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Abbreviations
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Rubisco ribulose-1,5-bisphosphate-carboxylase/oxygenase (EC 4.1.1.39)

SLA specific leaf area (cm2 g"1)

SPP sucrose-phosphate phosphatase (EC 3.1.3.24)
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UDP-GIc uridine-diphosphoglucose
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Vcmax maximum carboxylation velocity
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1 Summary

Plants growing in managed grassland are subject to frequent and severe

changes in their growth conditions - due to defoliation and fertilization. The

interactions of carbon and nitrogen metabolism under such changing conditions

have rarely been investigated, despite a vast number of studies on single topics.

Two experiments have been performed with perennial ryegrass (Loliumperenne L.)

to investigate the metabolism in relation to changing nitrogen and carbon availability.

The first experiment was performed in the Swiss free air C02 enrichment (FACE)

facility where source-sink relations are influenced by different partial pressures of

atmospheric C02 (pc02), different levels of nitrogen fertilization, and by regular

defoliation. An elevated pC02 was used to obtain a persistently higher source activity

in relation to ambient pC02 due to increased photosynthetic rates. Similar, two

nitrogen treatments were applied to give persistent differences in the growth

potential (carbon sink potential) of the plants. In addition, nitrogen availability

changed considerably with time, since nitrogen fertilizer was applied in one dose

after each defoliation. Defoliation decreases photosynthetically active leaf area

drastically. During regrowth, leaf area is re-established, hence increasing again

the source-sink ratio.

Under those changing environmental conditions, the photosynthetic rate and

sucrose-phosphate synthase (SPS) behaved differently. In fructan accumulating

species like L. perenne, both parts - SPS and photosynthesis - promote the same

carbon flux, since all the assimilated carbon is immediately converted into sucrose.

Photosynthetic rate increased with elevated pC02, whereas SPS increased with

high nitrogen supply. The gap between flux and enzyme content was bridged by

changes in the activation state of SPS to match the photosynthetic rate. Further,

sucrose was identified as the short-term carbon storage pool in leaves during the

day-night cycle. In this fructan accumulating species, sucrose replaces transient

starch as storage compound. Sucrose content was only slightly affected by the

different growth conditions. Fructan contents were largely increased under elevated

pc02or low nitrogen supply. Fructan in source leaves serves as a long-term storage

pool of surplus carbon. Protein, free amino acids, and nitrate responded to source-

sink relations, most strongly to nitrogen availability. A negative correlation of SPS

with the hexose to amino acid ratio and with the sucrose to amino acid ratio was
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observed. However, it could not be distinguished, whether this fact was simply

indicating a general relation with the source-sink ratio, or secondly, whether this

correlation could indicate a direct involvement of these compounds in the regulation

of SPS content.

Hence, SPS content seems to be strongly influenced by the the source-sink

relation, mainly the N supply. To further investigate this topic, a growth chamber

experiment was performed. The source-sink relation of plants was changed abruptly

by switching nitrogen supply from high to low and vice versa. Leaf metabolism

and metabolites were followed for four weeks after the change in nitrogen supply.

Responses of photosynthesis, SPS, carbohydrates and nitrogenous compounds

to changing source-sink relations were similar to those in the field. Yet, changes in

SPS content were clearly not due to changes in leaf protein content. A detailed

analysis of amino acids revealed that glutamine was most strongly influenced by

changes in N supply. Further, a strong negative correlation of SPS with the sucrose

to glutamine ratio was observed. This is an indication, although indirect, that sugars

and amino acids are directly involved in the regulation of SPS.
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2 Zusammenfassung

Pflanzen, die in bewirtschaftetem Grasland wachsen, sind aufgrund von

Entblätterung und Düngung häufigen und starken Veränderungen in ihren

Wachstumsbedingungen ausgesetzt. Die Interaktionen von Kohlenstoff- (C) und

Stickstoff-(N)-Metabolismus unter solch sich ändernden Bedingungen wurden

selten untersucht, obwohl es eine Menge an Untersuchungen einzelner Themen

gibt. Es wurden zwei Experimente mit Englisch Raigras (Lolium perenne L.)

durchgeführt, um den Metabolismus in Abhängigkeit von Stickstoff- und Kohlenstoff¬

verfügbarkeit zu erfassen.

Das erste Experiment wurde im Schweizer Freiland-COyAnreicherungs-

Experiment (free air C02 enrichment, FACE) durchgeführt, in dem die source-

sink-Verhältnisse durch folgende Faktoren beeinflusst werden: verschiedene C02-

Konzentrationen, verschiedene Stufen der Stickstoffdüngung und durch

regelmässige Entblätterung. Ein erhöhter Partialdruck an atmosphärischem C02

(pC02) wurde benutzt, um aufgrund der höheren Photosyntheserate die source-

Aktivität im Vergleich zum normalen pC02 andauernd zu erhöhen. In ähnlicher Weise

wurden zwei N-Verfahren angewandt, um anhaltende Unterschiede im Wachstums¬

potential (sink Potential) der Pflanzen zu erreichen. Zusätzlich dazu, änderte sich

die N-Verfügbarkeit beträchtlich mit der Zeit, da der Stickstoffdünger nach jedem

Schnitt in einer einzigen Gabe verabreicht wurde. Entblätterung führt zu einer

drastischen Verringerung der photosynthetisch aktiven Blattfläche. Während des

Wiederaufwuchses wächst die Blattfläche wieder nach und infolgedessen erhöht

sich das source-sink-Verhältnis wieder.

Unter diesen verschiedenen und sich verändernden Umweltbedingungen

verhielten sich Photosyntheserate und Saccharosephosphat-Synthase (SPS)

unterschiedlich. In fruktanspeichemden Arten wie L. perenne sind beide Teile an

dem selben Kohlenstoff-Fluss beteiligt, weil in diesen Arten der photosynthetisch

fixierte Kohlenstoff vollständig in Saccharose umgewandelt wird. Die Photo¬

syntheserate stieg unter erhöhtem pC02, während SPS bei hoher N-Versorgung

stieg. Die Lücke zwischen Fluss und Enzymmenge wurde durch Änderungen im

Aktivierungsgrad des Enzyms geschlossen, um die SPS-Aktivität an die Photo¬

syntheserate anzugleichen. Saccharose wurde als der kurzfristige C-Speicherpool

während des Tag-Nacht-Zyklus in Blättern identifiziert. In dieser fruktan-
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speichernden Art ersetzt Saccharose die transitorische Stärke als Speicherkohlen-

hydrat. Der Saccharosegehalt wurde von den verschiedenen Wachstums¬

bedingungen nur schwach beeinflusst. Die Fruktangehalte hingegen waren unter

erhöhtem pC02 und/oder geringer N-Versorgung stark erhöht. Fruktan in Blättern

dient als Langzeit-Speicherpool für überschüssigen Kohlenstoff. Gesamtprotein,

freie Aminosäuren und Nitrat reagierten ebenfalls auf die source-sink-Verhältnisse,

am stärksten auf die N-Verfügbarkeit. Zwischen SPS und dem Hexose-zu-

Aminosäuren-Verhältnis und dem Saccharose-zu-Aminosäuren-Verhältnis

bestand eine negative Korrelation. Es war jedoch nicht klar, ob diese Korrelation

einfach eine allgemeine Beziehung zu den source-sink-Verhältnissen widerspiegelt,

oder ob sie vielleicht eine direkte Beteiligung dieser Verbindungen an der

Regulation der SPS anzeigt.

Der SPS-Gehalt schien sehr stark vom source-sink-Verhältnis, besonders vom

N-Angebot, abzuhängen. Um diesen Punkt eingehender zu untersuchen, wurde

ein Klimakammer-Experiment durchgeführt: Das source-sink-Verhältnis der

Pflanzen wurde abrupt durch das Wechseln der N-Versorgung von hoch auf tief -

und umgekehrt - geändert. Die Reaktionen von Photosynthese, SPS, Kohlen¬

hydraten und N-Verbindungen auf die veränderten source-sink-Verhältnisse waren

ähnlich denen im Feldexperiment. Allerdings waren die Änderungen im SPS-Gehalt

eindeutig nicht auf Änderungen im Gesamtproteingehalt zurückzuführen. Bei

Analyse der einzelnen Aminosäuren stellte sich heraus, dass der Glutamin-Gehalt

am stärksten von der Stickstoffversorgung beeinflusst wurde. Weiters wurde eine

starke negative Korrelation der SPS mit dem Saccharose-zu-Glutamin-Verhältnis

beobachtet. Dies kann als - indirektes -Anzeichen dafür angesehen werden, dass

Zucker und Aminosäuren, die ihrerseits stark von den source-sink-Verhältnissen

abhängen, direkt an der Regulation der SPS beteiligt sind.
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3 General Introduction

Plants growing in managed grasslands are subject to frequent and severe

changes in their growth conditions. Defoliation by grazing or mowing removes a

large portion of the leaf area, and fertilization occurs as single pulsed events.

