive Sauerstoffverbmdungen abfangen, die meisten sind jedoch in der

Rezyklierung von Antioxidantien involviert

Um den Effekt der Temperatur auf den Antioxidantiengehalt zu untersuchen, wurden

Maissamhnge des kuhletoleranten Genotypen Z7 in Klimakammern unter optimalen

(25 °C) oder unter suboptimalen (15 °C) Temperaturbedingungen bis zum Dreiblatt

stadium angezogen Pflanzen, die unter suboptunaler Temperatur aufwuchsen, enthielten

hohere Konzentrationen der Antioxidantien a-Tocopherol, Glutathion und Ascorbat Am

deuthchsten war die Reaktion des a-Tocopherolgehaltes auf die suboptimale

Wachstumstemperatur 15 "C-Blatter zeigten im Vergleich zu 25 "C-Blattern einen

doppelt so hohen a-Tocopherolgeha)t Dieser war sogar vierfach hoher, wenn der Gehalt

an a-Tocopherol auf den Chlorophyllgehalt bezogen wurde

Die spezifische Aktivitat der meisten antioxidativen Enzyme nahm ab, wenn die

Messtemperatur von 25 °C auf 15 °C gesenkt wurde Dabei fiel die Aktivitat der

Glutathionreduktase (GTR) und die der Dehydroascorbatreduktase um etwa 50 % ab

Obwohl Wachstum unter suboptimalen Temperaturbedingungen zu einem Aktivitats-

anstieg der meisten antioxidativen Enzyme fuhrte, konnte dieser mcht die Abnahme der
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Enzymaktivitat kompensieren, die durch die Absenkung der Messtemperatur verursacht

wurde Im Gegensatz zu alien anderen Enzymen war die Katalaseaktivitat in Pflanzen,

welche unter suboptimaler Temperatur angezogen wurden, deuthch reduziert Folgende

Beobachtungen wiesen auf eine mogliche Schlusselstellung der GTR wahrend des Kuhle-

stresses fun (a) GTR hatte die niedngste Aktivitat von alien antioxidativen Enzymen, (b)

lhre Aktivitat reagierte am deuthchsten auf Mess- und Wachstumstemperatur und (c) ihre

Aktivitat war niednger in den Blattern des kuhlesensitiven Genotypen Penjalinan als in

denen des kuhletoleranten Z7

Blatter, die sich entweder bei 25 °C oder 15 °C entwickelten, wurden bis zu 24 h einer

hohen Lichtintensitat (1000 pmol m2 s ') bet gleichzeitig starkem Kuhlestress (5 °C) aus¬

gesetzt, um ihre Widerstandsfahigkeit gegenuber photooxidativen Stress zu untersuchen

In 15 °C-Blattern war die Verminderung der Konzentration der endogenen Antioxi¬

dantien Ascorbat, Glutathion und a-Tocopherol verzogert und wemger ausgepragt

Ebenfalls langsamer war die Abnahme der Konzentration von Chlorophyll a, Chloro¬

phyll b, p-Carotin und Lutein wahrend dieser Stresspenode Die schnellere Induktion

and das hohere Niveau der nicht photochemischen Loschung (NPQ) der Chlorophyll a-

Fluoreszenz, welche mit einer starkeren De-epoxidierung des grosseren Xanthophyll-

zyklus-Pools in Beziehung stand, konnte in 15 °C-Blattern einen Schutzmechanismus

gegen die Bildung von reaktiven Sauerstoffverbmdungen wahrend eines Kuhlestresses

darstellen

Die Bildung von Superoxidradikalen (02) und der Gehalt an Wasserstoffperoxid (H202)

wurde in situ beobachtet, indem Blatter mit p-Nitroblautetrazohum bzw mit 3,3-Di-

aminobenzidin mfiltnert wurden Die Bildung von 02 und der Gehalt an H2O2 war unter

hoher Lichtintensitat (1000 pmol m2 s') hoher m Blattern, die bei 25 °C inkubiert

wurden, als in jenen, die bei 5 °C inkubiert wurden In 25 °C-Blattern nahm wahrend

photooxidativem Stress (1000 pmol m2 s', 5 °C) die Bildung von 02 allmahlich ab bis

nach emer Stressdauer von 24 h nur noch eine geringe Bildung von 02 beobachtet

werden konnte Im Vergleich zu 25 cC-Blattern war in 15 °C-Blattern der Gehalt an

H2O2 gennger und O2 konnte uber einen langeren Zeitraum gebildet werden

Der Ascorbatgehalt in Maisblattern stieg um das vierfache, wenn Blatter uber den Trans-

pirationsstrom mit L-Galactono-y-Lacton (GyL) mfiltnert wurden Wurden Blatter emer

hohen Lichtintensitat (1000 pmol m2 s1) bei 5 °C ausgesetzt, de-epoxidierte der
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Xanthophyllzyklus-Pool schneller m mit GyL infiltrierten Blattern als m Kontrollblattern

Der erhohte Ascorbatgehalt m Kombmation mit der schnelleren De-epoxidierung von

Violaxanthin hatte kemen Effekt auf die Induktion von NPQ, auf das Ausmass der

Photoinhibition der Photosynthese, auf die Erholung von Photoinhibition und auf die

photooxidative Zerstorung von Pigmenten und a-Tocopherol Dies lasst vermuten, dass

Blatter erne ausreichende Menge an Ascorbat enthalten, um die Schutzmechanismen

optimal zu betreiben, oder dass Ascorbat nur unwesenthch in diese Mechanismen

involviert ist Vielmehr schien der erhohte Ascorbatgehalt den Bedarf an reduziertem

Glutathion (GSH) zu steigern Dies war aus der hoberen Sensitivitat von GSH gegenuber

photooxidativen Stress in mit GyL infiltrierten Blattern zu schhessen

Wurde viertagiger Kuhlestress von 6 °C mduziert, zeigten Maispflanzen, die bei

optimaler (25 °C) Temperatur angezogen wurden, erne starkere Abnahme der photosyn-

thetischen Aktivitat und Effektivitat als Pflanzen, welche bei 15 °C aufwuchsen Kuhle-

akkhmatisierte Pflanzen konnten den Xanthophyllzyklus-Pool starker de-epoxidieren und

erholten sich schneller vom Kuhlestress als nicht angepasste Pflanzen Der Gehalt an

Antioxidantien und die Grosse des Xanthophyllzyklus-Pools wurden nicht durch den

Kuhlestress beeinflusst Dennoch schien dieser Kuhlestress emen vorubergehenden

Anstieg des Glutathiongehaltes und die Synthese von a-Tocopherol zu induzieren, wenn

die Pflanzen nach dem Stress m erne 25 °C warme Umgebung transfenert wurden

15 °C-Pflanzen, die nach dem Kuhlestress bei 25 °C wuchsen, glichen sich m ihrem

Pigment- und Antioxidantiengehalt dem der 25 °C-Pflanzen an Diese Ergebnisse zeigten,

dass Blatter auf Kuhlestress direkt mit emer Herabreguherung des Photosystem II und

gleichzeitig rrut emer De-epoxidierung des Xanthophyllzyklus-Pools reagieren, wahrend

der Antioxidantien- und Pigmentegehalt langfristig und auch nur oberhalb einer

bestimmten Temperatur reguhert wird

In einem Feldversuch in Eschikon (Schweiz) wurde Mais in drei aufeinanderfolgenden

Wochen gesat, so dass m der ersten Sene die Pflanzen kuhlen Temperaturen ausgesetzt

waren, wahrend die spater gesaten sich unter gunstigeren Wachstumsbedingungen

entwickeln konnten Messungen der Quanteneffizienz der C02-Fixierung (OC02) und

des PS II (OPS II) wurden simultan am dntten voll entwickelten Blatt durchgefthrt

Zusatzlich wurden die Aktivitaten von antioxidativen Enzymen und die Gehalte an Anti¬

oxidantien bestimmt Blatter, die sich unter kuhlen Bedingungen entwickelten, zeigten
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typische durch Kuhlestress verursachte Veranderungen Dies waren erne niedngere

photosynthetische Kapazitat und Effektivitat, em vernngerter Gehalt von Pigmenten und

eine herabgesetzte Katalaseaktivitat Es ergaben sich kerne Hmweise auf emen durch die

Mehler-Reaktion verursachten verstarkten oxidativen Stress, da das Verhaltnis von

OPS II zu OCO2 immer nahe dem fur Mais erwarteten Verhaltnis lag Ausserdem

wurden weder erne Anreicherung von Antioxidantien noch erne gesteigerte Aktivitat der

antioxidativen Enzyme in fruh gesaten Pflanzen gefunden Jedoch zeigte der Vergleich

des kuhletoleranten Genotypen Z7 mit dem kuhlesensitiven Penjalman, dass Kuhle-

toleranz moghcherweise mit einer gesteigerten antioxidativen Kapazitat korrehert

Kuhlemduzierte Schaden des photosynthetischen Apparates konnen durch eine effi-

zientere Dissipation von uberschussiger absorbierter Lichtenergie, welche die Bildung

von Singuletsauerstoff und Superoxidradikalen verrmgert, und durch erne hohere anti¬

oxidative Kapazitat, welche niedngere Gehalte von Superoxidradikalen und Wasserstoff-

peroxid bewirkt, verhmdert werden a-Tocopherol schemt den photosynthetischen

Apparat zu schutzen, wahrend Glutathion in Verbmdung mit GTR wahrscheinlich emen

Schutz bietet fur Enzyme, die in der Kohlenstoffixierung mvolviert sind Die Reaktion

der antioxidativen Mechanismen auf niednge Temperaturen 1st jedoch eher langsam

Zusammen mit Veranderungen der Poolgrosse des Xanthophyllzyklus reprasentieren sie

die Langzeitanpassung der Pflanze Der wichtigste Schutzmechamsmus, der mnerhalb

von Minuten bis Stunden selbst unter niedngen Temperaturen reagiert, schemt die nicht-

photochemische Loschung m Verbmdung mit der De-epoxidierung der Xanthophyll-

zykluspigmente zu sein
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"I General introduction

Maize (Zea mays L) is a crop from the (sub)tropics Durmg the latter part of this century it

has also been cultivated at higher geographical latitudes Therefore, it is essential to maximize

the yield potential of maize under a combmation of suboptimal temperature and moderately

high light intensity Adaptation to growth conditions, such as those found in northern Europe,

has been successful due to breeding for early maturing maize plants, compromising between

the risk of yield loss and an acceptable level of yield gam (Stamp 1986) Breeding for maize

with sturdy seedlings under cool climatic conditions will optimize yield performance under

unfavourable conditions Furthermore, it will improve the capability of seedlmgs to compete

with weeds and, eventually, will diminish the need for herbicides Less soil erosion and nitrate

leaching are further benefits of the early establishment of maize seedlmgs However,

conventional breeding for adaptation to suboptimal temperature by field selection is rather

difficult because of a number of limitations such as diurnal and annual temperature variation,

specific selection time, and different field practices (Greaves 1996) The development of new

a breeding strategy requires a better understanding of the physiological responses of maize to

low temperature which, eventually, would also enable the identification of genes associated

with chilling tolerance

Sensitivity of C4 plants to low temperature seems to result from a reduction in the activity of

enzymes of the C4 and Benson-Calvin cycles as well as from a decrease m metabolite

transport (Leegood & Edwards 1996) As a consequence, only a reduced amount of

absorbed light energy can be utilized for photochemical processes at low temperature This

excess of absorbed light energy can be dissipated as heat by so called suppression

mechanisms (Asada 1994) These mechanisms are down-regulatmg and energy-dissipating

and have been found in PS II light harvesting antenna as well as at the PS II reaction centre

(Cntchley & Russell 1994) The xanthophyll cycle is considered to be this type of photo-

protective energy dissipation process within the light-harvesting antenna complex (Demmig-

Adams & Adams 1994) In the de-epoxidation sequence of the xanthophyll cycle, zeaxanthin

is formed from violaxanthin via antheraxanthw The de-epoxidation requires ascorbate as a

cofactor and is catalyzed by violaxanthin de-epoxidase, and its activity is regulated by the
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lumenal pH (Bratt et al 1995) The xanthophyll cycle pigment zeaxanthin seems to exert its

photoprotective function by quenching excited smglet-state chlorophyll, another hypothesis

proposes an indirect action of zeaxanthin by altering properties of the thylakoid membrane

(Pfundel & Bilger 1994) The epoxidation of zeaxanthin to violaxanthin via antheraxanthin

requires NADPH and 02 and is catalyzed by the enzyme zeaxanthin epoxidase, which seems

to be located at the stroma-exposed side of the thylakoid membrane

A suppression mechanism is the safest way to dissipate excess absorbed light energy as heat

However, photon energy transfer to chlorophyll produces triplet-state chlorophyll (3ChT),

which can react with ground state (triplet) oxygen (302) yielding very reactive smglet oxygen

('02) (Asada 1994) Furthermore, the photoreduction of oxygen at PS I is a source of

superoxide radicals (02), even under conditions optimal for photosynthesis (Badger 1985)

and is thought to be enhanced under stress conditions (Elstner et al 1988) Dismutation of

superoxide radicals results in the formation of hydrogen peroxide (H202)

Higher plants possess several enzymatic and non-enzymatic scavenging systems to minimize

deleterious effects of reactive oxygen species (ROS) (Ahmad 1995, Dalton 1995) The

scavenging systems of the chloroplast are summarized in Fig 11 Ascorbate plays a central

role as an antioxidant in chloroplasts Apart from its function as a primary antioxidant, it

can also act as a secondary antioxidant Ascorbate is able to reduce superoxide to

hydrogen peroxide and also reacts with smglet oxygen at a relatively fast rate Durmg the

MAP reaction, hydrogen peroxide is quenched by ascorbate peroxidase using ascorbate

as a hydrogen donor Furthermore, ascorbate seems to recycle a-tocopheroxyl radicals

to a tocopherol (Fryer 1992) and inhibits the peroxy radical-initiated oxidation of methyl

hnoleate (Larson 1988) In addition, ascorbate is also an essential co-substrate of the de-

epoxidation of violaxanthin since it delivers hydrogen for this conversion Bratt et al

(1995) demonstrated that the activity of violaxanthin de-epoxidase is regulated by the

lumenal ascorbate concentration The oxidized forms of ascorbate, namely monode¬

hydroascorbate and dehydroascorbate, can be recycled by monodehydroascorbate

reductase (MDAR) and dehydroascorbate reductase (DHAR) respectively, using

NAD(P)H and glutathione (GSH) respectively as hydrogen donors
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Mehler Ascorbate Peroxidase Reaction
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Fig. 1.1: The scavengmg systems of chloroplasts Solid arrows indicate

enzyme-catalyzed reactions, broken arrows mdicate non-enzymatic

reaction The Mehier ascorbate peroxidase reaction, the Halhwell-

Foyer-Asada cycle, a-tocopherol recycling and the xanthophyll cycle
are shown

The tripeptide glutathione (y-Glu-Cys-Gly or GSH) is the major low-molecular weight thiol m

plants It operates as an antioxidant by mediating the sulfhydryl group of the cysteine,

resulting in GS A disulfide bond is formed with a second GS to form the stable oxidized

form of glutathione (GSSG) (Dalton 1995) The negative redox potential (E0 = -0 34 V)

allows GSH to donate electrons to recycle ascorbate and probably a-tocopherol (Foyer &

Halliwell 1976, Hausladen & Alscher 1993) The re-reduction of oxidized glutathione is

catalyzed by glutathione reductase (GTR) with NAD(P)H supplying the electrons The

subcellular distribution of glutathione is still uncertain Hausladen and Alscher (1993) showed

that chloroplasts contam 10 to 60 % of the total cellular glutathione, 66 to 90 % ofwhich was

m reduced form, in the non-chloroplastic fraction about 98 % of glutathione was in the

reduced form.

All photosynthetic active organisms, and especially the membranes of green photosynthetic

tissue, contam a-tocopherol (Jamszowska & Pennock 1976, Hess 1993) It is considered to

be an effective quenching agent for smglet oxygen and especially for alkyl peroxides in the
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thylakoid membrane (Fryer 1992, Buettner 1993, Hess 1993) Carotenoids are also important

quenchers of smglet oxygen and reduce its formation by deactivation of excited triplet state

chlorophyll (Di Mascio et al 1990)

Scavenging enzymes operate as ROS scavengers but play a greater role in recycling anti¬

oxidants Superoxide dismutase (SOD) catalyzes the dismutation of superoxide radicals

(02), yielding hydrogen peroxide (H202) and, as a result lowers the steady-state

concentration of 02 by the factor 104 (Asada & Takahashi 1987) In maize, five

isozymes of SOD were described, Cu/ZnSOD-1 was found m chloroplasts and m

etioplasts, MnSOD-3 m mitochondria, and three further Cu/ZnSOD isozymes (SOD-2,

SOD-4, and SOD-5) were located m the cytosol (Scandahos 1992) In the chloroplast,

H202 is detoxified by the enzyme ascorbate peroxidase (APX) usmg ascorbate as the

hydrogen donor Five APX isozymes were found in maize seedlmgs (Anderson et al

1995) In the chloroplast, thylakoid-bound APX and stromal APX account for half of the

total APX activity (Asada 1992) A cytosohc APX was also characterized (Chen &

Asada 1989) The catalytic removal of H202 by APX results m the formation of

monodehydroascorbate (MDHAsc), which decays non-enzymatically by spontaneous dis-

proportionation to ascorbate and dehydroascorbate (DHAsc) In the chloroplast stroma,

MDHAsc is reduced enzymatically to ascorbate by the enzyme monodehydroascorbate

reductase (MDAR), using both NADH and NADPH as electron donors (Hossain et al

1984) In addition, MDHAsc can be reduced by PS 1 via ferredoxm (Miyake & Asada

1994) These three enzymes, namely SOD, APX, and MDAR, constitute the Mehler-

ascorbate-reductase (MAP) reaction The MAP reaction drives a pH gradient across the

thylakoid membrane, consumes oxygen, and maintains a constant amount of NAD(P)H

(Polle 1996)

The recycling of DHAsc is achieved by the enzymes of the Hallrwell-Foyer-Asada (HFA)

cycle Dehydroascorbate reductase (DHAR) catalyzes the reduction of DHAsc by GSH

m the chloroplast stroma (Nakano & Asada 1981) The re-reduction of oxidized

glutathione (GSSG) is catalyzed by glutathione reductase (GTR) with NADPH supplymg

electrons (Foyer & Halliwell 1976) The enzyme catalase (CAT) protects against

oxidative damage outside the chloroplast In green leaves of maize, one isozyme of CAT

is localized m the peroxisomes of bundle-sheath cells, whereas two other isozymes are

found in mesophyll cells (Tsaftans et al 1983)
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In maize, growth at suboptimal temperature has a strong effect on the performance of the

photosynthetic apparatus, which is manifested m a decrease m photosynthetic capacity and

efficiency (Nie et al 1992, Massacci eta/ 1995, Verheul et al 1995, Haldimann et al 1996)

The decline m photosynthetic capacity is accompanied by lower activities of certain enzymes

of the Benson-Calvin cycle (Stamp 1987) and impaired chloroplast development (Nie &

Baker 1990), whereas the depressed photosynthetic efficiency seems to be based on a

zeaxanthin-related quenching of absorbed excitation at photosystem II (Fryer et al 1995)

Evidence m the literature reviews suggests that plants adapt to chilling conditions by

strengthening their antioxidative defence mechanisms In maize, adaptation to low

growth temperature is associated with enhanced scavengmg systems, i e
,
increases m the

content of glutathione (Kocsy et al 1996) and in the activity superoxide dismutase and

ascorbate peroxidase (Massacci et al 1995) Furthermore, maize plants acclimated to

suboptimal growth temperature accumulate zeaxanthin and possess more efficient energy

dissipation mechanisms (Haldimann et al 1995, 1996) However, most studies of

acclimation to suboptimal growth temperature were conducted with cold tolerant species

and, generally, only certain antioxidants and enzymes were investigated

The objective of this study was to mvestigate the response of defence systems against

oxidative stress in maize leaves to low temperature stress

To examme the effect of growth temperature, content of antioxidants and activity of

scavengmg enzymes were compared for leaves grown at suboptimal and optimal

temperature

To assess the relative importance of particular antioxidants, their responses to photo¬

oxidative stress were investigated in maize leaves adapted to suboptimal temperature and

in those with an artificially increased antioxidant content

To estimate the requirement for antioxidative systems, the dissipative mechanisms were

studied, and the formation of reactive oxygen species was analyzed

To determine the elasticity of defence mechanisms, the responses of the photosynthetic

apparatus, the xanthophyll cycle and antioxidants to chilling stress and following

recovery were investigated

To confirm the significance of the results obtamed in growth chamber experiments, field

experiments were conducted
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2 Acclimation by suboptimal growth temperature

diminishes photooxidative damage in maize leaves

published in Plant, Cell and Environment (1997) 20, 366-372

2.1 Introduction

In addition to molecular oxygen, the photosynthetic apparatus produces reactive oxygen

species even under optimal conditions Environmental stress factors, such as chilling m light,

can mcrease the formation of destructive oxygen species An mcreased susceptibility to light

stress at low temperature may result from a restricted carbon metabolism, which promotes an

overenergization of the photosynthetic apparatus and, therefore, the formation of reactive

oxygen species This light- and 02-dependent generation of reactive oxygen species can have

marked deleterious effects on the photosynthetic apparatus, for example, pigment bleaching

defined as photooxidation (van Hasselt 1976) In addition to pigment bleaching, further

effects of chilling in the light include a rapid decrease in the photosynthetic capacity (van