These ever changing growth conditions exclude the existence of steady state

conditions, which are used for most physiological studies. Hence, the physiology

of plants subjected to such non-steady-state conditions is not well known, despite

the - indirect - importance of grasslands for human nutrition. Although a vast amount

of literature exists concerning single aspects like regrowth, few integrative attempts

have been made to understand the physiology of grassland plants under "real

world" conditions. The present thesis tries such an integrative approach by

investigating carbon metabolism in response to carbon and nitrogen availability in

a model grassland species, Lolium perenne.

3.1 Source-sink relations

For plants exhibiting considerable changes in their growth conditions, it is

important to keep or regain a balance between their sources and sinks. Carbon

sources are defined as net carbon exporting organs; carbon sinks as net carbon

importing organs (integrated over 24 h, Farrar 1996b). Source organs are usually

photosynthetically active leaves; sinks are meristems, roots, young leaves and

storage organs. Young leaves become sources when they mature and storage

organs may become sources when the plant demand for carbon exceeds

photosynthesis. Sources and sinks are not independent from each other, but

strongly connected with each other (Farrar 1996a; Farrar 1996b).

Further, source and sink activity (current assimilate flux) are strongly influenced

by environmental factors. For example, increases in light or the partial pressure of

atmospheric C02 (pC02) increase source activity, wheras defoliation decreases the

source. The effect of nitrogen fertilization is more complex, since it increases sink

activity via promoting growth; but to some extent it can also increase the

photosynthetic capacity and hence source. In this thesis, nitrogen supply, C02

concentration and defoliation were used to either constantly affect or to abruptly

change the source-sink relations of L. perenne plants. These factors will be

discussed in more detail below.
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3.1.1 Nitrogen

Nitrogen is one of the most important determinants in plant growth. For most

plant species, the sole nitrogen sources are nitrate and ammonium in the soil

(Marschner 1995). The abundance of available nitrogen has a strong influence on

plant metabolism. Nitrogen in its several forms influences more or less all plant

features from gene regulation to whole plant biomass production (Marschner 1995;

Stitt 1999; Stitt and Krapp 1999).

Low concentrations of nitrogen in the soil or nutrient solution generally lead to

a decrease in plant biomass production, an increase in the root-shoot-ratio, and

to a decrease in plant nitrogen concentration, which involves nitrate, amino acids

and protein content. In grasses, nitrogen fertilization leads to more tillers, larger

leaves, but has little effect on photosynthesis (Whitehead 1995). Hence, the

nitrogen status has a strong influence on the plant's source-sink relations mainly

by increasing the sink.

Nitrate is not only a nutrient, but also an important signal in plant metabolism

(Crawford 1995; Stitt 1999). When externally supplied, nitrate promotes local root

growth and induces nitrate uptake systems in the root (Crawford 1995; Crawford

and Glass 1998; Stitt 1999). Nitrate accumulation in the shoot, however, reduces

root growth in favour of shoot growth and also suppresses starch accumulation

via down regulation ofADP-glucose-pyrophosphorylase transcript (Scheible et al.

1997a; Scheible era/. 1997b).

Amino acids are the first organic products of both nitrate and ammonium

assimilation. They are not only building blocks for proteins and many secondary

compounds, but also signals for plant metabolism. For example, amino acids,

mainly glutamine and glutamate, are signals in the regulation of genes coding for

enzymes involved in nitrogen and carbon metabolism: abundance of amino acids

depresses expression of enzymes involved in assimilation of nitrogen like nitrate

reductase (Hoff et al. 1994), glutamine synthetase (Oliveira and Coruzzi 1999) or

phosphoenolpyruvate carboxylase (Sugiharto et al. 1992). Further, it enhances

expression of enzymes involved in nitrogen storage, like asparagine synthase

(Lam era/. 1994)
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3.1.2 Elevated pC02

An elevated partial pressure of atmospheric C02 (pC02) influences a plant's

source-sink relations in the way that it increases the source activity by increasing

the photosynthetic rate (Bowes 1991; Stitt 1991). This increase in photosynthetic

rate is a direct consequence of the biochemical properties of ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco; Bowes 1991).

Such an increase in photosynthesis leads to an increase in biomass, if other

growth conditions are favourable. An early literature review found a 33 % increase

in yield in 430 observations of 37 agricultural species (Kimball 1983). However,

plants under limiting nutrient conditions show much lower or even no response in

biomass to elevated pC02 (Stitt and Krapp 1999). Plants growing in the field in

natural ecosystems (tundra, salt-marsh, calcarous grassland, alpine grassland,

and tallgrass prairie) showed only a positive growth response to elevated pC02

when the soil was rich in nutrients (summarized in Hebeisen 1997).

Higher rates of photosynthesis, however, are often not persistent. Acclimation

processes take place in the long term, which reduce the initial stimulation of

photosynthesis partially or totally, or even lead to a reduction of photosynthetic

rates compared to ambient pC02. This acclimation brings source-sink relations back

into balance when the additional carbohydrate supply cannot be utilized (Stitt 1991 ).

There have been many debates about the mechanisms leading to an

acclimation of photosynthesis and a generally accepted model is still lacking. At

present, the most widely accepted model is based on the work of Sheen and

coworkers, who showed a reduction of transcript levels of Rubisco small subunit

and other Calvin cycle enzymes when exogenous sugars were applied (Sheen

1990; Jang and Sheen 1994; Sheen 1994; Jang and Sheen 1997). They argue

that endogenous sugar levels are sensed via hexokinase and this induces a signal

cascade leading to downregulation of photosynthetic genes.

There are many studies, which support this idea (Krapp et al. 1991; Besford

1993; Krapp étal. 1993; Van Oosten étal. 1994; Krapp and Stitt 1995; Van Oosten

and Besford 1996). However, there are a number of studies, which strongly suggest

that this model is not sufficient (Stitt and Krapp 1999): increased levels of sugars

due to phosphate limitation or cold temperatures do not lead to a decrease in

Rubisco or other Calvin cycle enzymes (Hurry et al. 1994; Hurry et al. 1995a;

Rivière-Rolland et al. 1996; Nielsen et al. 1998; Strand et al. 1999). Further,
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acclimation of photosynthesis under elevated pC02 is more marked under nitrogen

limitation (Sage 1994; Rogers etal. 1996; Drake et al. 1997; Rogers et al. 1998;

Stitt and Krapp 1999).

Hence, two further models have been proposed (Stitt and Krapp 1999): 1) the

decrease of Rubisco reflects a general decrease of leaf protein, due to reallocation

of nitrogen to younger leaves or earlier leaf senescence in nitrogen-limited plants

(Nie etal. 1995b; Miller etal. 1997). 2) Signals for the regulation of Rubisco and

other enzymes derive from an interaction of sugars and nitrogen compounds (Paul

and Driscoll 1997; Geiger et al. 1999; Stitt and Krapp 1999). This last model is

supported by some very recent studies, which showed that carbon and nitrogen

metabolism are strongly interdependent and there is considerable "cross-talk"

between those two parts of plant metabolism (Rivière-Rolland et al. 1996; Koch

1997; Paul and Driscoll 1997; Scheible et al. 1997a; Scheible et al. 1997b;

Morcuende etal. 1998; Nielsen etal. 1998; Oliveira and Coruzzi 1999; Stitt 1999;

Stitt and Krapp 1999).

3.1.3 Defoliation

Defoliation of a plant, either by grazing or mowing, causes a drastic change in

its source-sink relations. Defoliation deprives a plant of most of its photosynthetic

active leaves, i. e. its carbon source. Many species of grasslands are well adapted

to defoliation since their active meristems are close to the surface and therefore

protected from loss during defoliation. Further, the capacity for regrowth depends

on the residual leaf area, the carbohydrate and nitrogen reserves of the plant.

Interestingly, for leaf growth carbohydrate reserves are only important for a very

short period of time after defoliation. On the third day after defoliation, L perenne

plants gain most of their carbon from actual photosynthesis (De Visser et al. 1997;

Morvan-Bertrand et al. 1999a; Morvan-Bertrand et al. 1999b; Schnyder and de

Visser 1999).

Early regrowth also depends on internal N reserves (Richards 1993; Volenec

et al. 1996), whereas uptake of N from the soil is reduced shortly after defoliation.

This, however, might be due to a low N demand, since plants with low internal

nitrogen reserves at the time of defoliation keep their high capacity for nitrogen

uptake even shortly after defoliation (Macduff et al. 1989; Louahlia et al. 1999).
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Fig. 3.1 : Scheme of the carbohydrate metabolism in a mesophyll cell of a source

leaf containing fructan. For details see section 3.2. The reactions catalyzed by the

three key enzymes are marked: 1. Ribulose-1,5-bisphosphate oxygenase (EC

4.1.1.39); 2. fructose-1,6-bis-phosphatase (EC 3.1.3.11), 3. sucrose-phosphate

synthase (2.4.1.14). Compartments are given in capital letters, storage

carbohydrates in italics.
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3.2 Carbohydrate metabolism

Carbohydrate contents of plants strongly respond to changes in source-sink

relations: they are usually lower at ample N supply than under N deprivation (Rufty

etal. 1988; Paul and Driscoll 1997; Scheible etal. 1997b; Stitt and Krapp 1999).

Carbohydrate contents generally increase under elevated pC02, but the extent of

this increase depends on species, growth conditions and developmental stage

(Stitt 1991; Körner et al. 1995; Isopp 1996; Fischer et al. 1997; Poorterefa/. 1997;

Stitt and Krapp 1999). Carbohydrates also decrease after defoliation and increase

again during regrowth (Prud'homme et al. 1992; Richards 1993; Fischer et al.

1997; Morvan-Bertrand etal. 1999b).

This indicates that carbohydrate metabolism plays an important role in plants

under changing source-sink relations. Previous studies with L. perenne have indeed

shown that leaf carbohydrate levels might be a good indicator for the plant's source-

sink relations (Fischer etal. 1997).

Sucrose is the carbohydrate that plays the central role in a plant's source-sink

relations. Sucrose is the transport form of carbohydrate and therefore is an

important mediator between sources and sinks (Farrar and Williams 1991; Farrar

1996a; Pollock and Farrar 1996). It is also known as an effector of gene regulation

(Chiou and Bush 1998).

3.2.1 Sucrose synthesis in source leaves

Sucrose is the first stable, non-phosphorylated product of photosynthesis

outside the chloroplast (Fig. 3.1). Triose-phosphates generated in the Calvin cycle

are exported from the chloroplast via a triose-phosphate/phosphate translocator

(Flügge 1999), which mediates the antiport of triose-phosphates and inorganic

phosphate. In the cytosol, which is the exclusive site of sucrose synthesis (Stitt et

al. 1987b), two triose-phosphates are joined to give fructose-1,6-bisphosphate by

the enzyme aldolase in a reversible reaction.

The hydrolysis of fructose-1,6-bisphosphate to Fru-6-P by fructose-1,6-

bisphosphatase is irreversible. Fructose-1,6-bisphosphatase is a highly regulated

enzyme (Stitt et al. 1987b; Daie 1993). Low cytosolic concentrations of triose-

phosphates and high concentrations of fructose-6-phosphate induce the formation

of fructose-2,6-bisphosphate (and vice versa), a strong inhibitor of fructose-1,6-

bisphosphatase (Stitt et ai. 1987a; Stitt 1990). The result of this regulation is that
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a threshold concentration of triose-phosphate has to accumulate in the cytosol to

activate fructose-1,6-bisphosphatase. This mechanism avoids a drain of triose-

phosphates from the chloroplast, which are necessary for the regeneration of

ribulose-bisphosphate (Stitt 1996). These regulatory properties make fructose-

1,6-bisphosphatase to a key enzyme in this pathway. However, two other enzymes

are involved in the interconversion of fructose-1,6-bisphosphate and fructose-6-

phosphate: ATP-dependent phosphofructokinase (PFK) and pyrophosphate-

dependent phosphofructokinase (PFP). The role of the latter, which catalyses a

readily reversible reaction, is still under discussion (ap Rees 1992; Plaxton 1996;

King et al. 1998).

Via the action of phosphoglucose isomerase, Fru-6-P is in equilibrium with

Glc-6-P. Glc-6-P is transformed to glucose-1-phosphate by phosphoglucomutase.

UDP-glucose-pyrophosphorylase catalyses the reaction glucose-1-phosphate +

UTP -> UDP-GIc + pyrophosphate.

These reactions yield the two substrates of the second key enzyme of sucrose

synthesis, sucrose-phosphate synthase.

3.2.2 Sucrose-phosphate synthase

The second key enzyme in sucrose synthesis is sucrose-phosphate synthase

(SPS, EC 2.4.1.14). It was first described by Leloir and Cardini (1955) and catalyses

the penultimate step in sucrose-synthesis:

UDP-GIc + Fru-6-P <-> sucrose-6-P + uridin-diphosphate + H+

SPS is soluble in the cytoplasm and catalyses a freely reversible reaction (Barber

1985; Lunn and ap Rees 1990). However, rapid removal of sucrose-6-P by sucrose-

phosphate phosphatase (SPP; EC 3.1.3.24) keeps the cytosolic sucrose-P

concentration low and thereby renders the SPS reaction essentially irreversible

(Huber and Huber 1996). SPP is always present in high activities, therefore SPS

is considered as the rate-controlling step.

SPS is not confined to photosynthetic active tissues. It occurs in nonphoto-

synthetic tissues that are active in sucrose biosynthesis, like ripening fruits or

potato tubers. Here, mainly work on SPS from leaves shall be considered.
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SPS is considered to regulate the carbon partitioning between storage (starch)

and export (sucrose) pools (Stitt et al. 1987b; Stitt and Quick 1989). Its activity is

negatively correlated with starch accumulation (Huber 1981a). Because of its

importance for carbon partitioning, SPS is a highly regulated enzyme. SPS is

controlled at the level of enzyme protein, allosteric effectors, and reversible protein

phosphorylation (discussed in sections 3.2.2.2 to 3.2.2.4, pp. 20-23).

3.2.2.1 Genes for SPS

SPS seems to be encoded by a single gene in most species investigated so

far: spinach (Klein et al. 1993; Sonnewald et al. 1993), sugar beet (Hesse et al.

1995), maize (Worrell etal. 1991), rice (Sakamoto etal. 1995; Valdez-Alarcôn et

al. 1996), potato (EMBL Accession Nr. S34172), banana (Oliveira do Nascimento

et al. 1997), Vicia faba (Heim et al. 1996), and in the cyanobacterium Synechocystis

sp. (Curatti etal. 1998; Lunn etal. 1999). In other species, there are several gene

copies coding for SPS: two in sugarcane (Sugiharto etal. 1997) and Craterostigma

plantagineum (Ingram et al. 1997), three copies in Citrus unshiu (Komatsu et al.

1996) and a small gene family with at least four genes in kiwi (Langenkämper et

al. 1998).

3.2.2.2 Control of enzyme level

SPS enzyme level increases during sink to source transition of developing

leaves (Giaquinta 1978; Walker and Huber 1989b; Harn etal. 1993; Klein etal.

1993; Cheng etal. 1996; Curatti and Salerno 1997). Other factors influencing

SPS level in leaves can be interpreted as changes in source-sink relations. In

soybean, SPS increases in the remaining leaves when leaves are partially removed

(reduced source), and declines when pods are removed (reduced sink). Those

changes in SPS strongly correlate with photosynthetic rates (Suwignyo etal. 1995).

SPS and photosynthesis are also increased in spinach at high light (Klein et al.

1993), in rice growing at high nitrogen supply (Makino et al. 1994) and at high

temperature (Hussain et al. 1999). Elevated pc02 leads often to an increase of

SPS (Pushnik etal. 1994; Seneweera etal. 1995; Wang and Nobel 1996; Vu etal.

1998; Hussain etal. 1999). When photosynthesis is reduced under elevated pC02

due to acclimation, SPS is reduced as well (Peet etal. 1986; Socias etal. 1993).

However, in several studies, no changes in SPS were observed (Huber et al.
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1984; Ferrario-Méry et al. 1997; Vu etal. 1998), and in a survey of 16 species, a

13 % decline in SPS was observed under elevated pC02 (Moore et al. 1998)

During cold hardening of cold tolerant species, SPS activity and enzyme content

increase together with photosynthesis. This has been reported for spinach (Guy

et al. 1992; Holaday et al. 1992; Martindale and Leegood 1997a), Arabidopsis

(Strand etal. 1999), winter wheat (Tognetti etal. 1990; Savitch etal. 1997), winter

rye (Hurry et al. 1994; Hurry et al. 1995a) and winter rape (Hurry et al. 1995b). In

cold sensitive plants or cultivars, SPS activity does not increase at low temperatures

(Holaday etal. 1992; Hurry etal. 1995b; Savitch etal. 1997).