Hasselt & van Berlo 1980), altered chloroplast ultrastructure (Taylor & Craig 1971) and

degradation of lipids and antioxidants (Wise & Naylor 1987) In leaves of chilling-resistant

species, photooxidative damage is less pronounced than m chillmg-sensitive species due to the

ability of the former to reduce the destructive effects of ROS durmg chilling stress in hght

(Wise & Naylor 1987) Van Hasselt (1976) demonstrated that photooxidative pigment

degradation can be prevented by benzoqumone and related compounds, which may quench

excited chlorophyll or smglet oxygen On the other hand, inhibitors of the photosynthetic

electron transport chain, such as DCMU, induce photodestruction of pigments (Ridely 1977)

Protection against photooxidative damage can be expected in leaves with an mcreased

capacity for energy dissipation and elevated scavengmg systems In maize, pigment analyzes

disclosed an accumulation of zeaxanthin m leaves which developed at suboptimal tempera¬

ture, especially under high light mtensity (Haldimann et al 1995) Furthermore, growth of

maize at low temperature is associated with enhanced scavengmg systems, namely increases

in the glutathione content (Kocsy et al 1996) and m superoxide dismutase and ascorbate

peroxidase activity (Massacci et al 1995)
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In view of the fact that maize leaves which develop at suboptimal temperature recover faster

from photoinhibition of photosynthesis, due perhaps to their higher capacity for energy

dissipation (Haldimann et al 1996), their abihty to resist photooxidative stress was

investigated Maize leaf segments of seedlmgs grown at suboptimal or optimal temperature

were subjected to high irradiance (1000 pmol m2 s') at chilling temperature (5 °C), and the

changes in pigment and antioxidant contents were monitored The present results indicate that

growth at suboptimal temperature mduces a more efficient defence agamst the formation of

reactive oxygen species, which is probably related to an improved non-photochemical

quenching of absorbed excitation Furthermore, plants acclimated to suboptimal temperature

were characterized by higher amounts of certain antioxidants

2.2 Materials and methods

2.2.1 Growth and treatment conditions

Zea mays L seedlmgs of the mbred line Z7 were grown m growth chambers (PGW36,

Conviron, Winnipeg, Canada) in 0001 m3 pots containing a soil sand mixture (10 1) The

plants developed under a photopenod of 12 h at 400 pmol m2 s', 60/70 % (day/night)

relative humidity and 25/22 °C or 15/13 °C (day/night) Plants developed at suboptimal

temperature were first grown at 25/22 °C for 6 d before the temperature was switched to

15/13 °C The plants were watered and fertilized with half-strength Hoagland nutrient

solution Experiments were performed on the third leaf that had just reached full expansion,

=13-15 d (at 25/22 °C) or 35-45 d (at 15/13 °C) after sowing For photooxidative treatment,

30 mm segments were cut from the middle part of the third leaf and sealed m 20000 mm3

flasks together with moistened paper The flasks were submerged in a water bath (5 °C) and

irradiated by two 400-W lamps (HPI-T, Philips, Belgium), resulting in a photosynthetic

photon flux density of 1000 pmol m2 s' After the treatment the leaf segments were frozen m

liquid nitrogen and stored at -80 °C until assay

2.2.2 Pigment and tocopherol assay

For the tocopherol and pigment assay, leaf segments were homogenized in liquid nitrogen and

extracted m 6000 mm3 ice-cold extraction buffer (80 % [v/v] acetone, 10 mol m1 Tncme, pH

8 0, 7 mol m3 Na-ascorbate) for 05 h An aliquot of 500 mm3 was used for pigment
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determination by reverse phase HPLC accordmg to Thayer and Bjorkman (1990) and as

described by Haldimann et al (1995) The residue was evaporated in vacuo to dryness,

resuspended in 1000 mm3 methanol and separated by HPLC (Jasco, Tokyo, Japan) Isocratic

separation took place on a Zorbax ODS C18 (4 6 x 250 mm, 5 pm particle size) reverse

phase column protected by a guard column (Lichrosorb, RP18, 10 pm particle size) and usmg

methanol acetomtrile ethylacetate (50 40 10) from 0 to 20 mm and ethylacetate from 20 to

23 mm The column was reequilibrated with methanol acetomtrile ethylacetate (50 40 10) for

7 mm The flow rate was 800 mm3 mm' The tocopherol-containing fraction was evaporated

m vacuo to dryness, resuspended in 200 mm3 chloroform hexane (80 20) and analyzed by

HPLC usmg a Supelcosil LC-NH2 (4 6 x 250 mm, 5 pm particle size) column Elution of

a tocopherol and y-tocopherol was achieved usmg chloroform hexane (80 20) saturated with

water, the flow rate was 1500 mm3 mm' Detection was at 294 nm usmg a UV/Vis detector

(UV-975, Jasco, Tokyo, Japan) and quantified by peak area integration with data acquisition

software (JCL6000, Jones Chromatography, Hengoed, UK) Peaks were identified

accordmg to their absorption spectrum (for a-tocopherol) and retention time as compared to

standards (Sigma)

2.2.3 Ascorbate determination

Ascorbate (Franke 1955) and dehydroascorbate (DHAsc) (Hughes 1956) were assayed

photometncally by reduction of 2,6-dichlorophenolmdophenol (DCPIP) Leaf segments were

homogenized m liquid nitrogen in the presence of 1 g NaCl and extracted m 5000 mm3 ice-

cold 2 % (w/v) metaphosphoric acid The homogenate was filtered through a paper filter An

aliquot of 300 mm3 was mixed with 200 mm3 45 % (w/v) K2HP04 and 100 mm3 0 1 % (w/v)

homocysteine to reduce DHAsc to ascorbate and to determine the total ascorbate pool

(Asc ,o,ai) For the determination of ascorbate, the homocysteine solution was replaced by the

same volume of water After 15 mm mcubation at 25 °C, 1000 mm1 of 2 kmol m3 citrate-

phosphate buffer (pH 2 3) and 1000 mm1 0 003 % (w/v) DCPIP were added The absorbance

at 524 nm was measured immediately usmg a spectrophotometer (U-2000, Hitachi, Tokyo,

Japan) The content of ascorbate was calculated by referring to a standard curve The amount

of DHAsc resulted m the subtraction of the total ascorbate pool (Asc,mai) and ascorbate
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2.2.4 Glutathione determination

Leaf segments were homogenized in liquid nitrogen and extracted in 2000 mm3 ice-cold 5 %

(w/v) sulfosalicyhc acid The homogenate was centrifuged at 4500 x g for 5 mm A 500 mm3

volume of the supernatant was mixed with 1000 mm3 05 kmol m3 K-phosphate buffer

(pH 7 5), and the glutathione content was measured as described by Griffith (1980)

2.2.5 ChlorophyU a fluorescence

Chlorophyll a fluorescence was measured with a pulse amplitude modulation fluorometer

(PAM-2000, Walz, Effeltnch, Germany) The maximum quantum efficiency of PS II primary

photochemistry (FJFm) was measured after 15 mm dark adaptation at 25 °C Non

photochemical quenchmg (NPQ) was expressed as (Fm-Fm') / Fm' (for nomenclature see van

Kooten & Snel 1990)

2.3 Results

The maximum quantum efficiency of PS II primary photochemistry (FJFm) of maize leaf

segments, irradiated with high light mtensity (1000 pmol m2 s') m the cold (5 °C), dropped

dramatically to approximately zero within 8 h m both 25 °C and 15 °C leaves (Fig 2 1)

Before exposure, 15 °C plants exhibited a lower FJFm (0 64 ± 0 03) than 25 °C plants (0 71

±0 02)
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Fig. 2.1: Response of FJFm in leaves grown at 25 °C (•) and 15 °C (O) to

high light mtensity treatment (1000 pmol m2 s') at 5 °C Values are

the means ± SD of four replicates
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Fig. 2.2: Response of chlorophyll a & b (a), lutem (b), and P carotene (c)

content m leaves grown at 25 °C (filled symbols) and 15 °C (open

symbols) to high hght mtensity treatment (1000 pmol m2s') at 5 °C

Values are the means ± SD of five replicates
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Upon exposure to high light intensity at 5 °C, leafsegments showed the classical symptoms of

photooxidation, namely a loss of pigments (Fig 2 2), whereas the pigment content remained

constant in leaves which were exposed to severe chilling (5 °C) m the dark for 24 h (data not

shown) The extent of pigment degradation durmg the photooxidative treatment depended on

the temperature history of the plants (Fig 2 2) In 15 "C plants, which exhibited about 30 %

less chlorophyll than 25 °C plants, the chlorophyll content was reduced to around 60 % of the

prior level within 24 h of photooxidative treatment, whereas in 25 °C plants the chlorophyll

content of the leaf segments decreased dramatically after a lag phase of about 8 h to a value

of only 30 % of the prior amount The degradation of chlorophyll a was somewhat stronger

than that of chlorophyll b (Fig 2 2 a) The amount of the xanthophyll lutem was only slightly

affected by the growth temperature The pattern and degree of degradation of lutem were

identical to those of chlorophyll degradation (Fig 2 2 b) Plants grown at suboptimal

temperature exhibited a slightly lower P-carotene content on a leaf area basis The degrada¬

tion of P-carotene was greater than that of chlorophyll (Fig 2 2 c) The decrease m the

P-carotene content (per leaf area) was somewhat slower m 15 °C leaves than in 25 °C leaves

The amount of P-carotene per unit chlorophyll decreased from about 0 1 down to 0 06 mol

mol chlorophyll durmg the course of the photooxidative stress and was similar in both leaf

types
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Fig. 2.3: Development of NPQ m leaves grown at 25 °C (•) and 15 °C (O)
to high light mtensity (1200 umol m2 s') at 5 °C Values are the

means ± SD of four replicates
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The dissipation of excess absorbed light energy as heat was monitored by measuring the

development of non-photochemical quenchmg (NPQ) at low temperature (5 °C) under high

irradiance (1200 pmol m2 s') for the first 20 mm of the treatment (Fig 2 3) Two

characteristic differences between 15 °C and 25 °C leaves were found NPQ developed faster

in 15 °C leaves than m 25 °C leaves, and final values were higher

Exposure to high hght mtensity m the cold resulted m a de-epoxidation of the xanthophyll

cycle pool, which was already more than twice as large m 15 °C plants Violaxanthm and

antheraxanthm were de-epoxidized to zeaxanthm within 2 h (Figs 2 4 a & b) Degradation of

zeaxanthm was observed later (Fig 2 4) Leaves grown at suboptimal temperature were able

to de-epoxidize the xanthophyll cycle pool almost completely, as shown by a maximal

AZ VAZ of 0 88 (Fig 2 4 d) In 25 °C leaves less de-epoxidation was mdicated by an

AZVAZ of 0 69 After maximum conversion had occurred, the degradation rate of

zeaxanthm was similar m leaves which developed at suboptimal and optimal temperature and

followed the degradation pattern of chlorophyll The amount of the hydrophilic antioxidants

ascorbate and glutathione decreased dramatically durmg treatment, especially m 25 °C leaves

An identical chilling treatment m the dark had no effect on the content of antioxidants (data

not shown)

The amount of ascorbate was relatively stable durmg the first 4 h of the photooxidative

treatment and then decreased rapidly (Fig 2 5 a) In 15 °C leaves, ascorbate degradation was

delayed and less pronounced The decline in the ascorbate content was not followed by an

adequate mcrease m the DHAsc content Plants grown at suboptimal temperature always

exhibited a more reduced ascorbate pool, as mdicated by a lower redox state

(DHAsc Asc ,oiai) (data not shown) The amount of glutathione in 25 °C leaves was about

70 % of that in 15 °C leaves The degradation of glutathione and ascorbate durmg the

photooxidative treatment followed a similar pattern (Figs 2 5 a & b) Compared to the

degradation of chlorophyU, the decline m the hydrophilic antioxidants was faster, even faster

than the degradation of P-carotene The content of the lipophilic antioxidant a-tocopherol

declined at a similar rate m the two leaf types, though the level of a-tocopherol was twice as

high in 15 °C plants (Fig 2 5 c) In 25 °C leaves, the degradation of a-tocopherol preceded

that of chlorophyll, whereas in leaves developed at suboptimal temperature the a-toco¬

pherol chlorophyU ratio was almost stable durmg the whole photooxidative treatment The

content of y-tocopherol, the precursor of a-tocopherol, was not dependent on the growth

temperature Durmg the photooxidative treatment, the y-tocopherol content decreased only

slightly m 15 °C leaves compared to a marked degradationm 25 °C leaves
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2.4 Discussion

A low chlorophyll content durmg growth at suboptimal temperature, as described m the

present study, is well known m maize from experiments in controlled environments (Nie et al

1992, Haldimann et al 1995) However, at chilling temperature, photosynthesis is reduced,

and differences m photosynthetic activity between plants grown at optimal and suboptimal

temperature are no longer obvious (Haldimann et al 1996) Exposure to high hght mtensity

m the cold led to a fast decrease m the maximum quantum efficiency of PS II primary

photochemistry (FJFm), mdicatmg photoinhibition of photosynthesis (Fig 2 1) From the

observed drop in the FJFm to zero, it is concluded that the photosynthetic electron transport

slowed down and finaUy stopped within 12 h Therefore, the production of superoxide (02),

which can be generated by electron transfer to oxygen (02) at photosystem I and II (Wise

1995), might be prevented at those sites Nevertheless, the generation of smglet oxygen ('02)

at the light-harvesting antenna complexes might be promoted under such conditions, since no

energy transfer to the reaction centre occurred thereafter

The dissipation of excess absorbed hght energy as heat is a further defence mechanism agamst

the overreduction of the electron transport chain and the production of reactive oxygen

species The formation of zeaxanthm associated with non-photochemical quenchmg is one

characteristic of a down-regulated photosystem II (Critchly & RusseU 1994) In both leaf

types, violaxanthm and antheraxanthm were de-epoxidized to zeaxanthm durmg exposure to

high light mtensity m the cold (Fig 2 4) Plants that developed at 15 °C contained zeaxanthm

even before severe chilling stress, whereas the xanthophyll cycle pool m 25 °C plants was

completely epoxidrzed In a similar experiment (2200 pmol m2 s', 5 °C) with a tune

resolution of 30 mm, it was observed that maximal de-epoxidation was reached after about

120 mm (data not shown), whereas at 20 °C, de-epoxidation was completed within 15 mm

(Koroleva et al 1994) In 15 °C leaves the xanthophyU cycle pool could be almost fuUy de-

epoxidized durmg treatment, and the AZ VAZ was higher m contrast to leaves grown at

optimal temperature Bratt et al (1995) demonstrated that the activity of the violaxanthm de-

epoxidase is regulated by the lumenal pH and ascorbate concentration In the experiment

presented here, differences m the ascorbate content between leaves, developed at suboptimal

and optimal temperature, were not obvious durmg the first 4 h of the treatment Smce only 20

to 40 % of the total ascorbate is localized in the chloroplast (Foyer 1993), changes in the

chloroplastic ascorbate concentrations were still possible Leaves grown at optimal
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temperature may have developed a lower transthylakoidal ApH durmg severe chilling due, for

example, to a less Mehler reaction On the other hand, 15 °C leaves may have contained a

larger amount of photoconvertible violaxanthm, similar to observations in plants with reduced

chlorophyU content (Pfundel & Bilger 1994) In 15 °C leaves, the faster development and the

higher level of NPQ might be the result of the greater amount of zeaxanthin and of the higher

xanthophyU cycle de-epoxidation state A correlation between non-photochemical quenchmg

and zeaxanthm content has been observed m several studies (Demmig-Adams & Adams

1992) It is assumed that the larger xanthophyU cycle pool and its more or less complete de-

epoxidation durmg exposure to high irradiance in the cold, which is correlated with a higher

level of non-photochemical quenchmg, represent a major strategy of plants grown at

suboptimal temperature for dissipatmg absorbed excitation and dimmishmg the formation of

reactive oxygen

The antioxidant content of the leaf tissue was particularly affected by the growth temperature

As m maize seedlmgs exposed for 3 d at 12 °C (Kocsy et al 1996), leaves developed at

suboptimal temperature exhibited a greater amount of glutathione (Fig 2 5) A considerably

higher ascorbate content, such as that described for spinach acclimated to low temperature

(Schoner & Krause 1990), was not found m the present study However, a strong effect of

the growing temperature on the a-tocopherol content was observed, whereas its precursor

y-tocopherol remained unaffected In 15 °C leaves the content (per leaf area) of a-tocopherol

was about twice as high as that m 25 °C leaves Since a-tocopherol is located predominantly

in the chloroplast (Hess 1993), it is relevant to consider a-tocopherol on a chlorophyU basis

On this basis, the content of a-tocopherol was four times higher m 15 °C leaves than m 25 °C

leaves An mcrease m the a tocopherol content was also observed in tomato after the plants

were transferred from near optimal to chilling temperature (Senaratna et al 1988)

A protective effect of acclimation by suboptimal growth temperature was also obvious in the

course of degradation of the hydrophilic antioxidants (Fig 2 5) Although the ascorbate

contents were similar before the treatment, the decline was delayed and less pronounced m

15 °C leaves A decrease m the ascorbate content without an accumulation of DHAsc, as

described m the present study, was also observed m Vitis vinifera L leaves under similar

conditions (Chaumont et al 1995) As long as the DHAsc Asc toiai ratio was stable, the HFA

cycle seemed to operate properly, thereafter, the reduction of DHAsc to ascorbate by the

dehydroascorbate reductase appeared to be disturbed, leadmg to an higher DHAsc Asc,o,ai
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ratio The decrease in the glutathione content foUowed a pattern similar to that of ascorbate,

again with no accumulation of the oxidized form (data not shown) The slower decline m the

ascorbate and glutathione contents in 15 °C leaves might be the result of the better dissipation

of hght energy and, therefore, the lower production of reactive oxygen species Alternatively,

in plants acclimated to suboptimal temperature, enzymes of the HFA cycle may be more

active at low temperature For example, maize seedlmgs acclimated to low temperature are

characterized by a higher activity of superoxide dismutase and ascorbate peroxidase

(Massacci et al 1995) However, the activity of glutathione reductase m maize (Kocsy et al

1996) and dehydroascorbate reductase in spinach (Schoner & Krause 1980) are unaffected by

growth at suboptimal temperature Although a-tocopherol radicals can be recycled by

ascorbate and glutathione (Fryer 1992), higher levels of these hydrophihc antioxidants m

15 °C leaves did not reduce the degradation rate of a-tocopherol durmg treatment in 15 °C

leaves as compared to 25 °C leaves Consequently, protection of a-tocopherol by the

suppression mechanisms and the hydrophihc antioxidants does not appear to be likely

These results mdicate that the hydrophihc antioxidants are the primary target molecules

durmg photooxidative stress After an interval, degradation of the lipophilic antioxidants

a-tocopherol and P-carotene occurs foUowed by the degradation of chlorophyU and lutem

Similarly, a loss of P-carotene, foUowed by a loss of chlorophyU, was observed durmg

DCMU mduced chlorosis (Ridley 1977) Wise and Naylor (1987) suggested that, initially,

plants avoid losses of photosynthetic pigments by means of a-tocopherol Sirrular to our

results, they found marked losses of antioxidants and pigments m the chiUmg-sensitive species

Cucumis sativus L, as in maize at optimal temperature, whereas the chilling-tolerant species

Pisum sativum L withstood the photooxidative stress, as did maize at suboptimal

temperature In addition to the more effective dissipation of excess absorbed hght energy as

heat, it is assumed that the greater amounts of glutathione, and especiaUy of a-tocopherol,

also improve tolerance to photooxidative stress in plants acclimated to suboptimal growth

temperature The functions of a-tocopherol seem to be complex It is considered to be a

quencher of smglet oxygen and alkyl peroxides, thylakoid a-tocopherol may modulate

membrane permeability and fluidity Furthermore, a-tocopherol is considered to be a trap for

electrons (Fryer 1992, Hess 1993) The greater amount of a-tocopherol m leaves that

developed at suboptimal temperature seems to protect agamst hpid peroxidation and the
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resulting photooxidative damage Studies of plants with artificially changed antioxidant

contents confirm these conclusions For example, chilling tolerance m tomato, mduced by

umconazol, was related to mcreases m ascorbate and a-tocopherol (Senaratna et al 1988)

Transgenic poplar plants which overexpress the enzyme glutathione reductase were better at

withstanding a photoinhibitory treatment than were control plants (Foyer et al 1995)

The present results suggest that growth at suboptimal temperature diminishes oxidative

damage durmg chilling stress under high hght mtensity More efficient dissipation of excess

absorbed light energy, due to a higher de-epoxidation state of the larger xanthophyll cycle

pool, seemed to be the major defence mechanism agamst the formation of reactive oxygen m

leaves that developed at suboptimal temperature Furthermore, greater amounts of gluta¬

thione, and especiaUy of a-tocopherol, may minimize the harmful effects of the reactive

oxygen species
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3 Generation of reactive oxygen species during

photooxidative stress

3.1 Introduction

The enhanced generation of reactive oxygen species (ROS) in cells can occur under

many types of environmental stress For example, exposing green plant tissue to high

irradiance and chilling temperature m the present of oxygen has deleterious effects, such

as degradation of antioxidants and pigment bleaching, defined as photooxidation (Wise

& Naylor 1987, Chapter 2) ROS formation can occur at several sites m the chloroplasts

The photoreduction of oxygen on the stromal side of PS I is a source of superoxide (02)

(Mehler 1951) Oxygen can also be reduced to superoxide on the lumenal side of PS I

(Takahashi & Asada 1988), on the ferredoxin/NADP* oxidoreductase complex of PS I

(Goetze & Carpentier 1994), or durmg photooxidation by PS II (Tschiersch & Ohmann

1993) Moreover, one-electron oxidases and superoxide-releasing oxygenases can

produce superoxide by the reduction of oxygen (Asada & Takahashi 1987) However,

the major site of superoxide production is the reducmg side of PS I due to its low redox

potential (Asada & Takahashi 1987) Superoxide is disproportionated to hydrogen

peroxide (H202) spontaneously or catalytically by superoxide dismutase (SOD) (McCord

& Fndovich 1969) Even m a micromolar concentration, H2O2 is an extremely powerful

inhibitor of photosynthetic carbon assimilation (Kaiser 1976) Smce photorespiration in

maize does not occur to a high extent (De Veau & Burns 1989) and since divalent

reduction of dioxygen has not been found in chloroplasts (Asada & Takahashi 1987), it is

assumed that most of the hydrogen peroxide is derived from superoxide However, it

may also be generated by PS II where it can cause damage to protems in the thylakoid

membrane (Foyer & Harbinson 1994) Bradly et al (1991) demonstrated the formation

of H2O2 by oxidation of water on the oxygen-evolvmg complex (OEC) and by reduction

of oxygen at QB when no electron acceptor was available In addition to superoxide and

hydrogen peroxide formation, photosynthesis generates smglet oxygen ('02) through

several photochemical pathways m the PS II antenna (Foote 1968), within the PS II or

PS I core complexes (Takahama & Nishimura 1975), and by means of the photo¬

sensitized chromophore in the chloroplast cytochromes (Jung & Kim 1990)
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The aim of tins study was to investigate the effect of acclimation under suboptimal

growth temperature on the generation of ROS during photooxidative stress The greater

dissipative and antioxidative capacity of leaves developed at suboptimal temperature lead

to the assumption that the formation of ROS is diminished in plants developed at sub-

optimal temperature Furthermore, questions arose as to which species of reactive

oxygen were generated durmg photooxidative stress To mvestigate this, leaf segments

were subjected to photooxidative stress, and the superoxide-dependent formation of

formazone from nitroblue tetrazohum (NBT) and the hydrogen peroxide-dependent

polymerization ot 3,3-diammobenzidine (DAB) were observed in situ

3.2 Materials and methods

3.2.1 Growth and treatment conditions

Zea mays L seedlmgs of the mbred lme Z7 were grown m growth chambers (PGW36,

Conviron, Winnipeg, Canada) The plants developed under a photopenod of 12 h at a

PPFD of 350 pmol m2 s', 60/70 % (day/night) relative humidity, and 25/22 °C or

15/13 °C (day/night) Plants that developed at suboptimal temperature were grown at

25/22 °C for 6 d before the temperature was switched to 15/13 °C The third leaf that

reached full expansion was used for experiments For the photooxidative treatment,

20 mm segments were cut from the middle part of the third leaves and sealed m

20000 mm3 flasks together with moistened paper The flasks were submerged in a water

bath (5 °C) and irradiated by two 400 W lamps (HPI-T, Philips, Belgium) providing a

PPFD of 1000 pmol mV

3.2.2 Superoxide detection

In situ production of superoxide (02) was detected on the basis of the superoxide-

dependent formation of formazane from p-nitrotetrazohum blue (NBT) according to

Doke and Ohashi (1988) Leaf segments were infiltrated under vacuum with NBT

solution (0 5 % [w/v] NBT, 10 mol m3 K-phosphate buffer, pH 7 0, 0 005 % [v/v]

Triton X-100), and exposed to hght for 15 mm Chloral hydrate (2500 kg m3) was used

to stop the NBT reaction (May et al 1996) and ethanol (96 %) to bleach the leaves
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3.2.3 Hydrogen peroxide detection

In situ generation of H2O2 was detected with 3,3'-diaminobenzidme tetrahydrochlonde

(DAB) accordmg to the method of Thordal-Chnstensen et al (1997) Leaf segments

were infiltrated under vacuum with DAB solution (0 2% [w/v] DAB, 10 mol m3

K-phosphate buffer, pH 7 0, 0 005 % [v/v] Tnton X-100), and exposed to hght for

60 mm The leaf segments were bleached m boihng ethanol (96 %) for approximately

10 nun (Thordal-Chnstensen et al 1997) Then they were scanned (HP ScanJet 4c,

Helwett-Packard), the staining was quantified by the average brightness of leaf images

usmg a graphic program (Paint Shop Pro 4 10, JASC, Eden Prairie, MN, USA) The

brightness of a leaf segment, that was not infiltrated with DAB, was used to set zero For

some experiments, the DAB solution was supplemented with ascorbate to 10 or 100 mol

m3 For DCMU pretreatment, leaf segments were incubated m the dark for 1 h in

200mmol m3 DCMU (Sigma) which was dissolved in 1 % (v/v) ethanol and 0 01 %

(v/v) Triton X-100 The efficiency of the DCMU treatment was determined by the

monitoring chlorophyll a fluorescence (F,) durmg the onset of illumination usmg a pulse

amplitude modulation fluorometer (PAM-2000, Walz, Effeltnch, Germany)

3.3 Results

NBT-infiltrated leaf segments that were exposed to hght developed a blue-gray precipita¬

tion within 15 mm, mdicatmg the formation of superoxide This occurred predommantly

m the ceUs of the lower surface of the leaf but not m the epidermis, as was observed by

microscopy (data not shown) Hence, the generation of superoxide was restricted to

individual ceU groups Woundmg also induced the formation of superoxide, mdicated by

a strong NBT reaction on both of the cut edges of the leaves (Figs 3 1 & 3 2) The NBT

reaction occurred under high hght intensity at either 25 °C or 5 °C as weU as under

growth conditions (25 tor 15 °C, 350 pmol m2 s') (Fig 3 1) Differences in the

quantity of the NBT reaction were found between the 25 °C leaves and the 15 °C leaves

(Figs 3 1 & 3 2) In the 15 °C leaves, the NBT reaction was more diffuse, whereas a

strong but irregular NBT reaction was found in the 25 °C leaves
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Fig. 3.1: Effect of temperature and light intensity on the in situ NBT

reaction in the thud leaf developed at 25 °C and 15 °C Typical
leaves from three to six replications are shown
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25 °C
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| |

Fig. 3.2: Response of the in situ NBT reaction in leaves grown at 25 °C

(upper row) and 15 °C (lower row) to the high hght intensity

treatment (1000 pmol m2 s ') at 5 °C for up to 24 h Typical
leaves from three to six replications are shown
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Table 3.1: Effect of temperature and hght mtensity on the in situ DAB

reaction m relative values (the staining of a bleached leaf that was

not infiltrated with DAB was set as zero) in the third leaf grown

at 25 °C and 15 °C Number of replications are given m paren¬

theses

temperature light intensity DAB reaction (n)

grown at 25 °C grown at 15 °C

growth temp 350 pmol mV 414(4) 30 6(8)

25°C lOOOumolmV 55 6(4) 39 9(8)

5°C lOOOpmolmV 42 4(6) 27 7(3)

Leaf segments infiltrated with DAB became brown after being exposed to hght for one

hour The mtensity of the DAB reaction depended on the temperature and hght mtensity

durmg incubation as weU as on the growth temperature of the mvestigated leaf (Table

3 1) The strongest DAB reaction occurred when the leaves were mcubated at 25 °C and

a hght mtensity of 1000 pmol m2 s
'
Lower temperature as weU as lower light mtensity

caused a marked decrease m the DAB reaction The DAB reaction under the growth

conditions was comparable to that under low temperature and high hght mtensity Leaves

developed at suboptimal temperature always showed less discolouring of polymerized

DAB than leaves grown at optimal temperature

To mvestigate the formation of superoxide and H202 durmg photooxidative stress, leaf

segments were exposed to high hght mtensity (1000 pmol m2 s ') at 5 °C for up to 24 h

Thereafter, they were infiltrated with NBT or DAB and mcubated again under photo¬

oxidative conditions Durmg the photooxidative treatment, the formation of superoxide

decreased with time m 25 °C leaves and had almost ceased after 18 h (Fig 3 2) In 15 °C

leaves, this decrease was delayed, and there was even an mcrease in the formation of

superoxide after 18 h

The photooxidative treatment alone also caused a brown discolouration of the leaves

which could not be removed by ethanol Therefore, to determine the DAB reaction, the

background colour had to be subtracted from the total hue of the leaf Durmg the

photooxidative treatment, the amount of the DAB reaction product decreased from the
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Fig. 3.3: Response of the DAB reaction in situ in relative values (the

stammg of a bleached leaf that was not infiltrated with DAB was

set as zero) m leaves grown at 25 °C (filled symbols) and 15 °C

(open symbols) to high hght intensity treatment (1000 pmol m2

s ') at 5 °C Values are means ± SD of three to six replications

beginning of the treatment up to 8 h in 25 °C leaves and up to 12 h in 15 °C leaves (Fig

3 3) Thereafter, the mtensity of the DAB reaction clearly mcreased However, it then

decreased agam in 25 °C leaves Apart from this, 15 °C leaves always exhibited a smaller

amount of the DAB reaction product, except after 24 h of the photooxidative treatment

The background colour increased contmuously durmg the photooxidative treatment m

25 °C leaves and was much more intense than in 15 °C leaves

Table 3.2: Effect of ascorbate on the DAB reaction in situ m relative values

(the stammg of a bleached leaf that was not infiltrated with DAB

was set as zero) m 25 °C leaves pretreated with DCMU or for

24 h under high light intensity (1000 pmol m2 s ') at 5 °C

pretreatment infiltration DAB reaction n

.„ 42 4 6

— 10 mol m ascorbate 27 8 3

200 mmol m3 DCMU - 31 8 6

200 mmol m3 DCMU 10 mol m3 ascorbate 26 6 6

24 h photooxidation - 29 9 9

24 h photooxidation 10 mol m ascorbate 186 5

24 h photooxidation 100 mol m3 ascorbate 162 3
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The DAB reaction was minimized when leaves were infiltrated with additional ascorbate

(Table 3 2) Moreover, pretreatment with 200 mmol m3 DCMU for 1 h in the dark

decreased the DAB reaction Additional ascorbate m DCMU-treated leaves reduced the

DAB reaction only slightly more than m leaves treated with DCMU alone In leaves

exposed to high hght mtensity at 5 °C for 24 h, the DAB reaction was decreased by

adding 10 mol m3 of ascorbate and to a greater extent by adding 100 mol m3

3.4 Discussion

The formation of ROS increases under various stress conditions (Elstner et al 1988)

The present results mdicate that excess hght mtensity, higher than that under which the

plants were grown, mcreased the H2O2 content Similar results were obtamed for

Arabidopsis under excess hght stress (Karpinski et al 1997) However, under high hght

mtensity, low temperature reduced the H2O2 content (Table 3 1) This finding is

supported by a decrease in the H2O2 content, by about 60 %, when cucumber leaves

were exposed to chihing temperature (Streb 1994) Similar results for pea and mung

bean leaves were reported (MacRae & Ferguson 1985) The content of H202 in plants

grown at suboptimal temperature was lower than in those grown at optimal temperature

The lower H202 content m 15 °C leaves was also found under high hght mtensity when

leaves were treated at 25 "C as weU as at 5 °C Similarly, the NBT reaction, which

mdicates the presence of superoxide, was weaker in 15 °C leaves than m 25 °C leaves

This effect is probably caused by reduced superoxide formation and, consequently,

reduced H202 formation due to lower photosynthetic electron transport activity or to a

more efficient dissipation of excess hght energy which was also observed by Haldimann

et al (1996) On the other hand, 15 °C leaves may better quench ROS, because they

have greater amounts of certain antioxidants than 25 °C leaves (Fig 2 5)

Durmg the course of the photooxidative treatment, the formation of superoxide slowed

down and was not detectable in 25 °C leaves after 24 h (Fig 3 2) In isolated thylakoids

of different plant species, the superoxide production was reduced by 50 to 70 % when

temperature was decreased from 25 °C to 5 °C m the absence of any electron acceptor

except oxygen (Hodgson & Raison 1991) This temperature effect disappeared in the

presence of electron acceptors like ferredoxin or methyl viologen Based on the

observation that photooxidative stress led to a fast decrease m the maximum quantum



26

efficiency of PS II primary photochemistry (Fig 2 1), it is concluded that photosynthetic

electron transport slowed down and that the production of superoxide, which is mostly

generated by electron transfer to oxygen at PS I, might be prevented at this site

Therefore, the MAP reaction could no longer protect the photosynthetic apparatus from

damage by providing an alternative electron sink

Since photorespiration in maize does not occur to a significant extent (De Veau & Burns

1989), it is assumed that H202 is generated mostly by the MAP reaction as a result of the

dismutation of superoxide Therefore, the generation of H2O2 should occur with the

generation of superoxide as long as the activity of SOD does not change markedly The

high hght intensity treatment at chilling temperature caused a decline in the H202 content

at the beginning of the treatment, as was expected from the decrease in the formation of

superoxide (Fig 3 3) With time, the H202 content rose at the same tune as the

breakdown of scavengmg systems occurred (Fig 2 5) Smce the formation of superoxide

in 25 °C leaves was not maintained for more than 18 h, the content of H202 decreased

agam Consequently, the formation of smglet oxygen in the antenna might be enhanced

Smglet oxygen seems to be mvolved in pigment bleaching (van Hasselt 1976, Wise &

Naylor 1987), and a marked increase in pigment bleaching was observed after 12 h of the

photooxidative treatment as shown in Fig 2 2 In 15 °C leaves, a considerable increase m

superoxide formation and in the H202 content was observed after 12 h of photooxidative

treatment Since the maximum quantum efficiency of PS II primary photochemistry was

almost zero at this time, as was shown in Chapter 2 (Fig 2 1), it seems that, in this case,

sites other than PS II donate electrons to PS I for the formation of superoxide For

example, there are mdications of a NADH dehydrogenase complex in the chloroplasts

which probably donates electrons directly to the plastoqumone m the intersystem cham

(Asada et al 1992) In mesophyU ceUs of maize, it was found that electrons can be

donated to the intersystem cham via NADPH (Asada et al 1993) Furthermore,

superoxide might be produced by photosensitized oxidation in the hght harvesting

complex (Asada & Takahashi 1987) ImtiaUy, the formation of superoxide seems to be

harmful, but the reduction of oxygen by electrons m the photosynthetic electron

transport chain is probably a harmless way to dissipate excess excitation as long as there

is a sufficient amount of antioxidants (1 e SOD, MDAR and ascorbate) (Polle 1996)

Thordal-Chnstensen et al (1997) reported that DAB polymerizes as soon as it comes

into contact with H2O2 in the presence of peroxidase They proposed usmg this method

to detect H2O2 m plant material They also observed that the infiltration of DAB together
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with ascorbate stopped the reaction of DAB with H2O2 completely Therefore, it was

suggested that the stammg reflected the presence but not the formation of H2O2

However, the present results indicate that DAB polymerization is feasible with sub¬

stances other than H2O2, because it could not be completely stopped by ascorbate which

is an effective quencher of H202 Furthermore, blockmg the photosynthetic electron

transport cham by DCMU did not prevent the DAB reaction totally, although no

production of superoxide radicals is expected by PS I, which seems to be the major

source of H202 However, the formation of radical at PS II was observed in DCMU-

treated Euglena gracilis (Tschiersch & Ohmann 1993) It was demonstrated that DAB

protects pigments agamst photooxidative degradation probably because it reacts with

hght-mduced singlet oxygen (van Hasselt 1976) It is uncertain whether or not the

reaction of singlet oxygen with DAB results in a polymerization of DAB

Based on these results and those in Chapter 2, chilhng-induced photooxidation is

proposed as foUows the down-regulation of PS II, reflected by a rapid decrease in

FJFm, results in a decrease in superoxide generation at the acceptor site of PS I The

formation of smglet oxygen m the hght harvesting complex is promoted under these

conditions Thereby, smglet oxygen is quenched by a-tocopherol and P-carotene, and

superoxide is scavenged by SOD and H2O2 by ascorbate and glutathione The content of

antioxidants eventuaUy declines due to the slowdown of biosynthesis and of repair at low

temperature ROS-induced damage of the photosynthetic apparatus increases FmaUy,

the generation of smglet oxygen is accelerated m the non-functioning photosynthetic

apparatus and can no longer be quenched, resulting in pigment bleaching

Taking this scenario into account, the advantage of acclimation at suboptimal growth

temperature seems to be the mcrease m the antioxidant content which lowers H2O2 con¬

centration and mamtams the abihty to dissipate excess electrons via the MAP reaction

AdditionaUy, the reduction of photosynthetic electron transport due to a decrease m the

PS II efficiency slows down the formation of superoxide radicals and, consequently, that

of H2O2 The disadvantage of the lowered PS II efficiency seems to be an increase m the

risk of smglet oxygen formation m the antenna However, this may be diminished by up-

regulation of the dissipative mechanism, e g ,
zeaxanthin formation, and by an mcrease in

a singlet oxygen quencher such as a-tocopherol
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4 EFFECTS OF ARTIFICIALLY INCREASED ASCORBATE

CONTENT ON THE PHOTOSYNTHETIC APPARATUS AND ON

ANTIOXIDANTS DURING PHOTOOXIDATIVE STRESS

4.1 Introduction

In higher plants, ascorbate is a product of hexose metabolism However, the pathway of

ascorbate biosynthesis is still not completely understood (Foyer 1993) Although

L-galactono-y-lactone (GyL) does not seem to be a natural constituent of higher plants,

it is converted to ascorbate This reaction is catalyzed by L-galactono-y-lactone dehydro¬

genase (EC 13 2 3) and can be inhibited by the phenanthndine alkaloid lycorme

(De Gara et al 1994) GyL was used in several studies to increase the ascorbate content

m different plant species and tissues (Hausladen & Kunert 1990, Kar et al 1993)

Kar et al (1993) mcreased the ascorbate content by supplying winter rye leaves with

GyL However, the higher ascorbate content m the plants in their study could not prevent

the photoinactivation of catalase and of the photosystem II during senescence

It was shown m Chapter 2 that maize leaves developed at suboptimal temperature were

less sensitive to photooxidative stress than leaves grown at optimal temperature, due

perhaps to their higher capacity for energy dissipation and an mcrease m the content of

antioxidants To determine whether this effect is caused by the antioxidants or by the

dissipative mechanisms, the ability of leaves with an artificiaUy increased content of

ascorbate to resist photoinhibition and photooxidative stress was investigated It is

known that ascorbate also influences the de-epoxidation of the xanthophyll cycle pool,

thus, the effect of GyL treatment on zeaxanthm formation and energy dissipation was

also studied
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4.2 Materials and methods

4.2.1 Growth and treatment conditions

Zea mays L seedlmgs of the mbred line Z7 were grown m growth chambers (PGW36,

Conviron, Wmnipeg, Canada) The plants developed under a photopenod of 12 h at

350 pmol m2 s
'

PPFD, 60/70 % (day/night) relative humidity, and 25/22 °C (day/night)