Generally, SPS protein level does not change diurnally, but stays constant

throughout a day-night cycle. Species, which accumulate sucrose in their source

leaves, generally have higher activities of SPS (Huber 1981b).

3.2.2.3 Control by effectors

SPS is an allosteric enzyme and is activated by Glc-6-P and inhibited by

inorganic phosphate, at least in most species (Doehlert and Huber 1983b; Doehlert

and Huber 1983a). The effect of Glc-6-P differs between species. Activation of

maize leaf SPS occurs as a result of a decreased Km(UDP_G,c), that of spinach leaf

SPS as a result of a decreased Km(Fru.6.P). The degree of inhibition due to inorganic

phosphate depends on the phosphorylation state of SPS protein (Huber and Huber

1996).

Inhibition of SPS by the final product, sucrose, depends on the species. SPS

is not affected by sucrose in leaves of species, which accumulate SPS to a certain

degree, like spinach and maize (Stitt etal. 1987b; Lunn and Hatch 1997). SPS

from tobacco, pea, bean and peanut leaves are strongly inhibited by sucrose (Stitt

et al. 1987b). Those species use sucrose only as transport compound, and a

build-up of sucrose inhibits its further synthesis.

3.2.2.4 Control by protein phosphorylation

Light has a clear effect on the kinetic properties of SPS, which are conserved

during protein purification (Kerr et al. 1987; Stitt et al. 1988). These different kinetic

properties are caused by protein phosphorylation (Huber etal. 1989a; Huber and

Huber 1991; Weiner et al. 1992). Phosphorylation of serine-158 of spinach SPS

leads to a highly increased sensitivity to inorganic phosphate. Dephosphorylation
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leads to insensitivity to inorganic phosphate (Walker and Huber 1989b; Huber et

al. 1992b; Huber et al. 1992a; Huber et al. 1992c; Huber et al. 1995; Huber and

Huber 1996).

This phenomenon is of practical importance, since SPS activity can be estimated

in vitro with two different assays: i) An assay with saturating substrate concentrations

in the absence of the inhibitor inorganic phosphate gives the maximum activity

(Vmax), which corresponds to the protein amount (Walker and Huber 1989a; Loewe

etal. 1996; Hauch and Magel 1998). ii) An assay with low substrate concentrations

in the presence of the inhibitor phosphate gives the activity under limiting conditions

(Vlim), which is believed to resemble the in vivo activity of the enzyme (Stitt et al.

1988).

Changes in SPS activity at Vhm are light dependent. Light induces the synthesis

of the SPS protein phosphatase and leads to activation of SPS (Weiner et al.

1993; Huber and Huber 1996). Light induction of SPS has been seen in barley

(Sicher and Kremer 1984), Lolium temulentum (Pollock and Housley 1985), spinach

(Stitt et al. 1988), and maize (Kalt Torres etal. 1987). In some species, like maize,

soybean, pea and tomato, SPS follows an endogenous rhythm (Huber et al. 1985;

Kerr etal. 1985; Jones and Ort 1997).

Huber et al. (1989b) have proposed three groups of species with different kinds

of SPS light activation: Group I with maize and barley, where light leads to an

increase in Vlim and Vmax. However, Lunn and Hatch (1997) could show, that in

maize this apparent change in Vmax is due to altered affinities to the substrates,

UDP-GIc and Fru-6-P. Measured at really saturating substrate concentrations,

Vmax does not change (Lunn and Hatch 1997). Group II with spinach shows a clear

increase at VIim in light, whereas Vmax remains constant. This is consistent with

recent reports, which showed that phosphorylation state of SPS increases in the

dark and decreases in the light (Weiner et al. 1992; Huber et al. 1995; Toroser et

al. 1999). In group III with Arabidopsis thaliana and tobacco, there seem to be no

diurnal changes in the in vitro SPS activity (Huber et al. 1989b).

Besides this light activation of SPS by protein dephosphorylation there exist

other phosphorylation sites of SPS: In spinach, osmotic stress leads to a

phosphorylation of serine-424 of SPS, which leads to an increase in the activation

state as seen in the activity at Vhm (Quick et al. 1989; Toroser and Huber 1997).

SPS from spinach and cauliflower have specific phosphorylation sites, which bind
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to 14-3-3 proteins. The physiological role of this interaction has yet to be elucidated

(Toroser et al. 1998; Moorhead etal. 1999).

3.2.3 Carbon metabolism in fructan species

In about 20 % of Higher Plant species, fructan replaces or at least accompanies

starch as the major reserve polysaccharide. The most important orders where

fructan occurs, are the Asterales, Liliales and the Poales (Hendry and Wallace

1993). The biosynthesis of fructan starts with sucrose as the sole precursor. This

leads to a completely different pattern of carbon partitioning in leaves as compared

to starch storing species (Fig. 3.1). In the latter, carbon partitioning takes place

between starch as storage compound and sucrose as the export compound.

However, in fructan species, all fixed carbon is converted to sucrose, and then

carbon is partitioned into a storage pool of sucrose and fructan in the vacuole and

into a second pool of sucrose, which is exported to sink organs.

This different pattern of carbon partitioning results in a different role of the

biosynthetic pathway of sucrose. In starch storing species, sucrose synthesis is

related to export exclusively (Stitt et al. 1987b), whereas in fructan species it is

not. The two key enzymes of sucrose synthesis are cytosolic fructose-1,6-

bisphosphatase and sucrose-phosphate synthase (Stitt et al. 1987b). The latter

was chosen as subject for this study since it catalyses the penultimate step in

sucrose synthesis, and no further biosynthetic pathways directly draw carbon prior

to export or fructan synthesis.

3.3 Interactions in carbon and nitrogen metabolism

From the points discussed in section 3.1 (pp. 13-17) it is clear that carbon and

nitrogen metabolism are strongly interdependent. The acquisition and assimilation

of either element requires the other. Hence, the acquisition and allocation of both,

carbon and nitrogen, needs coordination (Rufty 1997; Stitt and Scheible 1998).

Increased allocation of carbon to the roots increases the ability for nitrogen uptake

and depends on the nitrogen status of the plant (Van der Werf and Nagel 1996;

Rufty 1997). Increased allocation of nitrogen to the leaves increases the

photosynthetic capacity and hence the carbon acquisition.
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The assimilation and allocation of carbon and nitrogen are regulated at several

levels, from the gene and enzyme regulation to the whole-plant carbon and nitrogen

allocation.

The interaction at the level of the regulation of enzyme activity is usually a

short-term response to cope with sudden changes in metabolism (Champigny

1995). Carbon and nitrogen assimilation share the same energy sources in leaves

(Huppe and Turpin 1994). Hence, it appears logical that the key enzymes of carbon

and nitrogen metabolism are co-ordinated through the same mechanism, regulation

via protein phosphorylation. This regulation involves SPS (section 3.2.2.4, p. 21),

phosphoenolpyruvate carboxylase and nitrate reductase (Huber et al. 1994; Huber

et al. 1996; MacKintosh 1998). A sudden increase in supply of nitrate to nitrogen

starved plants activates nitrate reductase and phosphoenolpyruvate kinase and

deactivates SPS. This mechanism diverts assimilated carbon from sucrose

synthesis to the synthesis of carbon skeletons for amino acids. Yet, the nature of

this "nitrate"-signal - probably glutamine - and the mechanisms of protein kinase

regulation are not yet known (Champigny ef al. 1992; Champigny and Foyer 1992;

Foyer et al. 1996). However, this type of regulation clearly is a short-term

mechanism for fine adjustment of carbon and nitrogen assimilation (Huppe and

Turpin 1994).

Gene expression of a number of enzymes is regulated by carbon and nitrogen

metabolites (see sections 3.1.1 and 3.1.2, pp. 14-16). The main regulatory

metabolites are believed to be sugars and amino acids, since they can provide

valuable information on whole plant carbon and nitrogen status (Koch 1997). There

is increasing evidence that sugars and amino acids both can affect the expression

of the same gene, generally in an antagonistic way (Huppe and Turpin 1994;

Koch 1997). Interactions, however, are complex, since signalling pathways often

overlap (Koch 1997; Sheen et al. 1999). There are few studies in Higher Plants,

which clearly show that sugars and amino acids have antagonistic effects on gene

expression. Examples are asparagine synthase (Lam et al. 1994) and glutamine

synthetase (Oliveira and Coruzzi 1999). More published evidence that sugars

regulate genes of nitrogen metabolism and that amino acids regulate genes of

carbon metabolism can be found in reviews by Koch (1997) and Stitt and Krapp

(1999).