The third leaf that had just reached full expansion was investigated The leaf was cut,

placed m 10 mol m3 L-galactono-y-lactone (Fluka) dissolved m 10 mol m3 K-phosphate

buffer at a pH of 7 0 and mcubated m a growth chamber for 24 h at 25 °C, 100 pmol m2

s
'

PPFD, 60 % relative humidity, interrupted by a 12 h dark period at 23 °C and 70 %

relative humidity In the high hght treatment, leaf segments were cut and sealed m

20000 mm3 flasks together with moistened paper The flasks were submerged m a water

bath (5 °C) and irradiated by two 400-W lamps (HPI-T, Phihps, Belgium), resulting in a

PPFD of 1000 pmol m2 s
'

After the treatment, the leaf segments were frozen m hquid

nitrogen and stored at -80 °C until assay

4.2.2 Determination of pigments and antioxidants

4.2.2.1 Pigment and a-tocopherol assay

For the a-tocopherol and pigment assays, leaf segments were homogenized m liquid

nitrogen and extracted in ice-cold extraction buffer (80 % [v/v] acetone, 10 mol m3

Tncme, pH 8 0, 7 mol m3 Na-ascorbate) An ahquot of 400 mm3 was used for pigment

determination by reverse-phase HPLC accordmg to Gilmore and Yamamoto (1991) with

the foUowmg modifications solvent A was run isocraticaUy for 0 to 10 mm followed by a

5 mm hnear gradient to 100 % solvent B, then solvent B was run isocratically for 2 mm

longer before the column was re-equihbrated for 5 mm with solvent A Solvent mixtures

were A, 80 10 10 of acetomtrile methanol Tns HCl (0 1 kmol m3, pH 8 0), B, 68 32 of

methanol ethylacetate The chromatographic system was a Hewlett-Packard 1090 Series

hquid chromatograph with a Sphensorb ODS-1 column (4 6 x 250 mm, 5 pm particle

size) The injection volume was 20 mm3, and the flow rate was 2000 mm3 min'

Detection was at 445 nm The concentration of purified pigments was determined photo-

metncaUy (U-2000, Hitachi, Tokyo, Japan) usmg absorption coefficients summarized by

Davies(1976)
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For the a-tocopherol measurement, the rest of the extract was mixed with 1000 mm3

hexane, and 5000 mm1 water were added The hexane layer was collected and the water

phase re-extracted with 1000 mm3 hexane The pooled hexane fraction was evaporated

under N2 to dryness, resuspended in 500 mm3 methanol, and separated by HPLC (Jasco,

Tokyo, Japan) Isocratic separation was done on a Supelcosil LC-18 column (4 6 x

150 mm, 3 pm particle size) usmg 50 40 0 75 of methanol acetomtrile Na-acetate-buffer

(0 5 kmol m3, pH 4 9) from 0 to 12 mm, and ethylacetate from 12 to 13 mm The

column was re-equihbrated for 5 min The injection volume was 20 mm1, and the flow

rate was 1200 mm3 min' Detection of a-tocopherol was made at +0 6 V using an

amperometnc detector cell with a glassy carbon electrode (LC-44, BAS Techmcol,

Congleton, UK) and quantified by peak area mtegration using data acquisition software

(JCL6000, Jones Chromatography, Hengoed, UK) The a-tocopherol peak was

identified according to its retention time as compared to a standard (Sigma)

4.2.2.2 Ascorbate assay

The ascorbate content was determined by HPLC accordmg to Behrens and Madere

(1987) Leaf discs were homogenized in hquid nitrogen and extracted in ice-cold

extraction buffer (40 % [v/v] methanol, 0 75 % [w/v] meta phosphoric acid, 16 7 mol

m3 oxalic acid, 0 127 mol m3 DTPA) The extract was centnfuged for 10 mm at

6000 x g, and 100 mm3 of the supernatant were transferred to 900 mm3 of the mobile

phase (24 25 mol m3 Na-acetate / acetic acid, pH 4 8, 0 1 mol m3 DTPA, 0 015 % [w/v]

meta phosphoric acid, 0 04 % [v/v] octyl amine, 15 % [v/v] methanol) For total

ascorbate (reduced and oxidized) determination, 100 mm3 of the supernatant were

incubated for 10 mm at room temperature with 25 mm3 of 2 % (w/v) DTT and 50 mm3

of 200 mol m3 NaHCOi The reaction was stopped by adding 25 mm3 of 2 % (v/v)

sulfuric acid and 800 mm3 of the mobile phase Isocratic separation was made on a

Sphensorb C8 column (4 6 x 250 mm, 5 pm particle size) The injection volume was

20 mm3 and the flow rate 800 mm3 mm' Detection was made at +0 7 V usmg an

amperometnc detector ceU with a glassy carbon electrode (LC-44, BAS Techmcol,

Congleton, UK) Peaks were quantified by peak area mtegration with data acquisition

software (JCL6000, Jones Chromatography, Hengoed, U K) Ascorbate was identified

according to its retention time as compared to a standard (Sigma)
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4.2.2.3 Glutathione assay

Reduced glutathione (GSH) was measured by HPLC Leaf discs were homogenized in

liquid nitrogen and extracted m ice-cold extraction buffer (100 mol m3 5-sulfosahcyhc

acid, 100 mmol m3 diethyldithiocarbamate) The extract was centnfuged for 10 nun at

6000 x g, and 500 mm3 of the supernatant were transferred to 500 mm3 of the mobile

phase (50 mol m3 citrate / NaH2P04, pH 2 4,1 % [v/v] acetomtrile) Isocratic separation

was made on a Sphensorb C8 column (4 6 x 250 mm, 5 pm particle size) The injection

volume was 20 mm3 and the flow rate 800 mm3 mm' Detection was made at +0 8 V

using an amperometnc detector ceU with a gold electrode (LC-44, BAS Techmcol,

Congleton, UK) and quantified by peak area integration usmg data acquisition software

(JCL6000, Jones Chromatography, Hengoed, UK) Glutathione was identified

according to its retention time as compared to a standard (Sigma)

4.2.3 Chlorophyll a fluorescence

The chlorophyll a fluorescence was measured with a pulse amplitude modulation

fluorometer (PAM-2000, Walz, Effeltnch, Germany) The maximum quantum efficiency

of PS II primary photochemistry (FJFm) was measured as described in Chapter 2 2 5

The mduction of non-photochemical quenching (NPQ) and F,7Fro' was measured m a

leaf disc chamber (LD2, Hansatech, King's Lynn, U K) m C02-ennched air (ca 5 %) at

5 °C Light was provided by a Bjorkman lamp (LS2, Hansatech, King's Lynn, UK)

resulting in a PPFD of 1000 pmol m2 s
'

4.3 Results

The infiltration of detached leaves with L-galactono-y-lactone (GyL) resulted in a four¬

fold higher leaf ascorbate content (Fig 4 1) The ascorbate content per leaf area of GyL-

treated leaves increased to 2 47 ± 0 16 mmol m2 compared to control leaves with an

ascorbate content of 0 58 ± 0 04 mmol m2

The size of the xanthophyU cycle pool was not influenced by the enrichment of the

ascorbate content (Figs 4 2a, b & c) However, a smaU part of the xanthophyll cycle pool

pigments m GyL-treated leaves was de-epoxidized to antheraxanthm (Fig 4 2b)
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Fig. 4.1: Leaf ascorbate content in control leaves and leaves treated with

10 mol m3 L-galactono-y-lactone Values are means ± SD from
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Zeaxanthin was not present m the GyL leaves or m the control leaves (Fig 4 2c)

Exposure to high hght intensity m the cold resulted m the de-epoxidation of the

xanthophyll cycle pool (Fig 4 2d) The xanthophyU cycle pool reached its maximal de-

epoxidation state after 180 mm when the ratio of AZ VAZ was 0 53 ± 0 01 m control

leaves and 0 57 + 0 03 in GyL leaves respectively Zeaxanthm formation in GyL-treated

leaves was faster than in control leaves After 30 mm of treatment, the zeaxanthm

content in GyL treated leaves reached about 40 % (14 8 mmol mol' Chi a+b) of its

maximum, while m control leaves it was lower than the detection limit of the HPLC

system Between 30 and 120 min, the zeaxanthm content was significantly (p<0 05)

higher m GyL-treated leaves than m control leaves At 180 mm, however, the differences

in the violaxanthm and zeaxanthm contents as well as in AZ VAZ ratios were not

significant between GyL leaves and control leaves Half of the maximal de-epoxidation

(t v,) occuned in GyL leaves after 30 min and after 60 min in control leaves

T
.

Al
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Smce GyL leaves de-epoxidized the xanthophyU cycle pool faster than control leaves, the

investigation was continued to determme whether this mfluenced the development of

non-photochemical quenching (NPQ) and the efficiency of absorbed photons reaching

the PS II reaction centre (F»7Fm') Therefore, Fv7Fm' and NPQ were measured under

identical conditions for the first hour of the treatment (Fig 4 3) After 30 mm of the high

hght treatment at 5 °C, most of the NPQ and Fv7Fm' had reached steady state values

Half of the dechne (t./,) m F„7Fm' occurred within 8 min, whereas the mduction of NPQ

had a t./, of 11 mm in control leaves and 9 mm in GyL leaves Although a faster de-

epoxidation in GyL leaves compared to control leaves was observed, the course of the

Fv7Fm' decline and NPQ development were almost the same in both leaf types

0 10 20 30 40 50 60

time (mm)

Fig. 4.3: Development of Fv7Fm' (a) and NPQ (b) in leaves treated with

10 mol m3 L-galactono-y-lactone (open symbols) and control

leaves (filled symbols) during the high hght mtensity treatment

(1000 pmol m2 s') at 5 °C Values are means ± SD of five

replications
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Recovery from the photoinhibition of photosynthesis was monitored after leaves were

irradiated with high light intensity (1000 pmol m"2 s"1) in the cold (5 °C) for one or four

hours (Fig. 4.4). The maximum quantum efficiency of PS II primary photochemistry

(Fw/Fm) dropped from 0.75 to approximately 0.6 within 1 h and to 0.3 within 4 h. In

leaves which were subjected to the photoinhibitory treatment for 1 h, FJFm recovered

within 4 h of being transferred to low light intensity (10 pmol m'2 s"') at 25 °C. In leaves

which were irradiated for 4 h, the recovery of FJFm started with a delay of 2 h and was

almost complete after about 24 h. Photoinhibition as weU as the recovery of FJFm were

the same in control and pretreated leaves.

Upon exposure to high Ught intensity at 5 °C for up to 24 h, leaf segments showed

symptoms of photooxidation, namely a degradation of pigments. The decline in the

content of chlorophyll was slower than the decline in the content of P-carotene (Fig.

4.5). When the content of pigments was plotted against the ascorbate content of the

same leaf, a linear correlation between both was obvious (Fig. 4.6). Thereby, lutein

U.*

Fig. 4.4: Time course of photoinhibition of photosynthesis and recovery in

leaves treated with 10 mol m"3 L-galactono-y-lactone (open
symbols) and control leaves (filled symbols). Photoinhibition was

induced at 1000 pmol m'2 s'1 and 5 °C for 1 or 4 h. Recovery
was at 10 pmol m"2 s'1 and 25 °C. Values are means ± SD of six

replications.
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replications

showed similar sensitivity to photooxidative conditions as did chlorophyll a, whereas

neoxanthin is similarly susceptible to photooxidation as P-carotene Differences in the

extent of pigment degradation between GyL-treated leaves and control leaves were not

apparent (Fig 4 5) This is also indicated by the same mtersection of both regressions

with the y axis (pigment contents) (Fig 4 6) In leaves treated with GyL, the amount of

GSH and a-tocopherol were not significantly affected by the GyL treatment (Figs 4 7b &

c) The amounts of the hydrophihc antioxidants ascorbate and GSH were relatively stable
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Samples were taken durmg the photooxidative treatment

(1000pmolm2s',5°C)

for the first 6 h of the photooxidative treatment and then decreased rapidly (Figs 4 7a &

b) In GyL leaves, the ascorbate content was stdl higher after 24 h of photooxidative

stress than m control leaves before the photooxidative treatment The content of DHAsc

mcreased during photooxidative stress but did not counterbalance the declme of

ascorbate (Fig 4 7a) Durmg the course of photooxidation, the content of GSH was

always slightly lower in GyL-treated leaves than in control leaves (Fig 4 7b) However,

the breakdown of GSH started at about the same time The content of a-tocopherol

decreased under photooxidative stress (Fig 4 7c) A similar decrease m both leaf types

mdicates that the enriched amount of ascorbate in GyL-treated leaves had no significant

influence on the degradation of a-tocopherol (Fig 4 8)
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When the ascorbate content was plotted agamst the content of GSH, it was obvious that

GSH was more sensitive to photooxidative stress in GyL-treated leaves than m control

leaves (Fig 4 8a) In control leaves, the mtersection of the regression was at 0 3 mmol

m2 ascorbate whereas in GyL leaves it was at an ascorbate content of 1 mmol m The

finding that the degradation of a-tocopherol could not be diminished by the artificiaUy

mcreased ascorbate content is confirmed by almost the same mtersection of the

regressions with the x axis (ascorbate content) (Fig 4 8b)
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Fig. 4.8: Correlation between ascorbate content and the glutathione (a)

and a-tocopherol (b) contents m leaves treated with 10 mol m3

L galactono y-lactone (open symbols, dotted line) and control

leaves (fiUed symbols, solid line) Samples were taken durmg the

photooxidative treatment (1000 pmol m2 s ', 5 °C)

4.4 Discussion

The mfiltration of cut maize leaves with L-galactono-y lactone (GyL) resulted in a

four fold mcrease m the leaf ascorbate content (Fig 4 1) This accumulation of ascorbate

was comparable to results for spmach ceUs (Hausladen & Kunert 1990) and rye seedlmgs

(Kar etal 1993)

When leaves were exposed to high hght mtensity in the cold, the xanthophyU cycle pool

was de-epoxidized The maximal de-epoxidation state (AZ VAZ) as weU as the total

amount of the xanthophyll cycle pigments were the same m both leaf types and
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comparable with the results described m Chapter 2 (Fig 2 1) However, the de-

epoxidation was significantly faster m GyL leaves than in control leaves Since ascorbate

is an essential cofactor of the de epoxidation of violaxanthm and antheraxanthm

(Yamamoto et al 1972), this indicates that a least some of the ascorbate produced from

GyL is located within the chloroplast Similarly in wheat leaves, treated with ascorbate

and then exposed to growth conditions (400 pmol m2 s' at 25 °C) for 3 h, the

xanthophyU cycle pool was de-epoxidized to a greater extent than m leaves which were

not treated with ascorbate (Choudhury et al 1993) The presented results demonstrated

that ascorbate accelerated the de-epoxidation of the xanthophyU cycle pool and shifted

the equilibrium of the photoconvertible xanthophyU cycle pigments to the de-epoxidized

species It seems, therefore, that m untreated leaves, the rate of de-epoxidation is

somewhat limited by the concentration of ascorbate This would also explam the shift to

the de-epoxidized species under steady state conditions in GyL leaves

Numerous studies demonstrated a correlation between the zeaxanthm content and non-

photochemical quenching (Esking et al 1997) Demmig-Adams and Adams (1996)

found a hnear correlation between the de-epoxidation state of the xanthophyU cycle

(AZ VAZ) and Fv7Fm' However, the half-time mduction of NPQ as weU as half-time

declme of Fv7Fm' were much faster than the half-time of de-epoxidation These results

throw the close correlation between the de-epoxidation state and non-photochemical

quenchmg mto doubt It must be stressed that these results describe the mduction phase

of zeaxanthm formation and non-photochemical quenching, whereas most of the studies

focused on the correlation between the de epoxidation state and non-photochemical

quenchmg under steady state conditions (Demmig-Adams et al 1995, Demmig-Adams

& Adams 1996, Gilmore et al 1996) Another explanation for the low correlation

between the de-epoxidation state and non-photochemical quenchmg may be that the

zeaxanthin-dependent non photochemical quenching was concealed by other non-

photochemical quenchmg mechanisms Three major mechanisms of non-photochemical

quenchmg have been described, namely energy-dependent (qE), state transition-

dependent (qT), and photoinhibitory (qi) fluorescence quenchmg The half-time relaxation

of qE is 20 to 30 s and of qT 8 mm, whereas q, is defined as an irreversible part of

quenchmg (Somersalo & Krause 1990) It is assumed that the energy-dependent non-

photochemical quenchmg (qE) is the fastest developmg quenchmg mechanisms Under
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physiological conditions, qE seems to be the major non-photochemical quenchmg

mechanism (Baker & Horton 1987) Adams and Demmig-Adams (1995) propose that

the first rapid mcrease m non-photochemical quenching reflects an increase m ApH and

that the later slower increase m non-photochemical quenchmg is zeaxanthm dependent,

after leaves of Vinca minor were suddenly exposed to high hght mtensity at 5 °C

Evidence was presented that qE is zeaxanthm-dependent (Neubauer & Yamamoto 1992,

Ruban et al 1993) Although the de-epoxidation of the xanthophyll cycle pool was

accelerated m leaves treated with GyL due to the higher ascorbate content, neither a

faster development of NPQ, nor a faster decrease in F»7Fm' was observed Therefore,

these results mdicate that the major part of non-photochemical quenchmg is mdependent

of the de-epoxidation state durmg the mduction phase and that probably only a smaU part

of the zeaxanthm contributes to non-photochemical quenchmg Similarly, Thiele and

Krause (1994) proposed that zeaxanthm acts as a non-photochemical quenchmg

mechanism m energized thylakoids by stimulating the qe process and does not seem to be

a quencher of excess energy per se

Photoinhibition of photosynthesis, expressed as decrease m FJFm was identical in both

leaf types when leaves were exposed to high irradiance at low temperature The declme

in FJFm under photoinhibitory conditions was mdependent of the zeaxanthm content m

maize leaves acclimated and not acclimated to low temperature as discussed m Chapter 2

and by Haldimann et al (1996) Furthermore, the rate and extent of the recovery of

FJFm was the same for GyL-treated leaves and for control leaves, although only 55 % of

the zeaxanthm in the GyL leaves were found in the control leaves after 1 h of photo-

inhibitory treatment In chilhng-acclimated maize leaves, Haldimann et al (1996)

observed a faster recovery of FJFm after photoinhibition They proposed that this was

due to a better capacity for energy dissipation, which was probably related to a higher

content of zeaxanthm However, the present results suggest that the faster zeaxanthin

formation does not affect the development of non-photochemical quenchmg at low

temperature and did not accelerate the recovery of FJFm after photoinhibition

Photooxidation of leaf pigments was diminished m chilling-tolerant species but not m

chiUmg-sensitive species (Wise & Naylor 1987) or m maize plants which were acclimated

to suboptimal growth temperature (Chapter 2) In Chapter 2 it was suggested that more

efficient dissipation of excess excitation and the higher amount of antioxidants seem to
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be the major defence mechanisms agamst photooxidation Since pigment degradation

was not mfluenced by the GyL treatment (Figs 4 5 & 4 6), it is clear that the enrichment

of ascorbate and the ascorbate-dependent acceleration of zeaxanthm formation can not

dimmish photooxidation of pigments m the present case Photooxidative degradation of

pigments can be prevented by singlet oxygen quenchers (van Hasselt 1976) Ascorbate

reacts with singlet oxygen at rate 1000-time lower than that of zeaxanthm (Larson 1988,

Di Mascio et al 1990) Therefore, it is unlikely that ascorbate offers direct protection

agamst the degradation of pigments However, ascorbate is able to recycle in vitro the

tocopheroxyl radical to a-tocopherol (Buettner 1993), a more effective smglet oxygen

quencher than ascorbate, 280 x 106 M '
s

'

compared to 10 x 106 M '
s

'

(Di Mascio et

al 1990, Larson 1988) Nevertheless, the GyL-induced ascorbate enrichment did not

prevent the degradation of a-tocopherol in vivo (Figs 4 7 & 4 8) In addition, the

maximal de-epoxidation state of the xanthophyU cycle pool was the same for both

treatments, and, thus, the ascorbate-dependent acceleration of zeaxanthm formation

alone seemed to be insufficient to trap the excess excitation Therefore, accordmg to the

„molecular gear shift" hypothesis of Frank et al (1994), the formation of singlet oxygen

was not diminished by zeaxanthin

In GyL leaves, the amount of ascorbate declined within 24 h by about 1 2 mmol m2,

more than the ascorbate content in control leaves before treatment (Fig 4 7) The higher

consumption of ascorbate seemed to be due to ascorbate-dependent quenching of ROS

or to the autooxidation of ascorbate Furthermore, the redox state of the ascorbate pool

was always more reduced in GyL leaves than m control leaves Both processes mcreased

the requirement for reducmg agents such as GSH to reduce dehydroascorbate to

ascorbate This might explam the smaUer amount and the higher susceptibility of GSH m

GyL leaves than in control leaves (Figs 4 7 & 4 8) In spinach ceUs, mcreased

mtraceUular concentration of ascorbate after the GyL treatment had no effect on the

amount of glutathione (GSH + GSSG) (Hausladen & Kunert 1990) Therefore, it seems

that the ascorbate pool size can affect the redox state of glutathione without influencing

the total amount of glutathione

Ascorbate is considered to reduce the a-chromanoxyl radical to a-tocopherol (Fryer

1992, Buettner 1993) In GyL-treated leaves, the mcreased ascorbate content did not
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diminish the degradation of a-tocopherol The ascorbate content m the control leaves

was probably sufficient to recycle a-tocopherol with the maximal possible turnover,

assuming the model of a-tocopherol recychng by ascorbate Experiments on rat hver

peroxisomes indicated that ascorbate and a-tocopherol mteract and that both

antioxidants together enhance protection against peroxidation of phosphohpids (Leung et

al 1981) To date, enzymes capable of catalyzing the recycling of a-tocopherol by

ascorbate have not been described (Buettner 1993), the presence of this recychng system

in vivo has not been demonstrated

Compared to leaves grown at 25 °C and subjected to identical stress conditions

(Chapter 2), the extent of photooxidative damage was less in leaves examined in this

study In control leaves, the content of a-tocopherol was about 1 6 times and that of

glutathione almost 3 timers higher than in 25 °C leaves studied m Chapter 2 (Fig 2 5)

Although in both cases the leaves developed at 25 °C, the leaves in this study were cut

and subjected to low hght mtensity for one day Woundmg mduces oxidative stress

(Doke et al 1994), tnggermg glutathione synthesis, as demonstrated for several plant-

pathogen mteractions (Foyer et al 1997), durmg drought stress (Schern et al 1994) and

chilling stress (Badiani et al 1993, Kocsy et al 1996) In addition, oxidative stress

increases the synthesis of a-tocopherol (Moran et al 1994) Glutathione as well as the

a-tocopherol content was higher m leaves grown at suboptimal temperature than m

leaves developed at optimal temperature (Fig 2 5) Furthermore, high glutathione

content is correlated with chilling tolerance m maize genotypes (Kocsy et al 1996) The

present findings confirm the hypothesis of Chapter 2 that a-tocopherol and glutathione

prevent chilhng-induced photooxidative damage However, Wise and Naylor (1987)

demonstrated that the preincubation of cucumber leaves with 100 mol m3 ascorbate

significantly reduces ethane production that was mduced by photooxidative stress

Ascorbate probably diminishes photooxidative damage only at very high concentrations,

as used in their study, whereas the artificial mcrease in ascorbate in this study did not

provide more protection against photooxidative stress compared with control leaves

The amount of additional ascorbate that is located m the chloroplast is not known The

subcellular distribution of ascorbate, synthesized from GyL, has hardly been mvestigated

L-galactono-y-kctone dehydrogenase, which catalyzes the reaction of GyL to ascorbate,
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is bound to mitochondrial membrane m spinach leaves and was not found in mtact

chloroplasts (Mutsuda et al 1995) However, chloroplasts contam 20 to 40 % of the

ascorbate in mesophyll cells (Foyer 1993) Ascorbate m its uncharged species can diffuse

across the membranes The presence of ascorbate carriers was demonstrated for the

plasmalemma and the chloroplast envelope membrane, whereas ascorbate seems to cross

thylakoid membranes by diffusion alone (Foyer & Lelandais 1996) Therefore, increasing

the ascorbate content is expected in all organelles of GyL-treated maize leaves

Overall, the de-epoxidation of violaxanthm via antheraxanthm to zeaxanthin was accel¬

erated in GyL-treated leaves due to their higher ascorbate content However, the results

presented indicate that, m maize leaves, neither ascorbate nor the ascorbate-dependent

acceleration of zeaxanthin formation can protect agamst the photoinhibition of photo¬

synthesis and photooxidative damage to the photosynthetic apparatus Enrichmg of

ascorbate content appeared to mcrease the requirement of GSH but did not seem to

improve the recychng of a-tocopherol in vivo However, a protective effect of ascorbate

may have been masked by an unavoidable wounding-mduced accumulation of gluta¬

thione and a-tocopherol, which seemed to diminish photooxidative pigment degradation
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RESPONSE OF DEFENCE MECHANISMS AGAINST OXIDA¬

TIVE STRESS TO CHILLING STRESS AND FOLLOWING

RECOVERY

5.1 Introduction

In their natural environment, plants have to cope with daily and seasonal changes in

environmental conditions, e g , temperature or hght mtensity Insufficient adaptation to

low temperature may result in the formation of reactive oxygen species (ROS) due to the

absorption of excess light energy (Wise 1995) Down-regulation and alterations of

photosystem II (PS II) dimmish photodamage (Baker et al 1994) The variable PS II

function is controUed by demand and output of photosynthesis via lumenal pH and

stromal ATP concentration (Cntchley & RusseU 1994) PS II efficiency and energy

dissipation are very flexible processes and are regulated m minutes to hours, depending

on temperature (Adams & Demmig-Adams 1995, Demmig-Adams et al 1995) In

maize, photomhibition as down-regulation of PS II occurred when leaves were exposed

to high irradiance and is more pronounced at low temperature (Haldimann et al 1996,

Verheul et al 1995) Plants recovered from photoinhibition within hours, depending on

the extent of photomhibition (Ortiz-Lopez et al 1990, Jahn & Miehe 1996) and on the

temperature and hght conditions durmg recovery (Nie et al 1992, van Wijk & van

Hasselt 1993) In maize, previous acclimation at suboptimal temperature accelerated

recovery from photoinhibition (Haldimann et al 1996) De-epoxidation and epoxidation

of the xanthophyU cycle pool occurred parallel to down- and up-regulation of PS II and

are considered to be involved m energy dissipation mechanisms (Adams et al 1995,

Haldimann 1996, Haldimann 1997) Along with short-term changes in the de-epoxidation

state of the xanthophyU cycle, the pool size is controUed by environmental conditions

durmg development (Pfundel & Bilger 1994) In maize, pigment composition as well as

photosynthetic capacity are also altered by growth temperature (Haldimann et al 1995,

Haldimann et al 1996)

Furthermore, higher plants possess antioxidants to minimize the deleterious effects of

ROS (Ahmad 1995, Dalton 1995) In comparison to the very flexible regulation of the

photosynthetic apparatus, changes m the antioxidant content can be achieved only by

5
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their synthesis In maize, growth at suboptimal temperature results m an accumulation of

glutathione (Kocsy et al 1996, Hodges et al 1996), whereas exposure to severe chilling

stress causes its degradation (Badiani et al 1997) (see also Chapters 2 and 4) The

response of glutathione after a short period of stress does not seem to be uniform, in

sorghum, a decreasing glutathione content was observed after exposure to low

temperature (Badiani et al 1997), whereas Karpmski et al (1997) reported a short-term

mcrease m the glutathione content after high hght mtensity stress in Arabidopsis

Similarly, the synthesis of a-tocopherol is induced by moderate chiUing stress, whereas

severe chilling stress causes a-tocopherol degradation as shown in Chapter 2, by Walker

and McKersie (1993), and by Hodges et al (1996)

Thus, acclimation at suboptimal growth temperature diminishes photooxidative damage

in maize leaves, due perhaps to their greater capacity for energy dissipation and their

higher content of antioxidants The aim of this study was to mvestigate the responses of

the photosynthetic apparatus and antioxidants to chilling stress and foUowmg recovery

Maize plants, developed at optimal and at suboptimal temperature, were subjected to a

four-day chilling treatment, and photosynthetic parameters and antioxidant contents were

mvestigated before, during, and after chilling stress Conditions were chosen which

prevented chillmg-mduced wilting The mam goal was to determme whether acclimated

plants could recover from chilling stress faster than non-acchmated plants and whether

severe chilling induces further adaptation

5.2 Materials and methods

5.2.1 Growth and treatment conditions

Zea mays L seedlmgs of the mbred line Z7 were grown m growth chambers (PGW36,

Conviron, Winnipeg, Canada) m 0 001 m3 pots containing a sod sand mixture The plants

developed under a photopenod of 12 h at 450 pmol m2 s', 60/70 % (day/night) relative

humidity, and 25/22 °C or 15/13 °C (day/night) Plants developed at suboptimal temperature

were first grown at 25/22 °C for 6 d before the temperature was switched to 15/13 °C When

the third leaf had reached fuU expansion, the temperature was decreased to 6 °C durmg the

dark penod for 4 d A recovery phase foUowed at 25/22 °C or 15/13 °C Measurements were
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performed on the third fuUy expanded leaf Leaf segments were frozen in hquid nitrogen and

stored at -80 °C until assay

5.2.2 Pigment and tocopherol assay

For tocopherol and pigment assay, 30 mm leaf segments were homogenized in hquid nitrogen

and extracted m 6000 mm3 ice-cold extraction buffer (80 % [v/v] acetone, 10 mol m3 Tncme,

pH 8 0, 7 mol m3 Na-ascorbate) for 30 mm To determme the recovery of a-tocopherol, the

extract was spiked with 15 nmol y tocopherol which was about 20 times more concentrated

than the natural y-tocopherol content m maize leaves (Fig 2 5) An aliquot of 500 mm3 was

used for pigment determination by reverse phase HPLC accordmg to Gilmore and Yamamoto

(1991) (see Chapter422 1 for details) The rest of the extract was extracted m hexane,

evaporated in vacuo to dryness and resuspended m methanol, a-tocopherol and y-tocopherol

were separated by reverse phase HPLC (Jasco, Tokyo, Japan) as described m Chapter 2 2 3

5.2.3 Glutathione determination

The glutathione content was determined by the enzymatic recychng procedure in which

glutathione was oxidized by 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) and reduced by

NADPH m the presence of glutathione reductase (Griffith 1980) as described m

Chapter 2 2 4

5.2.4 Ascorbate determination

The ascorbate content was assayed photometncaUy by the reduction of 2,6-dichlorophenol

indophenol (DCPIP) accordmg to the method ofFranke (1955) as described m Chapter 2 2 3

5.2.5 Photosynthesis and chlorophyll a fluorescence

Photosynthesis was measured by COa fixation on the third leaf at 25 °C under a PPFD of

450 pmol m2 s' after 1 h adaptation at 25 °C usmg a LI-6200 (LI-COR, Lincoln, NE, USA)

ChlorophyU a fluorescence was measured with a pulse amplitude modulation fluorometer

(PAM-2000, Walz, Effeltnch, Germany) The maximum quantum efficiency of PS II primary

photochemistry (FJFm) was measured after 15 mm dark adaptation at 25 °C
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5.3 Results

Exposure of maize plants to low temperature (6 °C) resulted in a decrease in photo¬

synthetic activity (Fig. 5.1a). Before chilling stress, the photosynthetic activity of 15 °C

leaves was about 60 % in that of 25 °C leaves. A stronger decline in photosynthetic

activity during the chilling stress in 25 °C leaves led to a higher value in 15 °C leaves

after 3 5 d of chilling stress. After chilling stress, photosynthetic activity recovered to

about 70 % in 25 °C leaves and to more than 90 % in 15 "C leaves after 2.5 d at 25 °C

0 12 3 4 5 6 7

time (days)

Fig. 5.1: Photosynthetic COo assimilation rate at 25 °C and 450 pmol m

s'1 (a) and maximum quantum efficiency of PS II primary photo¬

chemistry (FJFm) (b) of maize seedlings grown at 25 °C (•) and

15 °C (O O) during a 6 °C phase (shaded area) and following a

25 °C (•, O) and a 15 °C phase (CO respectively. Values are

means ± SD of five replications.
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and 15 °C respectively The recovery of the photosynthetic activity of 15 °C leaves

occurred faster at 25 °C than at 15 °C During recovery at 25 °C, photosynthetic activity

of 15°C leaves was close to that of 25 °C leaves In contrast to the photosynthetic

activity, growth at suboptimal temperature had no influence on the maximum quantum

efficiency of PS II primary photochemistry (FJFm) (Fig 5 lb) Durmg chilling stress,

photomhibition of photosynthesis, as determined by the decrease m FJFm, occurred It

was much less in 15 °C plants than m 25 °C plants In 15 °C leaves, the recovery of

FJFm at 25 °C was almost complete within 0 5 d, whereas in 25 °C leaves, FJFm reached

its original value after 2 5 d When 15 °C plants were transferred back to 15 °C after

chilling stress, FJFm mcreased slowly, and the recovery of FJFm was not complete

within 2 5 d

Durmg chilling, the content of chlorophyU remained constant m 15 °C leaves as weU as m

25 °C leaves (Fig 5 2a) After the chilling treatment, when plants were transferred to

25 °C, chlorophyU accumulated in 15 °C leaves but decreased slightly m 25 °C leaves

The content of xanthophyU cycle pigments decreased m 15 °C leaves brought to 25 °C

and mcreased shghtly m 25 °C leaves durmg recovery (Fig 5 2b) Before the severe

chilling stress, the xanthophyll cycle pool was folly epoxidized m plants which developed

at 25 °C, whereas m plants grown at 15 °C the xanthophyU cycle pool was de-epoxidized

to about on third (Fig 5 2c) Chilling treatment at 6 "C mduced a de epoxidation of the

xanthophyU cycle pool After 3 5 d of chilhng treatment, the ratio of AZ VAZ was 0 87

+ 0 07 m 15 °C leaves and 0 69 ± 0 06 in 25 °C leaves respectively Durmg recovery, the

xanthophyU cycle pool became epoxidized at 25 °C, regardless of the previous growth

temperature, whereas the de-epoxidation state of 15 °C leaves was similar to that before

the stress

The antioxidant contents of the leaf tissue were affected by the growth temperature In

leaves which developed at suboptimal temperature, the content of a tocopherol per leaf

area was almost twice as high than that m leaves grown at optimal temperature (Fig

5 3a) Only m 15 °C leaves did the content of a-tocopherol mcrease shghtly durmg the

chilling stress However, within the first two days of recovery a two-fold mcrease in the

a-tocopherol content was observed m 25 °C plants on a leaf area basis, whereas the

corresponding values changed very little in 15 °C plants
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Fig. 5.2: Chlorophyll a+b (a), contents of xanthophyll cycle pigments (b),

and AZ:VAZ ratio (c) in the third leaf of maize seedlings grown

at 25 °C (•) and 15 °C (O, O) during a 6 °C phase (shaded area)

and following a 25 °C (#. O) and a 15 °C phase (O) respectively.
Values are means ± SD of five replications.

Furthermore, leaves which developed at 15 °C exhibited larger amounts of glutathione

and ascorbate (Fig. 5.3b & c). During chilling stress, the glutathione content remained

constant. A subsequent transfer to 25 °C induced a transient increase before the previous

level the of 25 °C plants was reached (Fig. 5.3b). No such changes occurred when plants
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recovered at 15 °C. The ascorbate content remained constant throughout the observation

period, with a slight transient decrease immediately after the stress (Fig. 5.3c). In 15 °C

plants, however, which recovered at 25 °C after the chilling stress, the ascorbate content

decreased to around that of the 25 °C plants.
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Fig. 5.3: a-Tocopherol (a), glutathione (b), and ascorbate (c) contents in

the third leaf of maize seedlings grown at 25 °C (•) and 15 °C

(O O) during a 6 °C phase (shaded area) and following a 25 °C

(•, O) and a 15 °C phase (O) respectively. Values are means ±

SD of five replications.
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5.4 Discussion

Photomhibition of photosynthesis, expressed as a decrease in the maximum quantum

efficiency of PS II primary photochemistry (Fv/Fm), is a well known response of maize to

chilling stress (Ortiz-Lopez et al 1990, Haldimann et al 1996, Szalai et al 1996) In the

present study, the decline in the photosynthetic activity was the same as photomhibition

of photosynthesis when expressed as a percentage of the control Plants grown at 15 °C

were less sensitive to cfnlhng-induced photomhibition than plants grown at 25 °C (Fig

5 1) Apart from this, the declme m the photosynthetic activity during chilling stress was

smaUer m leaves grown at suboptimal temperature than m leaves grown at optimal

temperature, as shown by Nie et al (1992) Similarly, acclimation of tomato plants to

high light mtensity diminished the extent of photomhibition during long-term chilling

(Jung & Steffen 1997) However, when detached maize leaves in the cold were subjected

to hght intensities higher than growth PPFD, acclimation to suboptimal temperature

could not retard photomhibition (Verheul et al 1995, Haldimann et al 1996) Durmg

recovery at 25 °C, FJFm recovered faster in 15 °C plants than m 25 °C plants This was

also found by Haldimann et al (1996) In 15 °C plants, the photosynthetic activity was

higher after 2 5 d of recovery at 25 °C than before chilling stress This, together with the

fact that chlorophyU also increased durmg recovery, mdicates that 15 °C plants also

recover from suboptimal growth temperature However, Nie et al (1995) observed that

photosynthesis m maize plants grown at 14 °C and then transferred to 25 °C did not

become fuUy functional, although chlorophyU accumulated and reached almost the same

content as m 25 °C grown plants It is worth notmg that, m their study, maize plants

were exposed to a stronger chilling stress, as seen from the lower chlorophyU content In

25 °C plants, photosynthesis did not recover completely within 2 5 d at 25 °C after

chilling The discrepancy between the recovery of FJFm and of photosynthesis was

observed after 2 5 d of recovery, but not after 0 5 d Smce FJFm, chlorophyU content,

and the de-epoxidation state of the xanthophyll cycle pool (AZ VAZ) reached almost the

same values as before the chilling stress, the incomplete recovery does not seem to have

been caused by photoinhibition, chlorophyll degradation, or non-photochemical

quenchmg via the xanthophyU cycle Instead, damage of the photosynthetic apparatus

downstream of PS II might also occur during the recovery phase

The dissipation of excess absorbed irradiation by the xanthophyll cycle pigments

zeaxanthin and antheraxanthm has been discussed in several studies (e g Demmig-
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Adams & Adams 1992) During chilling stress, the de-epoxidation state (AZ VAZ) was

higher in 15 °C plants than m 25 °C plants, as already demonstrated under high

irradiance in Chapter 2 (Fig 2 2) In spmach, the same effect was also found m cold-

acchmated and non-acclimated leaves (Thiele et al 1996) All the violaxanthin m 25 °C

plants was probably not avauable for de-epoxidation An mcreased fraction of

photoconvertible violaxanthm was found in leaves with reduced chlorophyll contents

(Pfiindel & Bilger 1994) They suggested that hidden violaxanthm is tightly bound to

LHC II In maize leaves, growth at suboptimal temperature decreased the content of

chlorophyU but mcreased the proportion of LHC to the reaction centre core complexes

(Haldimann et al 1995) Plants developed at 15 °C already contamed zeaxanthin even

before chilling, whereas it was not found m 25 °C plants After transfer to 25 °C, the

xanthophyU cycle pool epoxidized completely within 2 5dm both leaf types The slower

epoxidation of the xanthophyU cycle pool in 15 °C plants at 15 °C than at 25 °C seems to

be caused by the reduced photosynthesis at 15 °C and, therefore, by a higher requirement

for energy dissipation It is possible that the slower epoxidation is, to some extent, a

result of the lower activity of epoxidase at lower temperature Temperature-dependent

activity of de-epoxidase was demonstrated by Bilger and Bjorkman (1991)

The size of the xanthophyU cycle pool is highly variable and seems to be regulated by the

efficiency of photosynthetic hght utilization (Thayer & Bjorkman 1990) In maize,

accumulation of xanthophyU cycle pigments durmg growth at suboptimal temperature was

observed by Haldimann et al (1995) and is confirmed by this study However, durmg chilling

stress, an adaptation of the xanthophyU cycle pool to the lowered efficiency of photosynthetic

light utilization did not occur, probably due to inhibition of violaxanthm biosynthesis by low

temperature Changes m the pool size inside the same leaf occurred within days when leaves

were transfetTed to full sunlight or to shade (Bjorkman & Demmig-Adams 1994) After

exposure to chilling stress, the pool size of the xanthophyU cycle remained constant when

plants recovered at the same temperature as they were grown before the period of chilling

stress The content of the xanthophyU cycle pigments decreased drasticaUy in 15 °C plants

which recovered at 25 °C, as also shown by Haldimann (1996) This decrease is not caused

by a dilution of xanthophyU cycle pigments due to chlorophyU accumulation, but rather by

their mcreased degradation compared to their biosynthesis Therefore, the size of the

xanthophyU cycle pool seems to adapt only to the present temperature and hght conditions as

long as the temperature is not too low for the synthesis of xanthophyU cycle pigments
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The content of a-tocopherol mcreased when leaves developed at suboptimal temperature, as

already reported m Chapter 2 (Fig 2 5) Chilling stress had no direct influence on the

a-tocopherol content, it remained constant However, the a-tocopherol content decreased

significantly when detached maize leaves were subjected to chilling stress under high hght

mtensity (Chapter 2) Walker and McKersie (1993) also reported a loss of a-tocopherol in

tomato plants exposed to three days of severe chilling (2 °C and 250 pmol m2 s ') The most

significant response of the a-tocopherol content occurred durmg recovery In 15 °C plants,

the content of a-tocopherol per leaf area mcreased when plants were transferred to 25 °C