25

The regulation at the level of metabolism extends to the whole-plant-level

allocation of carbon and nitrogen. The carbon and nitrogen status of plants has a

strong influence on the allocation of resources to the shoot (increase in carbon

acquisition) or to the roots (increase in nitrogen acquisition). There is a whole

network of interactions at all levels (Stitt and Schulze 1994). The mechanisms,

which control resource allocation and, therefore, source-sink relations are still

under discussion, including sucrose, amino acids, cytokinins, or combinations

thereof as signals (Buysse ef al. 1993; Farrar 1996a; Van der Werf and Nagel

1996). Yet, the knowledge at the molecular level is not sufficient to explain whole

plant allocation (Stitt and Scheible 1998).

3.4 What is known in L. perenne?

There is a vast amount of literature regarding biomass production of L. perenne

under different source-sink relations as influenced by nitrogen, elevated pC02 and

defoliation (summarized by Hebeisen 1997; Fischer 1998). Physiological

investigations, however, are rare, especially regarding carbohydrate metabolism

under changing source-sink relations (Prud'homme et al. 1992; Fischer et al. 1997).

L. perenne is a forage grass, which is well adapted to high nitrogen availability,

and growth is highly stimulated by nitrogen fertilization (Whitehead 1995). It can

store considerable amounts of nitrate. Its growth rate is not decreased upon nitrate

starvation for up to eleven days (Jarvis and Macduff 1989). The assimilation of

nitrate and ammonium has been extensively studied (Clement etal. 1978a; Clement

etal. 1978b; Clarkson etal. 1986; Jarvis and Macduff 1989; Macduff etal. 1989;

Clarkson etal. 1992; Ourry et al. 1996). Nitrate assimilation occurs predominantly

in the leaves (Macduff et al. 1989). Due to enhanced growth at high nitrogen

fertilization, less carbohydrates are accumulated in leaves and in stubbles

(Gonzalez et al. 1989; Fischer et al. 1997), whereas upon nitrogen deprivation,

soluble carbohydrates increase up to threefold within seven days (Bowman and

Paul 1988).

There are also a number of studies investigating the response of L perenne to

elevated pC02 (see Hebeisen etal. 1997; Fischer 1998). The main outcome is that

a positive growth response strongly depends on a sufficient nitrogen availability

(Schenk et al. 1996; Hebeisen et al. 1997; Daepp et al. 2000). This makes

L. perenne ideal for physiological investigations in the interactions of elevated
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pC02 and nitrogen. Interestingly, photosynthetic rates of leaves of L. perenne remain

enhanced under elevated pC02 even when there is no growth response (Nijs etal.

1988; Nijs et al. 1989; Ryle et al. 1992; Rogers et al. 1996). This suggests a

consistent overinvestment of nitrogen to the photosynthetic apparatus as observed

in other cases (Fichtner et al. 1993; Pettersson and McDonald 1994; Stitt and

Schulze 1994). This non-optimal nitrogen allocation might explain the highly

increased carbohydrate contents in leaves and stubble (Fischer etal. 1997) while

growth is restricted by low nitrogen.

Regarding defoliation, the general comments made in section 3.1.3 (p. 16)

apply also for L. perenne, since most experiments have been conducted with that

species. Regrowth initially depends on nitrogen reserves (Ourry et al. 1989;

Richards 1993), whereas regrowth of leaves very soon becomes independent

from carbohydrate reserves (De Visser et al. 1997; Morvan-Bertrand etal. 1999b;

Schnyder and de Visser 1999). Under high nitrogen supply, defoliation initially

decreases nitrogen uptake from the growth substrate, whereas under low nitrogen

supply, nitrogen uptake is not decreased (Louahlia et al. 1999). Elevated pC02,

however, does not seem to accelerate regrowth despite the plant's higher

carbohydrate reserves (Fischer 1998).

3.5 Objectives

The picture of the physiology ofL perenne under changing source-sink relations

was a patchwork at the beginning of this thesis. It was the aim to understand the

carbon fluxes and the pools of carbon and nitrogen compounds under different

source-sink relations, particularly in source leaves. From the Swiss FACE

experiment, the photosynthetic rates (Rogers etal. 1998) and the development of

total nonstructural carbohydrate during regrowth (Fischer et al. 1997) were known.

To link those results in a bigger framework, to gain information about the dynamics

of carbohydrates, and to get information about nitrogen metabolism under those

conditions, diurnal timecourses were performed in the field.

Several questions were awaiting an answer: How do individual carbohydrates

react to different source-sink relations? What is their role in long- and short-term

storage? How is their reaction related to the nitrogen status of the leaves? How do

nitrogenous compounds react to those growth conditions?
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Further, it was known from the work of Rogers et al. (1998) that the

photosynthetic apparatus shows no acclimation to elevated pC02 on the gas

exchange level. Yet, under certain conditions, Rubisco was decreased. The

resulting question was: How do other enzymes in carbon metabolism react to

changes in source-sink relations? SPS was chosen as the key enzyme of

carbohydrate synthesis in this fructan species. The experiment comparing SPS

with photosynthesis is presented in chapter 4 (pp. 29-48), the experiment on

carbohydrate and nitrogen metabolites in chapter 5 (pp. 49-70).

To answer questions emerging from the field experiment about the role of N

supply on SPS, a growth chamber experiment was performed, where only one

growth parameter was varied: N supply was switched from high to low and vice

versa. The same parameters as in the field study-together with a detailed analysis

of amino acids - were measured during a four week period after the change in N

supply. The adaptation processes during the change from one equilibrium to the

other were followed. These results are presented in chapter 6 (pp. 71-93).



2*
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4 Sucrose-phosphate synthase responds differently to source-

sink relations and to photosynthetic rates: Lolium perenne L.

growing at elevated pC02 in the field

4.1 Abstract

Lolium perenne, a main component species in managed grassland, is well

adapted to defoliation, fertilization, and regrowth cycles; hence, to changes in the

assimilatory carbon source-sink ratio. In the Swiss Free Air C02 Enrichment

experiment the source-sink ratio is (i) increased by elevated partial pressure of

C02 (pC02), (ii) decreased by enhanced carbon use under high N fertilization, and

(iii) gradually increased during regrowth after defoliation. Since sucrose synthesis

plays a central role in leaf carbohydrate metabolism in this fructan-accumulating

species, we investigated how sucrose-phosphate synthase (SPS) responds to

the differing assimilatory carbon fluxes and source-sink ratios in the field.

Assimilatory carbon flux, as estimated by leaf gas exchange, strongly depended

on pC02. Surprisingly, the SPS content per leaf area did not increase with pC02, but

increased with N fertilization. During later regrowth, when a dense canopy had

formed, SPS content decreased; particularly at high N under elevated pC02 SPS

was decreased. Further, the higher assimilatory carbon flux through SPS at elevated

pC02 was accompanied by a higher activation state of SPS. SPS content correlated

very strongly with the ratio of free sucrose to free amino acid in leaves, which

represents the carbon source-sink ratio. Hence, SPS content in L. perenne appears

to be regulated by the current, strongly nitrogen-dependent, source-sink relation.

4.2 Introduction

Plants of managed grassland are subject to severe and quick changes in their

carbon and nitrogen source to sink ratio by regular defoliation with subsequent

fertilization: (i) defoliation diminishes the leaf area and, therefore, the assimilatory

capacity of the carbon source; (ii) fertilization increases N availability for regrowth,

thus increasing carbon sink. In the course of regrowth, carbon assimilatory capacity

is quickly re-established with increasing leaf area, whereas N available for plant

growth decreases rapidly, so that further growth is often limited by lack of N.

In such a scenario, the extent of change in the source-sink ratio after defoliation

depends on the amount of N fertilizer applied and on the partial pressure of C02
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(pC02). Increasing N enhances the carbon sink, and increasing pc02 enhances the

carbon source by stimulating photosynthesis (Bowes 1991; Long and Drake 1992).

In perennial ryegrass (Lolium perenne L.), an important component of grassland

in mild temperate regions, shoot biomass increases with N fertilization, and a

further biomass increase by means of elevated pC02 depends on sufficient N supply

(Schenk et al. 1996; Hebeisen etal. 1997). Leaf carbohydrate metabolism under

these changing source-sink relations, with special emphasis on its interaction with

pC02 and N supply, was the focus of our interest.

Physiologically, C02 enrichment leads to acclimation of photosynthesis, a

reduction in ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) content.

However, at elevated pC02, and especially when N supply is low, photosynthetic

rates in L. perenne remain higher, despite acclimation late in regrowth (Ryle etal.

1992; Rogers etal. 1998), while the carbohydrate content in their source leaves

increases greatly, independent of pC02 (Fischer et al. 1997; Rogers et al. 1998;

Isopp et al. 2000a). These observations support the idea that carbohydrate

mediates the acclimation of photosynthesis (Long 1991 ; Stitt 1991 ; Van Oosten et

al. 1994). Increased total nonstructural carbohydrate (TNC) in leaves under

elevated pC02 and low N supply implies that a decreased capacity for growth at low

N results in an increased carbon sink limitation (Fischer et al. 1997; Isopp et al.

2000a).

In source leaves of L. perenne, only very little carbohydrate is stored as starch

(Fischer et al. 1997); most of the photosynthetically fixed carbon appearing there

is immediately directed into the synthesis of sucrose, which is used for storage,

fructan synthesis and export (Pollock and Cairns 1991; Isopp etal. 2000a). Since

sucrose-phosphate synthase (SPS) is the key enzyme of sucrose synthesis (Huber

and Huber 1996), it ultimately sustains the main assimilatory carbon flux.

Indeed, the SPS content of leaves has been shown to be regulated mainly to fit

the photosynthetic rate. When the source-sink balance of plants is altered,

photosynthesis and SPS generally change likewise and in parallel. SPS increases

along with photosynthesis in high light (Klein et al. 1993), high N (Makino et al.

1994), after a reduction in the number of leaves (Suwignyo et al. 1995) or, as in

most studies, under elevated pc02 (e. g. Seneweera etal. 1995; Wang and Nobel

1996; Hussain etal. 1999). Even in the two reports in which SPS was decreased

due to elevated pC02, the photosynthetic rate was also decreased due to acclimation
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(Peet et al. 1986; Socias et al. 1993). Yet, in a recent study with 16 species, no

correlation was found between SPS content and acclimation of Rubisco protein;

but leaf gas exchange rates, however, were not measured (Moore etal. 1998). In

L. perenne, the photosynthetic rate remains unchanged when the source-sink

ratio differs after defoliation or in different N treatments (Rogers et al. 1998). Hence,

the question arises whether SPS changes in accordance with changes in the

photosynthetic rate or rather in accordance with source-sink relations.

The source-sink ratio is strongly dependent on the carbon and nitrogen status

of the plant. This status is indicated by the sugar and amino acid content (Koch

1997). In tobacco plants, in which the carbon source-sink ratio was increased by

withholding N, the ratio of free hexose to free amino acid correlated with a decline

in photosynthetic activity (Paul and Driscoll 1997).

Carbon metabolism and nitrogen metabolism are highly interdependent from

the whole-plant to the molecular level (Stitt and Krapp 1999); their metabolites

can influence the activity and expression of the enzymes in either metabolic pathway

(Van Oosten et al. 1994; Champigny 1995; Koch 1996; Jang et al. 1997; Koch

1997; Oliveira and Coruzzi 1999).

The Swiss Free Air C02 Enrichment (FACE) experiment offers a unique

opportunity to investigate the response of SPS to different source-sink relations

under field conditions. In the FACE experiment, swards of L. perenne are subjected

to a regular cutting regime, and are additionally influenced in their source-sink

relations by growing at ambient or elevated pC02, combined with low or high rates

of N fertilizer application (Fischer etal. 1997; Hebeisen etal. 1997; Rogers etal.

1998). An experiment was designed using those swards to test, under field

conditions, whether SPS in L. perenne leaves, like Rubisco, is influenced by source-

sink relations, as indicated by the sugar to amino acid ratio, or whether SPS is

solely dependent on the source activity, as indicated by the photosynthetic rate.

Further, as a secondary objective, the main in vitro regulatory properties of

L. perenne SPS had to be established.

4.3 Materials and Methods

4.3.1 Plant material

Swards of Lolium perenne L. (cv. Bastion) were grown in the FACE facility in

Eschikon near Zürich, Switzerland (Fischer et al. 1997). The facility consists of
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three pairs of control and fumigated plots, which are left at ambient pC02 (35 Pa)

and kept at elevated pC02 (60 Pa), respectively. The swards were established in

autumn 1995, with subplots maintained at a low (14 g N nr2 a1) and a high (56 g

N nr2 a"1) rate of nitrogen supply (as NH4N03) and all defoliated at 5 cm above

ground five times per year. Plants with a reduced source-sink capacity were

sampled shortly after a defoliation event at regular intervals during 24 h starting at

7:00 hours Central European Summer Time on June 25, 1997 (9 days after

defoliation, DAD; 7 days after fertilization). Plants with a high carbon source-sink

ratio were sampled similarly before the next defoliation when leaves formed a

dense canopy (July 9, 23 DAD). From each plot, samples of 10 leaves (for SPS

determination) and 20 leaves (for chemical analysis) were taken at each sampling

time. Since grass leaves represent a linear developmental gradient with the tip

the oldest tissue, the distal 4 cm of the exposed blade of the emerging leaf of a

tiller, assessed by the fact that it was the longest leaf in which the ligule had not

emerged, was selected. Area and fresh mass of the sampled material were

determined on the samples for chemical analysis; then these samples were plunged

into liquid N2, freeze dried and finely ground prior to analysis. The leaf samples for

SPS determination were immediately frozen in liquid N2 and stored at -80 °C until

analysis.

4.3.2 Leaf gas exchange

Leaf gas exchange rates were measured at the same time of leaf sampling

using open gas-exchange systems (CIRAS-1, PP Systems, Hitchin, UK), as

described by Rogers et al. (1998). Leaf gas exchange rates were measured in

situ undergrowth pC02 and ambient temperature, using incident light. In each plot

six to seven individual leaves were selected as above and measured at each

sampling time. The daily net C02 uptake for the 24 hour period was calculated by

integrating the C02 exchange rates. The mean of the photosynthetic rates at the

beginning and end of each interval was multiplied by the duration of the interval;

these values were added up to give the daily net C02 uptake. Photosynthetic

rates around noon (from 11 to 15 hours) were used to estimate the maximum

carbon flux in leaves.
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4.3.3 SPS assays

SPS activity was measured using a procedure modified from Walkerand Huber

(1989b). Frozen leaf samples were ground in a chilled mortar with four volumes of

cold extraction buffer containing 50 mM 3-[N-morpholino]-propanesulfonic acid

(Mops)-KOH pH 7.4, 1 mM MgCI2, 1 mM EDTA, 5 mM DTT, 0.1 % (v/v) Triton X-

100, 0.1 % (w/v) bovine serum albumin, 2 mol m3 benzamidine and 2 mM

s-aminocapronic acid. Extracts were passed through a double layer of miracloth,

centrifuged for 3 min at 13,000 g, and 200 mLofthe supernatant were desalted in

pre-spun Poly-Prep Chromatography columns (Biorad, Munich, Germany) filled

with 2 cm3 Biogel P6 (Biorad) and equilibrated with extraction buffer without Triton.

All steps were carried out quickly at temperatures between 0 and 4 °C. SPS activity

was assayed under saturating (Vmax) and limiting (Vlim) substrate conditions. The

Vmax assay consisted of 50 mM Mops-KOH pH 7.4, 15 mM MgCI2, 1 mM EDTA, 8

mM fructose-6-phosphate (Fru-6-P), 32 mM glucose-6-phosphate (Glc-6-P), 10

mM uridine-diphospho-glucose, and 45 jiL extract (equivalent to 9 mg of fresh

mass) in a final volume of 100 (iL. The Vhm assay was the same as above, except

that it contained 3 mM Fru-6-P, 12 mM Glc-6-P and, additionally, 10 mM inorganic

phosphate. Assays were incubated for 10 min at 25 °C and stopped by boiling for

3 min. Product formation in the assays was linear up to 20 min. The supernatant

of the centrifuged assay was diluted and analysed for sucrose by HPLC as

described below. Preliminary experiments have shown that sucrose-6-phosphate

was only present in trace amounts in the assay (-0.1 % of sucrose formed); thus

sucrose-6-phosphate could be neglected. Invertase activity under assay conditions

was negligible. SPS activity is expressed as the rate of sucrose formation. The

activation state of SPS in percent was calculated as (VlimA/max) x 100.