However, when a-tocopherol content is considered on a chlorophyU basis, it decreased due

to the accumulation of chlorophyU It is known that a-tocopherol is exclusively formed in the

plastids via the shikimate pathway m the chloroplast stroma or via isopentenyl pyrophosphate

(IPP) and geranylgeranyl pyrophosphate (GGPP) m the inner chloroplast envelope membrane

(Schultz et al 1991) In addition, Schultz (1990) observed that, m developmg chloroplasts,

IPP is provided via the Calvin cycle, whereas m mature chloroplasts it is imported from the

ER-cytosol Therefore, it is possible that the synthesis of new chlorophyU is combmed with

that of a-tocopherol, as a result of the same immediate precursor, GGPP It seems that, at

25 °C, chloroplasts are synthesized with a lower concentration of a-tocopherol than m

chloroplasts developed at 15 °C Apparently, a-tocopherol accumulated durmg recovery in

25 °C plants The a-tocopherol content doubled per leaf area and per chlorophyU content due

to the remaining chlorophyU content Therefore, it is assumed that the period of chilling

triggers the synthesis of a-tocopherol, which is incorporated into the existing chloroplasts It

seems that the basic supply of a-tocopherol occurs along the shikimate pathway as weU as the

plastitic mevalonate pathway and that low temperature activates the synthesis of a-tocopherol

by the import of IPP mto the chloroplasts

In maize, an accumulation of glutathione durmg growth at suboptimal temperature has

already been observed (Kocsy et al 1996, Hodges et al 1996) When plants recovered at

25 °C, the glutathione content mcreased before it reached the previous content agam

Similarly, Karpmski et al (1997) found a marked mcrease in glutathione durmg recovery

from excess hght stress m Arabidopsis leaves, which was accompanied with an mcrease in

transcripts for cytosohc glutathione reductase In comparison, the content of glutathione

(GSH) m two sorghum cultivars decreased drasticaUy durmg exposure to suboptimal

temperature and durmg subsequent rewarming (Badiani et al 1997)
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Growth at suboptimal temperature resulted in an mcrease m the ascorbate content of the leaf

Simuarly, the ascorbate content mcreased markedly durmg cold acclimation in spmach leaves

(Schoner & Krause 1990) However, this response to growth at suboptimal temperature was

not found in the experiment described m Chapter 2 (Fig 2 5) There, growth PPFD was

lower than m the present study, thus, it seems that the ascorbate content responds to

temperature, changes only under sufficient PPFD Moreover, in the range of suboptimal

growth temperature smaU changes in temperature can have drastic effects on photosynthesis

(Nie et al 1992) and probably also on the antioxidant content In 25 °C and 15 °C leaves, the

ascorbate content remained constant durmg chilling stress and decreased shghtly at the

beginning of recovery Thereafter, the ascorbate content adapted to the actual growth

temperature

Apart from antioxidants, plants possess scavengmg enzymes to minimize deletenous effects

of the reactive oxygen species In 15 °C leaves, the enzymes of the MAP reaction, namely

SOD, APX, and MDAR, as weU as that of the HFA cycle, namely DHAR and GTR, showed

constant specific activity durmg chilling and foUowmg recovery, as measured m a paraUel

experiment (Basihdes 1997, unpub] results) The specific activities of these enzymes, with the

exception of SOD, mcreased durmg the chilling period in 25 CC leaves and reached the

previous activity durmg the recovery phase Yet, there was considerable variation between

the replications However, it is assumed that biosynthesis of enzymes is reduced durmg

chilling stress, as is that of the antioxidants

In summary, the growth temperature apparently affects the content of the antioxidants,

a-tocopherol and glutathione, as weU as the pigment composition, especiaUy the size of the

xanthophyU cycle pool The chilling conditions used m this study might not be severe enough

to mduce photooxidative damage as described m Chapter 2 However, the temperature

seemed to be too low for biosynthesis of pigments and antioxidants but high enough for de-

epoxidation of the xanthophyU cycle pool Furthermore, m plants which were not adapted to

suboptimal temperature, the period of low temperature seemed to trigger a-tocopherol

synthesis A marked mcrease in temperature after chilling might be the cause of the short-term

rise m glutathione content, probably due to a temporary excess of reactive oxygen species

smce photosynthesis had not yet recovered but biosynthesis was agam feasible The

advantages of acclimation to suboptimal temperature are obviously the decrease m the degree

of photoinhibition of photosynthesis durmg chilling stress and the faster recovery of

photosynthetic activity
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6 Activity of scavenging enzymes is affected by assay

and growth temperature and by genotypes

6.1 Introduction

Plants possess non enzymatic and enzymatic scavenging systems that keep reactive

oxygen species (ROS) at a level that is not harmful for plants (Larson 1988) Scavenging

enzymes operate as ROS scavengers, or rather they are mvolved m recychng anti¬

oxidants The scavenging systems of higher plants respond positively to environmental

stresses such as chiUing stress (Dalton 1995) It is assumed that gene expression of

scavengmg enzymes is sensitive to the redox state of the ceU and that the glutathione

pool as weU as H202 are central components of signal transduction m environmental

stress (Foyer et al 1997) In maize, scavengmg enzymes were not significantly affected

by chilling m the dark (Anderson et al 1995) Under hght conditions, however, chilling

temperature mduced an mcrease m the activity of GTR (Hodges et al 1997, HuU et al

1997), APX (Massacci et al 1995, Hodges et al 1997), and SOD (Massacci et al

1995) Jahnke et al (1991) observed that the activity of almost aU scavengmg enzymes

was higher in the chdlmg-tolerant ancestor of maize, Zea diploperennis, than m a modern

maize cultivar Kocsy et al (1996) and Hodges et al (1997), but not Turner et al

(1994) found that chuhng tolerance of different maize genotypes was positively

conelated with GTR activity

In view of the fact that acclimation to suboptimal growth temperature resulted m an

increase m glutathione and a-tocopherol contents in maize leaves, the objective of this

study was to mvestigate the contribution of scavengmg enzymes to the acclimation

process For this purpose, the specific activities of MAP reaction enzymes, HFA cycle

enzymes, and CAT were measured in maize leaves that developed at optimal and

suboptimal temperature To determine the direct influence of low temperature on enzyme

activity, enzyme assays were conducted at 25 °C and 15 °C In addition, the activity of

scavengmg enzymes in two maize genotypes of different chilling tolerance were

compared to corroborate that enzymes seem to be crucial during chilling stress
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6.2 Materials and methods

6.2.1 Growth conditions

Zea mays L seedhngs of the chilling-tolerant mbred hne Z7 and the chillmg-sensitive mbred

hne Penjalman were grown in growth chambers (PGW36, Conviron, Winnipeg, Canada) The

plants developed under a photopenod of 12 h at 400 pmolm2s', 60/70% (day/mght)

relative humidity, and 25/22 °C or 15/13 °C (day/mght) Plants that developed at suboptimal

temperature were first grown at 25/22 °C for 6 d before the temperature was switched to

15/13 °C They were watered and fertilized with half-strength Hoagland nutrient solution

Experiments were made on the third leaves when they reached fuU expansion

6.2.2 Enzyme assays

Enzymes were extracted accordmg to Jahnke et al (1991) Approximately 1000 mm2 of

leaf tissue were homogenized m 3000 mm3 ice-cold extraction buffer (0 1 kmol m3

K-phosphate buffer, pH 7 0, 10 mol m3 isoascorbic acid, 5 mol m3 DTPA, 0 6 % [w/v]

polyvinylpyrrolidone) The homogenate was centnfuged at 4500 x g for 20 mm Then

2500 mm3 of the supernatant were run on a PD10 column (Sephadex® G-25M,

Pharmacia, Germany), which has been equilibrated with 25000 mm3 of column buffer

(0 1 kmol m3 K-phosphate buffer, pH 7 0, 200 mmol m3 DTPA) The remaining

supernatant was used to assay dehydroascorbate reductase activity The PD10 column

was eluted with 3500 mm3 ofcolumn buffer The first 500 mm3 of eluent were discarded,

and the next 2500 mm3 were coUected and used for the enzyme assay The enzyme

extracts were kept on ice until the assay Enzyme activity was measured three times as

follows

Ascorbate peroxidase was measured accordmg to Nakano and Asada (1981) The

reaction mixture contained 80 mol m3 K-phosphate buffer (pH 7 0), 200 mmol m3

DTPA, 250 mmol m3 ascorbate, and 250 mmol m3 H202 The decrease m the ascorbate

concentration was measured at 290 nm

Dehydroascorbate reductase was determined accordmg to Nakano and Asada (1981)

The assay contamed 80 mol m3 K-phosphate buffer (pH 7 0), 200 mmol m3 DTPA,

2 5 mol m3 GSH, and 1 mol m3 dehydroascorbate In addition, an assay without the
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enzyme extract was made to determme the non-enzymatic reduction of DHAsc by GSH

The increase in the ascorbate concentration was monitored at 265 nm

Monodehydroascorbate reductase was assayed by foUowmg the decrease in the

absorbance of NADH at 340 nm (Hossam et al 1984) The assay contained 80 mol m3

K-phosphate buffer (pH 7 8), 200 mmol m3 DTPA, 1 25 mol m3 ascorbate, 75 mmol m3

NADH, and 1 unit ascorbate oxydase

Glutathione reductase was measured accordmg to the procedure of Hossain et al

(1984) The assay contamed 80 mol m3 K-phosphate buffer (pH 7 8), 200 mmol m3

DTPA, 500 mmol m3 GSSG, and 112 5 mmol m3 NADPH Assay without GSSG was

made to correct for endogenous non-GTR oxidation The decrease m NADPH was

measured at 340 nm

Catalase was measured by foUowmg the decrease m absorbance of H2Oa accordmg to

Aebi (1984) The assay contamed 80 mol m3 K-phosphate buffer (pH 7 0), 200 mmol

m3 DTPA, and 10 mol m3 H202 The absorbance of H202 was measured at 240 nm

Superoxide dismutase was measured accordmg to Beauchamp and Fndovich (1971)

The assay contained 50 mol m3 K-phosphate buffer (pH 7 8), 200 mmol m3 DTPA,

13 mol m3 methionine, 70 mmol m3 NBT, and 2 mmol m3 riboflavin The assay was

ulununated for 10 mm, and the content of reduced NBT was quantified at 560 nm The

amount of enzyme extract that caused a 50 % decrease m the SOD-inhibitable NBT

reduction was defined as 1 unit

Enzyme assays were conducted in quartz cuvettes (Hellma, MuUheim, Germany) The

temperature of the solutions and of the cuvette holder of the spectrophotometer

(U-2000, Hitachi, Tokyo, Japan) was controlled by a thermostatic circulator (2219

Multitemp II, LKB Bromma, Sweden)

6.2.3 Protein determination

The protein concentration of the enzyme extract was measured by binding coomassie

brilliant blue G 250 (Bio-Rad, Munchen, Germany) to the proteins accordmg to

Bradford (1976) The absorbance of the protem dye complex was measured at 595 nm

BSA was used as the protein standard
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6.3 Results

The activities of APX MDAR and DHAR were about 30 pmol m2 s
'

(Fig 6 1) when

maize plants were grown at 25 °C and the enzyme assay was earned out at 25 °C GTR

activity was clearly the lowest of the HFA cycle enzymes m 25 °C leaves assayed at

25 °C GTR activity was approximately 8 pmol m s
'
The activity of CAT was about

100 times that of APX MDAR and DHAR The activity of SOD was not comparable to

the other investigated en/ymes tor methodological reasons

Lowering the assay temperatuie from 25 °C to 15 °C significantly decreased (p < 0 1)

the activity of scavenging enzymes, with the exception of SOD the activity of which was

not significantly affected (Fig 6 1) CAT activity was hardly altected by the assay

temperature the activity of CAT was 16 % lower at 15 °C than at 25 °C When the assay

temperature was lowered from 25 °C to 15 °C a significant deciease in enzyme activity

was observed for APX ( 35 %) and MDAR ( 26 %) Ol all the enzymes DHAR and

il

1 assayed at 25°C

] assayed at 15°C

I
X

o

2 E
E

SOD APX MDAR DHAR GTR CAT

Fig 6 1. Effect of assay temperature on the activity of SOD (units cm ),

APX (pmol Asc m2 s ') MDAR (pmol NADH m's1) DHAR

(pmol Asc m2 s') GTR (pmol NADPH irT s1) and CAT

(mmol HO.ra's ') in the third leaf of maize genotype Z7 giown

at 25 °C and assayed at 25 °C (grey bars) and 15 °C (white bars)

Values are means ± SD of five replications
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GTR were the most sensitive to assay temperature. The activity of DHAR and GTR

decreased by about 53 % and 40 % respectively when the assay temperature was

reduced from 25 °C to 15 °C.

The effect of growth temperature on enzyme activity was investigated by the comparing

enzyme activity assayed at 25 °C of leaves developed at 25 °C and at 15 °C. In leaves

developed at suboptimal temperature, the enzyme activity of the MAP reaction enzymes

and the HFA cycle enzymes in 15 °C grown leaves was unaffected or slightly higher than

for leaves grown at 25 °C (Fig. 6.2). Although these differences were not significant, the

increase in enzyme activity was, for example, 28 % in GTR, the enzyme with the lowest

activity, in plants developed at 15 °C as compared to 25 °C. In contrast, the activity of

CAT in leaves grown at 15 °C was only about 45 % of that in 25 °C grown leaves. The

difference in enzyme activity was not due to a change in protein content. The content of

extracted protein was 2.24 ± 0.27 g m1 in leaves grown at 25 °C and 2.40 + 0.23 g m2

in leaves grown at 15 °C. The leaf area ratio did not change.

In order to simulate growth conditions, enzyme activities were compared, too, when they

were assayed at their respective growth temperatures: 15 °C plants at 15 °C (15; 15 °C);

grown at 25°C

I | grown at 15°C

X
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SOD APX MDAR DHAR GTR CAT

Fig. 6.2: Effect of growth temperature on the activity of SOD (units cm ),

APX (pmol Asc m"2 s"1), MDAR (pmol NADH nf2 s"'), DHAR

(pmol Asc m2 s'), GTR (pmol NADPH rn2 s"1), and CAT

(mmol H202 nf2 s"1) in the third leaf of maize genotype Z7 grown

at 15 °C (white bars) and 25 °C (grey bars). Values are means ±

SD of five replications.
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25 °C plants at 25 °C (25;25 °C). With the exception of SOD, the enzyme activity was

lower in 15;15 °C leaves than in 25.25 °C leaves (Fig. 6.3). In 15; 15 °C leaves, the

activity of SOD was 28 % higher than that in 25;25 °C leaves. In view of the 21 % and

39 % lower activity of APX and DHAR respectively at 15; 15 °C, these differences were

not significantly different in comparison to the reduction in activity of MDAR by 26 %

and that of GTR by about 45 %. The most significant decrease was found in CAT

activity with a 62 % decrease in 15; 15 °C leaves.
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| grown & assayed at 25°C

] grown & assayed at 15°C
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SOD APX MDAR DHAR GTR CAT

Fig. 6.3: Effect of growth temperature in combination with assay tempera¬

ture on the activity of SOD (units cm"2), APX (pmol Asc m"2 s'1),
MDAR (pmol NADH m2 s"1), DHAR (pmol Asc m'2 s"'), GTR

(pmol NADPH m"2 s"1), and CAT (mmol H202 m2 s"1) in the

third leaf of maize genotype Z7 grown and assayed at 25 °C

(grey bars) and 15 °C (white bars). Values are means ± SD of

five replications.

Scavenging enzymes of the chilling-tolerant genotype Z7 were more active than those of

the chilling-sensitive genotype Penjalinan (Fig. 6.4). The differences were significant in

the cases of MDAR (-36 %), CAT (-32 %), SOD (-47 %), and GTR (-42 %). The

differences in enzyme activity per protein of Z7 and Penjalinan were slightly smaller

when the lower protein content in Penjalinan was taken into consideration: 2.05 ± 0.34

g m"2 in Penjalinan compared to 2.24 ± 0.27 g m2 in Z7.
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Fig. 6.4: Effect of genotypes on the activity of SOD (units cm2). APX

(pmol Asc m2 s"1), MDAR (pmol NADH m"2 s"'), DHAR (pmol
Asc m"2 s'1), GTR (pmol NADPH m2 s"'), and CAT (mmol H202

nnf2 s"') in the third leaf of maize genotypes Z7 (grey bars) and

Penjalinan (white bars), grown and assayed at 25 °C. Values are

means ± SD of five replications.

6.4 Discussion

The results demonstrate that APX had a specific activity of about 30 pmol Asc m"2 s"1. There¬

fore, APX is able to quench 15 pmol H202 m2 s'1, and, thus, 30 pmol m2 s'1 of MDHAsc wiU

be generated. The specific activity of MDAR was about 30 pmol NADH m" s"
,
which

corresponds to a reduction of 60 pmol MDHAsc rh2 s '. Assuming that the activity of SOD is

very high (2 x 109 M"' s') (Asada & Takahashi 1987), APX would be the limiting enzyme of

the MAP reaction. In spinach thylakoids, the production of superoxide under saturated light,

in the absence of an electron acceptor, was estimated to be 15 to 25 pmol mg Chi' h" (Asada

et al. 1974); transferring this data to maize, the superoxide production would be about

2 pmol m" s"
. Assuming that superoxide does not accumulate due to high SOD activity, the

Mehler reaction would produce a maximum of about 1 pmol H202 m' s
,
which is much

lower than the capacity of APX found in this study. The production of superoxide can also be

estimated from the portion of the Mehler reaction on the non-cyclic electron flux, which

might be in the range of 2 to 20 % (PoUe 1996). The non-cyclic electron flux (ETR) can be

estimated by the following formula: ETR = OPS II x PPFD x 0.5 x 7, ,
where /L is the light
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absorbed by the leaf (Handbook, PAM-2000, Walz, Effeltnch, Germany) In field-grown

maize, non-cyclic electron flux was calculated to be at most 140 pmol electrons m2 s'

(calculated usmg data m Chapter 7), which would correspond to about 2 5 pmol H2C*2 m2 s'

when the Mehler reaction holds 20 % of the non-cyclic electron flux Even an mcrease in this

portion, as suggested durmg stress (PoUe 1996), would result m the formation of H202 which

is below the capacity of APX However, ascorbate might be limiting m certain cases The

ascorbate concentration in chloroplasts is about 10 to 75 mol m3 (Foyer 1993) This is much

higher than the K„i (Asc) of APX, which was determined in various plant species to be in the

range 70 to 416 mmol m3 (Dalton 1995) The high activity ofMDAR might be necessary for

the formation of MDHAsc at sites other than the MAP reaction, e g, violaxanthm de-

epoxidation

The enzymes of the HFA cycle, namely DHAR and GTR, differed strongly in specific

activity The activity of DHAR was about 30 pmol m2 s', whereas that of GTR was only

8 pmol m2 s' Both enzymes show a different Michaelis constant (Km), in maize, the apparent

Kr, (GSSG) ofGTR was determined to be about 10 mmol m3 (HuU et al 1997, Turner etal

1994), whereas the apparent Km (DHAsc) of DHAR in rice was 350 mmol m3 (Kato et al

1997) The content of ascorbate in the leaves is very high compared to that of glutathione

(Chapters 2 & 5), therefore, the demand of ascorbate recychng capacity seems to be high

This can be fulfilled by the high activity of DHAR and MDAR On the other hand, a low

GSSG/GSH ratio is extremely important for the redox state m the ceU (Dalton 1995), this can

be achieved by a low K„, (GSSG) of GTR

The specific activity of most enzymes decreased markedly when the assay temperature

was lowered (Fig 6 1) The most temperature-sensitive enzymes were DHAR and GTR,

whereas CAT and SOD activity was apparently unaffected by lowermg the assay

temperature The same results were obtamed for Zea mays cv LG11 and Zea diplo-

perennis (Jahnke et al 1991) Similarly, m the Ca grass Echinochloa crus-galli, MDAR

activity was less mfluenced, whereas GTR and DHAR activity was markedly affected by

the assay temperature (Hakam & Simon 1996) Kinetic studies of GTR m maize revealed

a decrease in Vm* as weU as in the apparent Km (NADPH) and Km (GSSG) m a

logarithmic manner as a result of lowering the assay temperature (Turner & PoUock

1993, Turner et al 1994) At physiological GSSG concentration, the lower activity of

GTR might be compensated, at least partiaUy, by the decrease m Km (Turner et al 1994)
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The same temperature response of the apparent Km (GSSG) was also found m spmach

(Guy & Carter 1984) In contrast to GTR, the apparent Km (H202) of APX increased

when the assay temperature was decreased (Hull et al 1997)

The present results indicate no change or little mcrease m the MAP reaction and HFA

cycle enzyme activities m 15 °C leaves compared to 25 °C leaves An mcrease m the

activity of GTR by acclimation to suboptimal temperature was recently reported m maize

(Hodges et al 1997, HuU et al 1997) and was also found in cold-acclimated rye (Streb

& Feierabend 1998), Scots pine (Knvosheeva et al 1996), and spmach (Guy & Carter

1984) However, that increase m maize was induced neither by a few days of chilling

(Kocsy et al 1996), nor by a recovery after chilling stress (Basihdes 1997, unpubl

results) In cold hardened red spruce, one of two GTR isozymes differed significantly m

structure from that in non hardened needles (Hausladen & Alscher 1994)

The mcrease m SOD activity due to suboptimal temperature was only shght m this study

but markedly high m similar experiments (Massacci et al 1995, HuU et al 1997) A chiU-

mduced mcrease m the SOD activity was also found m rye (Streb & Feierabend 1998),

Scots pine (Knvosheeva et al 1996) wheat (Misihira et al 1993), and spinach (Schoner

& Krause 1990) The response of APX activity to growth temperature depends on the

maize genotype For example, HuU et al (1997) found a lower APX activity m the

second leaf of Zea mays cv LG11, whereas Massacci et al (1995) observed an mcrease

in the APX activity m 25 day old maize seedlings of genotypes A-619 and VA-36 grown

at suboptimal temperature In this study, the APX activity remamed the same at optimal

and suboptimal temperature Besides the smaU decline m the MDAR activity upon

lowered assay temperature, suboptimal growth temperature had almost no influence on

activity, as was also found for the maize cultivar LG 11 (HuU et al 1997) In contrast to

these results, they observed that the activity of DHAR was lower m maize leaves grown

at suboptimal temperature than that in maize leaves grown at optimal temperature A

marked decrease in DHAR activity was also apparent m cold-acchmated Scots pme

(Knvosheeva et al 1996)

In maize seedlmgs, these chilling-induced alterations m enzyme activity seem to be light-

dependent smce, in the dark, antioxidant enzymes, namely SOD, APX, and GTR, are not

significantly affected by cold-acclimation or chilling (Anderson et al 1995) It is assumed

that chiUing, m combination with hght, changes the redox state of the cell As a result,
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the redox state regulates gene expression that is associated with acclimation (Foyer et al

1997) In contrast to the MAP reaction and the HFA cycle enzymes, the activity of CAT

was much lower in acclimated than m non-acchmated leaves However, acclimation to

low temperature mcreased the CAT activity and exposure to high hght mtensity at low

temperature resulted m a declme m the CAT activity m rye (Streb & Feierabend 1998)

Mishra etal (1993) also found CAT mactivation in wheat under high hght mtensity The

CAT activity decreased when maize plants were transferred to chilling temperature at the

same hght mtensity (Leipner et al 1998) Feierabend and Engel (1986) suggested that,

under high hght mtensity, CAT is generaUy inactivated but the mactivation is

compensated by new synthesis under normal physiological conditions Therefore, it is

assumed that maize grown at suboptimal temperature is exposed to chronic photo¬

oxidative stress which may be the cause of the reduction m photosynthetic capacity and

efficiency The mcreased demand of scavengmg systems is covered by an mcrease m

certam antioxidants m plants grown at suboptimal temperature (Chapters 2 & 5)

Nevertheless, the mcrease in specific activity of scavengmg enzymes durmg growth at

suboptimal temperature appears to be merely a compensation of the reduced enzyme

activity due to the lowered temperature This is assumed, because the enzyme activity at

15 °C in leaves which developed at suboptimal temperature was lower than that at 25 °C

in leaves grown at optimal temperature

The specific activity of scavengmg enzymes was higher for the chilling-tolerant genotype

Z7 than for the chillmg-sensitive Penjalman, with the exception of APX and DHAR

where no significant differences were observed The specific activity of MDAR in two

chilling-tolerant maize genotypes was also higher than in two chillmg-sensitive maize

genotypes, especiaUy when plants were grown at suboptimal temperature (Basihdes

1997, unpubl results) In contrast to the presented results, Massacci et al (1995)

observed a lower activity of SOD m the chilling-tolerant maize genotype VA-36 than m

the cluUmg-sensitive A-619 In the chilling-tolerant maize genotype Z15, the specific

SOD activity was half that m Z7 and even lower than that in the chilling-sensitive

genotypes Penjalman and CM109 (Basilides 1997, unpubl results) However, Hodges et

al (1997) found no difference m the SOD activity of genotypes which differ in chilling-

tolerance Foyer et al (1994) suggested that elevated activity of SOD, without an

mcrease m the H202-scavenging capacity, did not enhance the plant's capability to
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prevent oxidative stress Such a combined mcrease m the activity of the H202-scavengmg

enzyme, APX, and SOD was found in the chiUmg-tolerant Zea diploperennis compared

to Zea mays (Jahnke et al 1991) The APX activity in chiUing-tolerant genotypes of Zea

mays was higher than in ctuJhng-sensitive genotypes when plants were grown at

suboptimal temperature (Basihdes 1997, unpubl results) In contrast to these findings,

Massacci et al (1995) found a lower APX activity when comparmg a chilling-tolerant

with a chilhng-sensitive maize genotype In another study, there was no apparent

difference m the APX activity of genotypes with different chilling tolerance (Hodges et

al 1997) These findings, do not offer proof that chilhng tolerance m maize generally

correlates with an increase in the activity of the MAP reaction enzymes

A significant difference m the DHAR activity was not found m this study nor in the study

of Jahnke et al (1991) which compared Zea diploperennis and Zea mays The specific

activity of the second enzyme m the HFA cycle, namely GTR, correlated with chilling

tolerance found in this study and in other studies where the GTR activity of maize

genotypes of different chilling tolerance was compared (Hodges et al 1997, Kocsy et al

1996) Furthermore, Zea diploperennis showed a higher GTR activity than Zea mays

(Jahnke et al 1991), an Echinochloa crus-galli ecotype, found at high latitudes, showed

a higher GTR activity than an ecotype of lower latitude (Hakam & Simon 1996)

However, the GTR of maize cultivars, which ongmated m tropical highlands and

lowlands, did not differ in the Vm% or m the Km (GSSG) of GTR (Turner et al 1994)

The important role of GTR was found by studies on transgenic plants which overexpress

the gene for GTR Transgenic Nicohana tabacum, with a high chloroplastic GTR

activity, was more tolerant to photooxidative stress than was the wildtype (Aono et al

1993) Transgenic poplar trees (Foyer et al 1995) and tomato plants (W Bruggemann,

pers comm) which overexpressed the GTR gene also were less susceptible to

photomhibition The redox state of the glutathione pool plays a crucial role in the

regulation of many enzymes, in particular of the thiol-modulated enzymes (Foyer et al

1997) For example, m maize, oxidation of cystemes of phosphoerco/pyruvate

carboxylase by DTNB increased Km (PEP), whereas Vmax mcreased upon reduction of

cystemes by DTT (Chardot & Weddmg 1992) In the chillmg-sensitive tomato cultivar,

Lycopersicon esculentum, chilhng at moderate hght intensity mduced oxidation of

nbulose-l,5-bisphosphate carboxylase/oxygenase (Rubisco) -SH groups and reduced
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photosynthetic capacity (Bruggemann et al 1994, Bruggemann 1995) In the chilling-

tolerant tomato relative, Lycopersicon peruvianum, however, Rubisco -SH groups and

photosynthetic capacity decreased to a much smaller extent It is assumed that, under

photooxidative conditions, a reduced glutathione pool, achieved by a high capacity and

efficiency of GTR, prevents the mactivation of the C02-fixmg enzymes and,

consequently, the mtensification of photooxidative stress The generaUy low specific

activity, the high susceptibility to low temperature, and the crucial role in regulatmg

thiol-modulated enzymes via the redox state of the glutathione pool mean that GTR play

a key role in the chloroplast in diminishing damage induced by chilling
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7 Effect of growing season on the photosynthetic

apparatus and on leaf antioxidants in two maize

genotypes of different chilling tolerance

7.1 Introduction

Depression of photosynthetic performance has been proposed to be the major cause of the

cluU-mduced reduction m crop production durmg early growth m temperate climates (Baker

et al 1994) In field-grown maize, periods of low temperature were accompanied by a lower

chlorophyU content (Fracheboud & Haldimann 1994), an mcreased pool size of xanthophyU

cycle pigments (Fracheboud, unpubl results), reduced photosynthetic capacity (Baker et al

1994), as weU as a decreased quantum efficiency of PS II (OPS II) and C02 fixation (<J>C02)

(Andrews et al 1995) Maize seedlmgs that developed under chilling conditions in the field

exhibited a strong mcrease m the <i>PS IIAt>C02 ratio, mdicatmg that an alternative

electron smk, such as the Mehler reaction, was in operation (Fryer et al 1998) This was

supported by the fmdmg that an mcrease m the <J>PS II/«I>C02 ratio was associated with

elevated amounts of certain antioxidants and scavengmg enzymes The connection

between photosynthetic activity and antioxidant alteration was also confirmed by the

observation that changes in HFA cycle antioxidants were synchronized with photo¬

synthetic capacity throughout the whole plant ontogeny of field-grown wheat (Badiani et

al 1996)

The aim of this study was to determme whether the weU-known effects of chilling on the

photosynthetic apparatus was associated with an enhanced formation of superoxide

radicals via the Mehler reaction under field conditions Therefore, the <J>PS IIM>C02

ratio, antioxidants and scavengmg enzymes were measured at the third leaf stage

Previous, comparative studies of chilling stress during the early growmg season were

conducted with maize plants of different physiological age (Fracheboud & Haldimann

1994, Andrews etal 1995, Fryer et al 1998) To separate an ontogenetic influence from

environmental effects, maize was sown m three subsequent weeks, so that the early sown

plants were exposed to chilhng conditions, whereas plants sown later developed under

more favourable growth conditions A further goal of this study was to determme the

content of antioxidants and the activity of scavengmg enzymes and to compare plants

grown under field conditions with plants grown in a controlled environment



69

7.2 Materials and methods

7.2.1 Growth conditions

Zea mays L seedlmgs of the mbred lines Z7 and Penjalman were grown m the field m

Eschikon, near Zurich, Switzerland (8°41' E, 47°27' N, 550 m above sea level) Seeds

were sown on 24 AprU, 2 May and 15 May 1996 Sod is classified as an Eutric Cambisol

(FAO sort type) with 37 % sand, 38 % sdt, 25 % clay, and 2 4 % organic mater in the

Ap-honzon (Richner et al 1996) The plant spacmg was 0 75 x 0 1 m, and the rows were

5 m long There were six replications for each genotype on each sowmg date

Agronomic practices foUowed regional recommendations Pigment, antioxidant, and

scavengmg enzyme measurements were made on the third leaf when it reached fuU

expansion (31 May, 5 June, and 12 June 1996) Plants were coUected from the field and

leaves were frozen m hquid nitrogen soon after the fresh weight and leaf area were

determmed Harvests took place between 09 00 a m and 03 00 p m Photosynthesis and

chlorophyll a fluorescence were measured between 28 and 31 May (set 1, SI), 4 and

6 June (set 2, S2), and 11 and 13 June (set 3, S3) Meteorological data were recorded at

15 min intervals at 0 2 m above the soil surface, 100 m afar from the experimental field

7.2.2 Photosynthesis and chlorophyll a fluorescence

Plants were harvested from the field, and chlorophyll a fluorescence (PAM 2000, Walz,

Effeltnch, Germany) and C02 fixation (LI-6200, LI-COR, Lincoln, USA) were measured

simultaneously at 25°C and a PPFD of 293, 725, and 1470 pmol m2 s' on the middle

part of the third leaf Measurements were made m a leaf disc chamber (LD2, Hansatech,

King's Lynn, U K) equipped with a Bjorkman lamp (LS2, Hansatech, King's Lynn,

UK) OPS II was expressed as (Fm'-Fd Fm\ and OC02 was determmed by dividing the

rate of C02 assimilation by the hght absorbed by the leaf The leaf absorption was

determmed usmg a self constructed mtegratmg sphere <J>C02 was calculated accordmg

to Edwards and Baker (1993) as follows

OC02 =
^

where A is the measured rate of C02 assimilation, Rd the rate of mitochondrial

respiration in the dark, and h the light absorbed by the leaf
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7.2.3 Pigment, antioxidant, and scavenging enzyme assays

Pigments, antioxidants, and enzymes were extracted from the third leaf Pigments,

a-tocopherol, and ascorbate were quantified as described in Chapter 4 2 2 Glutathione

was measured according to Chapter 2 2 4 The activity of the scavenging enzymes was

assayed at 25 °C as described in Chapter 6 2 2

7.3 Results

Daily mean temperature and daily global iadiation throughout the experiment are shown in

Fig 7 1 The average temperatures in sets 1, 2, and 3 were 11 6 °C, 12 1 °C, and 15 6 °C

respectively Durmg the last seven days before samplmg, the average temperatures were

14 6 °C (SI), 15 8 °C (S2), and 20 8 °C (S3) The values for total global radiation of the last

seven days before harvest were 174 MJ m2 (SI), 160 MJ m2 (S2), and 204 MJ m2 (S3) On

21, 22, 28, and 29 of May, low temperature was combined with high radiation

date

Fig. 7.1: Daily mean temperature and daily global radiation during the

growing season 1996 The three sets are maiked by arrows



71

T~ 25

O
o

20 -

15

% 10

I Tl I

27 I :

11
- >

3

~ "1
1! jcr--~

- IK^
us

L

-H/1
//

,i—i—i—

--:

400 800 1200 1600

PPFD (pmol m'2 s"1)

0 400 800 1200 1600

PPFD (pmol m"2 s"1)

Fig. 7.2: Light response of photosynthesis measured on the third leaf of

maize genotypes Z7 (left) and Penjalinan (right). Measurements

were made between 28 and 31 May (SI; white symbols), 4 and 6

June (S2; grey symbols), and 11 and 13 June (S3; black

symbols). Curve fits according to Ogren (1993) are present by

dotted lines. Values are means + SD of six to seven replications.

Measuremenl of the light response of photosynthelic CO: fixation showed that the

photosynthetic capacity increased from early to late grown plants (Fig. 7.2). The

difference in the photosynthetic capacity between genotypes was apparent only in early

grown plants (S1 and S2) when Z7 exhibited a higher photosynthetic capacity than that

of Penjalinan. In late grown plants (S3), however, the photosynthetic capacity was

almost the same in both genotypes.

The OPS II and OCO: in early grown plants were lower than in late grown plants at

each light intensity (data not shown), whereas for the genotypes the values were the

same. For each genotype and each sowing date, OPS II was plotted against OCO: (Fig.

7.3). The average OPS II/OC02 ratio for Z7 was 9.5 ±2.6 in leaves of set 1, 11.3 + 2.0

in set 2, and 10.4 ± 2.4 in set 3. In early grown Penjalinan, the OPS II/OC02 ratio was

10.5 + 3.9 in set 1 and 13.9 ±3.3 in set 2. In the late grown set of Penjalinan, the

OPS II/OC02 ratio was markedly lower than the expected relationship of 12:1; the ratio

was 8.7 ±2.2.
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Pigment analysis icvealed an increase in the chlorophyll content throughout the growing

season (Table 7.1). The neoxanthin content was affected by the sowing dates in the same

way as chlorophyll. The lutein content and the sum of xanthophyll cycle pigments (VAZ)

were almost the same in all sets. However, when calculated on a chlorophyll basis, the

content of lutein and the VAZ in the late set was lower than in both early sets. A

difference related to growing season was found when the de-epoxidation state of the

xanthophyll cycle pool (AZ:VAZ) was calculated. AZ:VAZ in the late set was

significantly lower than in both of the early sets (Appendix: Table 10.1). The content of

p-carotene was not significantly different throughout the growing season.

The genotype Penjalinan had a lower content of chlorophyll than (he genotype Z7 (Table

7.1). This difference persisted in all sets. The lower chlorophyll content in Penjalman was

accompanied by a lower content of other pigments with the exception of zeaxanthin.
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Table 7.1: Pigment composition m the third leaf of maize genotypes Z7 and

Penjalman grown m the field m three sets Leaves were harvested

on 31 May (SI), 5 June (S2), and 12 June (S3) Values are

means ± SD of six replications
1

(pmol m2),2 (mol mol'),3 (mmol mol')

pigment Z7 Penjalinan

SI S2 S3 SI S2 S3

chlorophyll a
'

chlorophyll b
'

chlorophyll a/b2

P-carotene
'

violaxanthin'

antheraxanthm
'

zeaxanthin'

VAZ'

AZVAZ2

lutein
'

neoxanthin'

neox/Chl a+b
3

128±6 160±39 191 ±41 110123 124 + 32 167 ± 19

424 + 21 480+112 613±137 326±69 356 + 93 512 + 73

302±012 332±006 312 + 015 339±022 3481011 3271017

77111 101+39 80142 90133 76120 61+22

16 9119 215159 26 1185

93110 113+2 1 77119

104113 98122 67121

84133 75152 181143

87122 96134 94119

14 9134 14 9129 86131

367128 425175 404191 319144 320188 360131

0541004 0501008 0361009 0741009 0791009 0501012

279112 319156 302173 20013 196159 231119

68103 81117 101120 48+11 50118 75110

401106 3951403 403121 334125 302 + 39 345120

However, the contents of lutem and neoxanthin m Penjalman were lower than m Z7 even

when the content of these pigments was expressed on a chlorophyll basis The de-

epoxidation state of the xanthophyU cycle pool in Penjalman was significantly higher than

in Z7, especially in both of the early sets (Appendix Table 10 1)

The amounts of the antioxidants a-tocopherol, ascorbate, and glutathione are shown in

Fig 7 4 The content of a-tocopherol per leaf area mcreased throughout the growmg

season but remamed almost constant when expressed on a chlorophyU basis (Figs 7 4a &

b) In Penjalman, the a-tocopherol content was significantly lower than in Z7 (Appendix

Table 10 2) However, its content on a chlorophyU basis was the same m both genotypes
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Fig. 7.4: a Tocopheiol (a b) ascorbate (c) and glutathione contents (d)

in the third leaf of maize genotypes Z7 and Penjalinan Leaves

were collected on 31 May (white bars) 5 June (grey bars) and

12 June (black bars) Values are means ± SD of six replications

The ascorbate content was usually only slightly affected by sowing dates and the

genotypes (Fig 7 4c) with the exception of the early sown Z7 which had markedly

higher values The influence of the sowing dates on the glutathione content was not

uniform (Fig 7 4d) The analysis of variance showed that genotypes responded

differently as shown by their glutathione contents to the growing conditions (Appendix

Table 10 2) Over all growing dates the glutathione content in Z7 was significantly

higher thin in Penjalinan (Appendix Table 10 2)

The average specific activity of the MAP reaction enzymes APX and MDAR was in the

range of about 20 to 35 pmol ra's1 (Fig 7 5) The activity of SOD was not comparable

with the other enzymes for methodological reasons The enzyme GTR, one of the HFA

cycle enzymes showed a low activity compared to other enzymes The specific GTR
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Fig. 7.5: Activity of SOD (units cm'), APX (pmol Asc m2 s '), MDAR

(pmol NADH m2 s1), DHAR (pmol Asc m2 s1), GTR (pmol

NADPH m2 s '), and CAT (mmol H,02 m: s ') in the third leaf

of the maize genotypes Z7 and Penjalman Leaves were collected

on 31 May (white bars), 5 June (grey bars) and 12 June (black

bars) Values are means + SD of six replications

activity was about 5 5 pmol NADPH m2 s
'
in Penjalinan and 8 pmol NADPH m2 s' in

Z7 This dilference in activity was significant (Appendix Table 10 3) Although there

was a big variation in the DHAR activity the activity of DHAR was significantly higher

in Z7 than in Penjalinan (Appendix Table 10 3) The highest enzyme activity was found

in CAT, its specific activity was in the range of 1 to 3 mmol H202 m2 s
'
Furthermore, it

was the only enzyme activity that was significantly affected by the sowing dates In both
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early sets (S1 and S2) of Penjalman, the CAT activity was lower than m the late growmg

set (S3) A significant difference m the CAT activity between the two genotypes was

only found in S2 (Appendix Table 10 3)