4.3.4 Immunoblotting

A procedure modified from Reimholz et al. (1997) was used to quantify SPS

protein. Frozen plant tissue was ground in liquid N2. The powder was immediately

added to hot SDS gel loading buffer, the slurry heated for 4 min to 90 °C, and

subsequently centrifuged. Total proteins equivalent to 20 mm2 leaf area were

separated by SDS-PAGE on 7.5 % gels (Mini-Protean II, Biorad, Munich, Germany)

and transferred to PVDF membranes (Biorad, Munich, Germany) by semi-dry

blotting (Multiphor II Novablot Electrophoresis Transfer Kit, Pharmacia, Dübendorf,
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Switzerland). SPS was immunostained using polyclonal rabbit antibodies raised

against SPS fragments 30 and 90 (1:1 mixture in a dilution 1:2000) of maize

(Bruneau et al. 1991), and visualized using the chemiluminescence assay with

horse-radish peroxidase (Boehringer, Mannheim, Germany). SPS was quantified

on scanned autoradiographs using the software package Scionlmage (Scion Corp.,

Frederick, Maryland, USA). On each gel the same amount of the same maize leaf

extract was loaded as a reference to allow comparison between gels.

Table 4.1. Photosynthesis, sucrose-phosphate synthase and total nonstructural

carbohydrate content in source leaves of Lolium perenne from the Swiss FACE.

Plants were grown at ambient and elevated pcoz, combined with two levels of N

supply, and sampled early (9 DAD) and late (23 DAD) after partial defoliation.

Net photosynthetic C02 uptake rate (A) was measured around noon and

expressed on a leaf area as well as on a protein basis. SPS activity (Vmax) was

expressed on a protein basis. Daily net CO2 uptake was calculated from the

photosynthetic CO2 uptake rates of young source leaves measured at intervals

during 24 hours. To allow a direct comparison with C02 exchange rates, total

nonstructural carbohydrate content (TNC) at 7:00 hours is expressed in carbon

equivalents. Mean values (± se, n = 3; for A n = 9) within a given parameter
followed by the same superscript letter are not significantly different (p<0.05).

9 DAD 23 DAD

N supply 35 Pa C02 60 Pa C02 35 Pa C02 60 Pa CQ2

14.8 ±0.8 20.2 ±2.2°

14.6 + 1.1a 18.7±1.9b

A

(|umol m"2 s"1)

A

(nmol g"1 s"1)

(limol g"1 s'1)

TNC

(mmol C m"2)

low

high

low

high

low

high

3.59 ± 0.19a

3.50 + 0.25a

0.61 ±0.03a

0.80 ± 0.03b(

6.88±0.76b

4.98 ± 0.43c<

0.87±0.07b'

0.95 ± 0.04c

14.2 ±1.2

15.1 ±1.1a

6.06 ± 0.52bl

4.86 ± 0.42c

0.64 + 0.04a'

0.83 ± 0.04b'

518 + 23d

547 + 16d

263 ±73d

115 + 32bc

17.1 ±1.2a

21.0 + 1.7b

9.12 ± 0.45e

8.19 ± 0.67e

0.85 ± 0.05bo

0.75 ± 0.03de

686 ± 45c

823 + 53e

632±13e

197 + 50d

C02 uptake
low394+10a665+

32

(mmol C m"2 cf1)
high365+20a

573 + 391
bd

low394+10a665+ 32'

1)
high365+20a

573+
391

low 50 ± 6ab 122 ± 9a

high 36 ± 9a 60 + 7ac
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4.3.5 Carbohydrate determination

Starch was determined as in Fischer et al. (1997). Water soluble carbohydrate

was determined in hot water extracts of lyophilized material: extracts and hydrolysed

extracts were deionized by the use of ion-exchange resins (Dowex 50-100 mesh:

50WX8, H+-form; 1X8, formate form; Fluka, Buchs, CH). Free glucose, fructose

and sucrose in extracts were separated by HPLC on an anion-exchange column

(Carbopac PA100, 250 x 4 mm, Dionex, Sunnyvale, California, USA) using 100

mM NaOH as the eluent; for sucrose in the SPS assays 150 mM NaOH was used.

The HPLC system and instrument settings were as described in Lüscher et al.

(1993). Compound water soluble carbohydrates (mainly sucrose and fructan) in

extracts were hydrolysed by incubation of an aliquot of the extract with 750 U

ß-Fructosidase (Boehringer, Mannheim, Germany) in acetate-buffer (25 mM, pH

5.0) at 40 °C for 15 h. The reaction was stopped by boiling for 5 min. Total glucose

and fructose in the hydrolysed extracts were determined as described above. The

fructan content was calculated as total hexose content minus the content of free

hexoses and hexoses from sucrose. Total nonstructural carbohydrate (TNC) was

calculated as the sum of the individually determined carbohydrate contents.

4.3.6 Amino acid and protein determination

The content of free amino acid was determined in 80 %-ethanol extracts with

ninhydrin, following the procedure of Yemm and Cocking (1955). Total protein

content was determined in 100 mM NaOH extracts from lyophilized material using

the Bradford dye-binding procedure (Bio-Rad, Munich, Germany) and bovine serum

albumin as standard.

4.3.7 Statistical data analysis

Statistical analyses were carried out as in Fischer et al. (1997) using the General

Linear Model procedure of the SAS statistical analysis package (version 6.12,

SAS Institute, Cary, NC, USA) to determine the significance of observed differences

at the 95% confidence level.
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4.4 Results

4.4.1 Photosynthesis and carbohydrate content

In young source leaves of L. perenne, photosynthetic rates per leaf area around

noon were strongly increased under elevated pC02 (+36 %, p = 0.042), whereas

they were not influenced by N or time during regrowth (Table 4.1). When expressed

on a protein basis (Table 4.1), photosynthetic rates were highly stimulated by

elevated pC02 (+62 %, p = 0.039), whereas they decreased at high N (p = 0.026)

and increased late in regrowth (p < 0.001). The daily net C02 uptake of leaves

was significantly stimulated by elevated pC02 (p < 0.001; Table 4.1) and late in

regrowth (p < 0.001). There was no over-all effect of N fertilization on daily net

C02 uptake (p = 0.648).
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Figure 4.1. Content of the components of total nonstructural carbohydrate (TNC)
at 7:00 hours in source leaves of Lolium perenne from the Swiss FACE. Plants

were grown at ambient (left of each pair of bars) or elevated (right) pC02 at either

low or high N. Leaves were sampled either soon (9 DAD) or late (23 DAD) after

defoliation. Filled: glucose; open: fructose: diagonally hatched; sucrose; cross

hatched: fructan; vertically hatched: starch. Error bars represent ± 1 se of TNC

(n = 3).
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TNC content of leaves was higher at elevated pC02 (p < 0.001 ; Table 4.1), even

at nine DAD, when plants still had a small leaf area and, therefore, a low carbon

source-sink ratio. Free hexoses and sucrose were only slightly enhanced under

elevated pC02 (Fig. 4.1). The high N fertilization rate led to lower carbohydrate

contents within each C02-treatment. TNC content increased significantly by three

to five-fold from 9 to 23 DAD (p < 0.001). The increases in TNC were mainly due

to higher contents of the storage compound fructan (Fig. 4.1). The lowest TNC

content was observed at nine DAD, high N and ambient pC02, and the highest at

23 DAD, low N and elevated pc02.

4.4.2 Nitrogenous compounds

The protein content of leaves of L. perenne was generally increased by high N

(p = 0.006), but was decreased by elevated pc02 (p = 0.022, Table 4.2). The

decrease due to elevated pC02 was more pronounced under low N supply. In leaf

Table 4.2. Protein, free amino acid content, hexose:amino acid ratio (Hex:AA)
and sucrose:amino acid ratio (Suc:AA) in source leaves of Lolium perenne

from the Swiss FACE. Plants were grown at ambient and elevated pco2,

combined with two levels of N supply, and sampled early (9 DAD) and late (23

DAD) after partial defoliation. Mean values (± se; n = 9 for protein; n = 33 for

amino acid and hexose:amino acid ratio; n = 3 for sucrose:amino acid ratio)
within a given parameter followed by the same superscript letter are not

significantly different (p<0.05).