7.4 Discussion

Leaves of maize which developed under chilhng conditions m the early season were

characterized by a lower photosynthetic capacity, lower quantum efficiency of C02-

fixation (OC02), and lower quantum efficiency of electron transfer at PS II (OPS II)

than leaves developed under more favourable conditions in the later season These

differences are caused by suboptimal growth temperature, as experiments demonstrated

for maize grown in a controUed environment (Nie et al 1992, Verheul et al 1995,

Haldimann et al 1996), m a greenhouse (Massacci et al 1995), and under field

conditions (Andrews et al 1995, Fracheboud & Haldimann 1994, Fryer et al 1998)

Chill mduced damage was more pronounced m the chilhng-sensitive genotype Penjalman

than in the chilling-tolerant Z7 The lower photosynthetic capacity in early grown plants

was probably due to a reduced content of chlorophyU The reduction in the quantum

efficiency of PS II and of C02 fixation could be the result of a higher de-epoxidation

state of the xanthophyll cycle pool in the early grown plants A relationship between the

depressed photosynthetic efficiency and the de epoxidation of the xanthophyU cycle pool

was demonstrated in several studies, among others for maize, by Fryer et al (1995)

In this study, the OPS H/OC02 ratio was about 10 3 ± 2 4 in Z7 and 11 0 ± 3 9 in

Penjalman This ratio was not affected by the sowmg date m Z7 but was affected m

Penjalinan In maize grown at 25 °C, the maximal quantum yield of C02 fixation was

found to be 0 061 (Nie et al 1992) A maximum quantum efficiency of PS II primary

photochemistry (FvIFm) of 0 77 was determined in maize leaves which developed at

optimal temperature (Haldimann et al 1996) Considermg aU these results, a

OPS II/OC02 ratio of approximately 12 to 13 was expected In fact, a ratio of 12 5 was

found between OPS II and OC02 under varying light intensity and C02 concentration m

maize (Genty et al 1989) In other experiments, it varied from 11 2 to 12 9 (Edwards &

Baker 1993) Nonetheless, Massacci et al (1995) found that the OPS II/OC02 ratio was

about 9 at several hght intensities In their study, the OPS II/OC02 ratio was neither
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affected by the growth conditions of the maize plants, nor by the degree of chilling

tolerance of the genotypes Changes m OPS II/OC02 can occur when the ratio of hght

absorption at PS I to that at PS II changes since

^PSn-fl, /»i + /-Ve
*C02 { Iesu ) A

where /Psl and /PSii are the hght absorbed by PS I and PS II respectively, Ir is the hght

not absorbed by PS II or PS I, and Jc is the whole cham electron transport (modified

from Edwards & Baker 1993) Since neoxanthin was found only in PS II in barley leaves

(Lee & Thomber 1995), an alteration in the neoxanthin content would imply a change m

the ratio of PS II to PS I, assuming that the amount of neoxanthin m the reaction centre

is constant In this study, the content of neoxanthin on a chlorophyU basis remamed

constant in Z7 and Penjalinan for the sowing dates, this was probably the case for the

PS II/PS I ratio, too However, a higher neoxanthin content was found in Z7 than in

Penjalman This may indicate a higher ratio of PS II to PS I m Z7 than m Penjalman

Consequently, a lower OPS II/OC02 ratio can be expected in Penjalman than in Z7

However, the determination of the OPS II/OC02 ratio showed only minor differences

between the genotypes Apart from alterations m absorption, the OPS II/OC02 ratio

depends on the ratio of Jt to A The ratio of OPS II to OC02 increases if the rate of the

whole cham electron transport (7e) increases to a greater extent than the rate of C02

assimilation This implies the appearance of alternative sinks for electrons, e g , photo

respiration, the Mehler reaction, or nitrogen assirrulation (Edwards & Baker 1993)

Another cause of an mcrease m the OPS II/OC02 ratio could be an enhanced quantum

requirement for C02 fixation due, for example, to C4-acid overcychng Operation of the

Q cycle has the opposite effect it decreases the quantum requirement for C02 fixation

(Furbank et al 1990) The smaU decrease m the OPS II/OC02 ratio, which was found

throughout the growmg season, indicates only minor changes in the photosynthetic

apparatus Therefore, substantial operation of alternative electron smks was very unlikely

m third leaves under the given conditions Since OPS II/OC02 ratios were determined at

25 °C, there may be an alteration in the OPS II/OC02 ratio at chnlmg temperature

However, it was shown that the OPS II/OC02 ratio is almost unaffected by the

measuring temperature (Edwards & Baker 1993) Furthermore, it is possible that
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alterations m the OPS II/OC02 ratio occurred at earlier growth stages Measurements on

field-grown maize plants m the U K showed a drastic mcrease m the OPS II/OC02 ratio

m the first leaves which developed under chilling conditions early m the season, whereas

the OPS II/OC02 ratio was close to the expected relationship m leaves which developed

later under more favourable conditions (Fryer et al 1998) This mdicated the operation

of an alternative electron sink to carbon fixation, such as Mehler reaction

Although early grown plants showed classical symptoms of suboptimal growth

temperature, only minor changes m the scavengmg systems were found in relation to the

sowmg dates The most obvious change m antioxidant contents was an mcrease m the

amount of a-tocopherol from the early to the late sowmg date This alteration was

surprising since, under controUed growth conditions, higher amounts of a-tocopherol

were found in leaves which developed at suboptimal compared to optimal temperature

(Chapters 2 & 5) In early sown plants m the field, the content of a-tocopherol was close

to that found in leaves grown at 25 °C m the growth chamber Late grown plants

contamed almost as much a-tocopherol as 15 °C plants m a controUed environment

(Chapters 2&5) Smce a-tocopherol is predommantly located in the chloroplast (Hess

1993), it is relevant to consider a tocopherol on a chlorophyU basis On this basis, the

a-tocopherol content remamed constant throughout the growing season A similar result

was obtained by Fryer et al (1998), with the exception that, m their study, the first

leaves which developed under chilhng conditions contamed clearly more a-tocopherol

per unit chlorophyU than leaves which developed later m the season The daily global

radiation mcreased throughout the growmg season (Fig 7 1) An effect of hght mtensity

durmg growth on the a-tocopherol content was found m some evergreen species (Grace

& Logan 1996) The changes m the ascorbate and glutathione contents were not be

clearly related to temperature or light effects, especially, smce different time patterns

existed in both genotypes Under field conditions, marked seasonal variations m the

ascorbate and glutathione content were observed in wheat (Badiani et al 1996), whereas

only httle mcrease in the ascorbate content was found m maize throughout the early

growmg season (Fryer et al 1998) Compared to the findings of growth chamber

experiments reported m Chapters 2 and 5, field-grown maize contained similar amounts

of glutathione as 15 °C leaves However, the amount of ascorbate in field-grown maize
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was sometimes higher than m plants grown in the growth chamber This can be explained

by the higher irradiation m the field, because it was shown that the ascorbate content is

positively correlated with the amount of absorbed light energy (Foyer 1993)

The specific activity of MAP reaction enzymes and HFA cycle enzymes remamed

constant throughout the growmg season and was sinular to the values for leaves from

plants that developed m a controlled environment (Chapter 6) However, Fryer et al

(1998) found a decrease in APX, DHAR, GTR, MDHAR, and SOD activity on a

chlorophyU basis throughout the growing season m field grown maize On a leaf area

basis, only APX and DHAR activities decreased, whereas the activity of SOD mcreased

m their study As was expected from the findings reported m Chapter 6, the specific

activity of CAT was lower m early grown plants than m those sown later It is known

that, under high hght mtensity, CAT is generaUy mactivated, but this can be compensated

by synthesis as long as the plants are not exposed to stress conditions (Feierabend &

Engel 1986) Therefore, it seems that compensation of CAT mactivation was insufficient

m the early sown sets of plants, probably due to the reduction in CAT synthesis caused

by low temperature

Significant differences in the antioxidant content were found between both genotypes

The chilling-tolerant Z7 exhibited a higher content of a-tocopherol, ascorbate, and

glutathione than the chilling-sensitive Penjalman The glutathione content was positively

correlated with chilling tolerance in maize (Kocsy et al 1996) However, contrastmg

results were found m another study m which maize mbred lines of different chilling

tolerance were compared under optimal growth conditions (Hodges et al 1996) In the

study of Hodges et al (1996), chiUmg-tolerant mbred lines contamed fewer of the

mentioned antioxidants than a chilling-sensitive mbred hne The higher activity of GTR in

the chilling-tolerant Z7 than m Penjalman, as was found m plants grown under controlled

conditions (Fig 6 4), was confirmed under field conditions Compared to a controUed

environment (Chapter 6), a strong decrease in the DHAR activity was observed in field-

grown Penjalinan Only m some sowmg sets was the activity of CAT and APX higher m

field-grown Z7 than m Penjalman However, the higher activities of SOD and MDAR in

Z7 compared to Penjalman m a controUed environment (Fig 6 4) was not found under

field conditions
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In summary, maize plants grown in the early season m the field showed typical chill-

mduced alterations, namely low photosynthetic capacity which is probably due to the

reduction in chlorophyll content, low photosynthetic efficiency which seems to be related

to a higher de-epoxidation of the xanthophyU cycle pool, and a reduced activity of CAT

However, there was no evidence of oxidative stress due to an enhanced Mehler reaction,

smce the ratio of OPS II/OC02 was always close to the expected relationship for maize

leaves Furthermore, neither an accumulation of antioxidants, nor an increase m the

activity of scavengmg enzymes was found in early grown plants This may also mdicate

an mcrease in the formation of superoxide radicals and, consequently, of hydrogen

peroxide However, a similar study provided evidence of a stronger Mehler reaction

when leaves developed under chilhng conditions, smce a marked increase m the

OPS II/OC02 ratio, accompanied by an elevated antioxidative capacity, was found m

maize seedhngs grown under chuTing conditions m the field (Fryer et al 1998)

Furthermore, the comparison of genotypes of different chilling tolerance showed that

chilhng tolerance might be correlated with an mcreased antioxidative capacity, thus

implying the presence of superoxide radicals and hydrogen peroxide under chilhng

conditions However, it could not be determmed whether these alterations m the content

of antioxidants were the cause or the result of chilhng tolerance Nevertheless, the

present results mdicate that chill-induced damage can occur without an enhanced Mehler

reaction A further candidate for chill-induced damage might be singlet oxygen For

example, it was found that an overaccumulation of tetrapyrroles enhances the production

of singlet oxygen which, consequently, damages the photosynthetic electron transport

cham (Chakraborty & Tnpathy 1992) Similarly, accumulation of photosensitized chloro¬

phyll precursors, due to low temperature is also possible Upon exposure to light, this

would cause the formation of singlet oxygen and, eventually, well-known chill-induced

damage to the photosynthetic apparatus
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O Conclusions

Photooxidative damage and chiU-mduced reduction of photosynthetic capacity and

efficiency were dimmished m maize leaves which has been acclimated to suboptimal

growth temperature Furthermore, they recovered faster from chilling stress than maize

plants grown at optimal temperature

Plants grown at suboptimal temperature were characterized by a larger pool of xantho¬

phyU cycle pigments However, when plants were exposed to severe chilling stress

(6 °C), further adaptation of the xanthophyU cycle pool to the lowered efficiency of hght

utdization at low temperature did not occur This was probably due to an inhibition of

the synthesis of xanthophyU pigments at low temperature Upon exposure to low

temperature, ie, 5 °C, m the hght, 15 °C leaves were able to de epoxidize the

xanthophyU cycle pool to a greater extent than were 25 °C leaves The greater capacity

for de-epoxidation in 15 °C leaves seems to be due to a larger amount of photo-

convertible violaxanthm and might be an important defence mechanism agamst the

formation of reactive oxygen m leaves that developed at suboptimal temperature The

de-epoxidation of the xanthophyU cycle pigments was accelerated by an increase in

ascorbate content, achieved by infiltrating leaves with the ascorbate precursor,

L-galactono-y-lactone However, the maximal de-epoxidation state of the xanthophyU

cycle pool was unaffected This indicates that ascorbate does not limit maximal de-

epoxidation, but it does limit the velocity of de-epoxidation

The xanthophyU cycle is considered to be a photoprotective energy dissipation process

and to be associated with non-photochemical quenching ActuaUy, faster development

and a higher level of NPQ were found in leaves that developed at suboptimal

temperature when exposed to high hght mtensity m the cold However, accelerated

zeaxanthin formation was not reflected m a faster development of NPQ m leaves that

ascorbate content was artificiaUy mcreased Smce NPQ developed much faster than the

de-epoxidation of the xanthophyU cycle pool, it is assumed that the first phase of NPQ

mduction is probably not related to zeaxanthm formation, whereas the steady state level

of NPQ might be affected by the de-epoxidation state of the xanthophyll cycle pool

Exposure of maize leaves to high hght mtensity m the cold (5 °C) led to a fast decrease

m the maximum quantum efficiency of PS II primary photochemistry (FJFm) It is
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concluded that photosynthetic electron transport slowed down and, therefore, the

formation of superoxide radicals at PS 1,1 e
,
the Mehler reaction, and, consequently, the

formation of hydrogen peroxide might be prevented This consideration is supported by

the finding that, upon exposure to high irradiance m the cold, the formation of

superoxide radicals and the content of hydrogen peroxide were decreased Furthermore,

under different growth conditions, less hydrogen peroxide was found m leaves grown at

suboptimal temperature than m those grown at optimal temperature This might be, at

least partiaUy, the result of more efficient dissipation of an excess of absorbed hght

energy m plants grown at suboptimal temperature Additional evidence that chill-induced

damage is not necessardy due to an enhanced Mehler reaction is obtamed by monitoring

the ratio of OPS II/OC02 m field-grown maize early m the growmg season Under the

given conditions, the OPS II/OC02 ratio was close to the theoretical relationship and

was apparently the same for late and early grown plants, although early grown plants

exhibited chill-induced damage, 1 e, a decrease in the photosynthetic capacity and

efficiency, low chlorophyU content, and a lower catalase activity However, leaves that

developed under severe chiUing conditions in the field m the U K showed a very large

increase in the OPS II/OC02 ratio (Fryer et al 1998)

Maize leaves contamed ascorbate, glutathione, and a-tocopherol in a ratio of about

100 10 1 The plants responded to low temperature with an increase in the ascorbate

content only when a certam level of crulhng combmed with a certam hght mtensity were

imposed Nevertheless, severe chilhng (5 °C) under high hght mtensity (1000 pmol m2

s ') resulted in a degradation of ascorbate Infiltration of leaves with L-galactono-y-

lactone led to four-fold mcrease in the ascorbate content m the whole leaf and, at least

partiaUy, m the chloroplasts themselves, as was mdicated by the accelerated formation of

zeaxanthm m these organelles However, an artificial mcrease m the ascorbate content

did not diminish photoinhibition or photooxidative degradation of a-tocopherol and

pigments It even lowered the amount of GSH and increased the susceptibility of GSH to

photooxidative stress, probably due to a greater requirement for reducing agents to

recycle ascorbate

Acclimation to suboptimal growth temperature caused an mcrease in the glutathione

content by almost 25 % Furthermore, its content rose during the early phase of recovery

from chuhng stress, which might have been induced by enhanced oxidative stress durmg

this period It is concluded that glutathione is the most susceptible antioxidant to photo¬

oxidative stress
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The most significant response of antioxidants to suboptimal growth temperature was a

doubling of the a-tocopherol content In addition, a period of chilling consequently trig¬

gered the synthesis of a-tocopherol in plants grown at optimal temperature However,

under field conditions, maize plants grown early in the season contained less

a-tocopherol than plants which were grown later under more favourable conditions This

might be caused by an increase in global radiation throughout the growing season

The scavengmg enzymes appeared to be sufficient active m counteractmg chilhng stress,

both m maize plants grown in a controUed environment and m those grown under field

conditions However, the limiting enzyme of the MAP reaction seemed to be APX, whde

that of the HFA cycle was found to be GTR Growth at suboptimal temperature led to an

increase m activity of most scavengmg enzymes Nevertheless, when enzyme activity was

assayed at growth temperature, it was lower m plants grown at suboptimal temperature,

with the exception of SOD, the activity of the latter was apparently not mfluenced by the

lower assay temperature In contrast to aU other enzymes, the activity of CAT was

markedly reduced m plants grown at suboptimal temperature, both m a controUed

environment and m the field It seems that the mactivation of CAT in plants grown at

suboptimal temperature cannot be compensated Apart from the fmdmg that GTR had

the lowest activity ot all scavenging enzymes, there was further evidence that GTR, m

conjunction with glutathione, may play a crucial role during chilling stress The evidence

is a strong declme m GTR activity due to the decrease in temperature and a higher GTR

activity and glutathione content when leaves were grown at suboptimal temperature as

well as in the chilling-tolerant maize genotype compared to the chilling-sensitive one

In leaves developed at suboptimal temperature, alterations in scavengmg systems seem to

support the more efficient dissipation of the excess of absorbed hght energy to prevent

chill-induced damage and to support a fast recovery from cmlhng stress a-Tocopherol

mamly protects the photosynthetic apparatus itself, whereas glutathione, in conjunction

with GTR, protects enzymes which are mvolved m carbon fixation These effects of low

temperature on the photosynthetic apparatus and the defence systems are summarized in

Fig 8 1 Nevertheless, the response of the scavengmg systems to low temperature is

rather slow Together with the pool size of the xanthophyll cycle, they represent the

long-term adaptation of the plant However, non photochemical quenchmg together with

the de-epoxidation state of the xanthophyU cycle pool are more flexible and seem to be

major defence mechanisms that can be regulated within minutes to hours, even at low

temperature
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10 Appendix

Table 10.1: Levels of variance analysis for pigment composition of maize

genotypes Z7 and Penjalinan in three growing sets

Chi a Chit Chi a/b P-c V A

genotype ** *** *** ns *** ns

at SI ns * *** ns ** ns

atS2 * * (*) ns *** ns

at S3 ns * (*) ns ** ns

set **# *** ** ns *** (*)

S1/S2 (*) ns ** ns ns ns

S2/S3 ** *** ** ns *** *

S1/S3 *** *** ns ns *** ns

genotype x set ns ns ns ns ns ns

Z VAZ AZVAZ lutein N N/Chla+fo

genotype *** ** *** *** *** ***

at SI ** ns *** ** * **

atS2 ** (*) *** *** *** **#

at S3 ns ns * * ** *

set *** ns *** ns *** ns

S1/S2 ns ns ns ns ns ns

S2/S3 *** ns *** ns *** (*)

S1/S3 *** ns *** ns *** ns

genotype x set ns ns ns ns ns ns

*** = p < 0 001, ** = P < 0 01, * = P < 0 05, (*) = P < 0 1, ns = not significant
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Table 10.2: Levels of variance analysis for antioxidant contents of maize

genotypes Z7 and Penjalinan in three growing sets

a-tocopherol ascorbate glutathione

genotype

at SI

atS2

at S3

set

S1/S2

S2/S3

SI/S3

genotype x set

ns

(*)

**

ns

**

***

ns

**

ns

ns

(*)

ns

ns

***

ns

**

**

(*)

ns

*

ns

**

*** = p < o 001, ** = P < 0 01, * = P < 0 05, (*) = P < 0 1, ns = not significant

Table 10.3: Levels of variance analysis for scavengmg enzyme activities of

maize genotypes Z7 and Penjalman in three growing sets

SOD APX MDAR DHAR GTR CAT

genotype ns * ns *** ** ns

at SI ns (*) ns ** ns ns

atS2 ns ns ns ** * (*)

at S3 ns ns ns * * ns

set ns ns ns ns ns *

S1/S2 ns ns ns ns ns ns

S2/S3 ns ns ns ns ns *

SI/S3 ns ns ns ns ns *

genotype x set ns ns ns ns ns ns

*** = P < 0 001, ** = P < 0 01, * = P < 0 05, (*) = P < 0 1, ns = not significant
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Fig. 10.1: Reverse-phase
HPLC of maize leaf pigments

(Chapter 2 2 2) Detection

was at 445 nm

1 = neoxanthin,

2 = violaxanthin,

3 = antheraxanthm,

4 = lutein,

5 = zeaxanthin,

6 = Chi b, 7 = Chi a,

8 = p-carotene
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Fig. 10.2: Reverse phase
HPLC of maize leaf pigments

(Chapter 4 2 2 1) Detection

was at 445 nm

1 = neoxanthin,

2 = violaxanthin,

3 = antheraxanthm,

4 = lutein,

5 = zeaxanthin,

6 = Chi b, 7 = Chi a,

8 = P-carotene
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