9 DAD 23 DAD

N supply 35 Pa C02 60 Pa C02 35 Pa C02 60 Pa C02

Protein low 4.26 ± 0.25a 3.20 ± 0.28° 2.47 ± 0.10cd 1.96 ± 0.12e1

(9 m"2) high 4.36 +0.21a 4.29 + 0.26a 3.13 + 0.14b 2.66 + 0.09bc

Amino acid low 3.49 + 0.28a 2.84 + 0.22b 2.05 + 0.09d 1.72 + 0.05d

(mmol m"2) high 9.24 ± 0.52° 9.83 + 0.46° 4.13 + 0.24a 3.89 + 0.38a

Hex:AA low 0.97 + 0.083 1.24±0.07b 1.16±0.04ab 1.33 + 0.05b

(molar ratio) high 0.32 + 0.02° 0.38 ± 0.02° 1.17±0.09ab 1.70 ± 0.13d

Suc:AA low 1.32 ± 0.19a 3.00 ± 0.63b 6.75 ± 0.75° 6.16 + 1.06od

(molar ratio) high 0.70 ± 0.12a 0.99 ± 0.11a 3.92 ± 0.46e 5.20 ± 0.73de
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tissue of regrown plants (23 DAD), the protein content was lower than in leaf

tissue of the same physiological age shortly after fertilization (9 DAD, p < 0.001).

Similarly, the content of free amino acid was strongly increased at high N (p <

0.001), but it decreased with time (p < 0.001; Table 4.2). However, growth at

elevated pC02 led only to a marginal decline of free amino acid content (p = 0.527).

The ratio of free hexose to free amino acid has been suggested to represent

the relation of "active pools" of carbon and nitrogen (Paul & Driscoll, 1997). At low

N, this ratio was high and was almost constant for all C02 treatments and harvest

dates (Table 4.2). At high N it increased markedly from 9 to 23 DAD. At high N and

23 DAD, the hexose:amino acid ratio was strongly increased under elevated pC02

(+45%). While at high N similar trends were observed for the ratio of sucrose:amino

acid (Table 4.2), at low N and 9 DAD there was a considerable C02 effect, and the

ratios increased during regrowth.

4.4.3 General properties of L. perenne SPS

A new assay method was developed making it possible to accurately measure

SPS activity in L. perenne leaf extracts, as measurement of uridine-diposphate

(Copeland 1990) was inappropriate because of the high activity of uridine

diphosphatase. Similarly, the high fructan background concentration made a

colorimetric measurement of bound fructose (Copeland 1990) too insensitive.

However, separation and quantification of the assay product, sucrose, by HPLC

was a reliable method of measuring SPS activity in L perenne.

Figure 4.2. (next page) General properties of sucrose-phosphate synthase (SPS)
from source leaves of Lolium perenne. a) Activity of SPS in desalted extracts at

varying concentrations of Fru-6-P and inorganic phosphate (Pi). Filled symbols:

activity was assayed at different concentrations of Fru-6-P with Glc-6-P 4 times

that of Fru-6-P and without Pi. Open symbols: Influence of inorganic phosphate
on SPS activity; Circle: activity at 8 mM Fru-6-P without Pi (Vmax assay); Square:
activity with 3 mM Fru-6-P without Pi; Triangle: activity with 3 mM Fru-6-P and 10

mM Pi (V|]m assay), b) Feeding experiment: cut ends of leaves were placed into a

solution containing either 200 mM mannose, sorbitol or water and incubated for 9

h in the dark. Activation state (%) = (V, N ) x 100. c) Western blot of SPS from
x ' v hm max' '

L perenne leaves (L) in comparison with SPS from potato tubers (P) and maize

leaves (M). The main band of potato SPS (125 kD) corresponds to the lower band

of L perenne SPS; the maize SPS (138 kD) was slightly smaller than the higher
band of L. perenne.
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7 11 15 19

time of day

Figure 4.3. Activation state of sucrose-phosphate synthase (SPS) in source leaves

of Lolium perenne from the Swiss FACE. Plants were grown at ambient (open

symbols) or elevated (filled symbols) pC02 at either low (triangles) or high N

fertilization (squares). Leaves were sampled either soon (9 DAD) or late (23 DAD)
after defoliation at regular intervals during a 24 hour period (7:00 hours to 7:00

hours). Black bars near the time scale indicate the night period (irradiance < 50

[.imol nrr2 s1 photosynthetically active radiation). Error bars indicate the se for each

treatment (n = 3).

The main components in the SPS assay were optimized in order to be able to

accurately quantify SPS activity in raw extracts of L. perenne (e. g. Fru-6-P

concentration, Fig. 4.2a). The next step was to examine the short-term regulatory

properties of SPS: Inorganic phosphate in the assay (10 mol nr3) decreased the

apparent activity by 30 % at 3 mol nr3 Fru-6-P in extracts of light-adapted leaves

(Fig. 4.2a). Feeding mannose - as opposed to sorbitol - to leaves led to an almost

complete activation of SPS even in the dark, probably by sequestration of cytosolic

phosphate (Fig. 4.2b). SPS activity in L. perenne leaves appeared to undergo a

short-term regulation similar to that of the covalent modification of SPS in spinach

(Huber and Huber 1996), in which SPS at Vmax is constant throughout the day, but

there is clearly an activation of SPS at Vhm due to light.
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Figure 4.4. a) Sucrose-phosphate synthase activity (SPS) on a leaf area basis

under saturating substrate conditions (Vmax) in source leaves of Lolium perenne

from the Swiss FACE at ambient (open bars) and elevated (filled bars) pC02 at

either low or high N. Leaves were sampled at 9 or 23 days after defoliation (DAD).
Mean values (+ se, n = 33) with the same letter are not significantly different

(p<0.05). b) SPS protein in extracts from plants grown at ambient (35 Pa) and

elevated (60 Pa) pC02 at either low or high N fertilization, estimated by immuno-

blotting with antibodies raised against maize SPS. Protein extracts representing
20 mm2 leaf area were loaded. The lanes with extracts from 9 and 23 DAD are

from different immunoblots and can be compared only indirectly. One of five

replications is shown.
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Indeed, under field conditions, the activation state of SPS exhibited considerable

diurnal changes (Fig. 4.3), whereas SPS at Vmax showed no changes during a 24 h

period. Therefore, daily averages of SPS activity at Vmax are presented (Fig. 4.4a).

In all treatments, the activation state was high during the day (Fig. 4.3); particularly

during early regrowth it decreased sharply at the end of the light period, whereas

later in regrowth it started to decline in the afternoon. The activation state rose

again before dawn, similar to that in Lolium temulentum (Pollock and Housley

1985) and tomato leaves (Jones and Ort 1997).

The amount of SPS protein in leaves was estimated with polyclonal antibodies

raised against maize SPS (Bruneau et al. 1991; Fig. 4.2c); to avoid proteolytic

artifacts, the sample preparation of Reimholz etal. (1997) was used. Western blot

analysis revealed two prominent bands in L. perenne leaves (Fig. 4.2c), which

were similar to the bands of SPS 1a, 1b and of SPS 2 of potato (Reimholz et al.

1997) and which probably represent isoforms of the SPS enzyme. In this study

we were interested in the total amount of SPS, and so we calculated the protein

amount from the sum of both bands. In L perenne leaves, the SPS protein content

correlated closely with SPS activity at Vmax (r2 = 0.92; Fig. 4.5); hence, both Vmax

and protein content represent total SPS content.

4.4.4 Response of SPS to treatments

In our experiment, SPS at Vmax based on leaf area showed a very strong positive

response to the N treatment (+39 %, p = 0.023), but no overall response to elevated

pC02 (p = 0.918), whereas SPS decreased from 9 to 23 DAD (-37 %, p < 0.001;

Fig. 4.4a). This decrease disappeared when SPS at Vmax was expressed on a leaf

protein basis (-3 %, p = 0.388; Table 4.1). SPS per protein was slightly higher

under elevated pC02 (+19 %, p = 0.191) and at high N (+10 %, p = 0.359). On a leaf

area basis, the same pattern as at Vmax was observed for SPS protein by Western

blotting, but with higher variation (Figs. 4.4b, 4.5). At 23 DAD and high N, elevated

pC02 produced a significant reduction of SPS at Vmax both per leaf area and per

protein. In contrast to Vmax, the activation state of SPS was generally increased at

elevated pC02 (p = 0.014), whereas high N led to a decrease of the activation state

(p = 0.029, Fig. 4.3). For the single treatments, these effects were not significant,

except at 23 DAD and at high N, when elevated pC02 enhanced the activation

state significantly during the light period compared to that at ambient pC02.
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Figure 4.5. Correlation of sucrose-phosphate synthase (SPS) protein level with

SPS activity under saturating substrate conditions (Vmax) in source leaves of Lolium

perenne from the Swiss FACE. For symbols and treatments, see Fig. 4.3. Error

bars indicate ± 1 se (n = 5 for immunoblots, n = 33 for activity).

Correlations similar to those of Paul and Driscoll (1997) were tested for SPS

with several cell constituents of leaves (Fig. 4.6a-f). Since we were interested in

the relation of SPS with the carbon flux and, hence, the photosynthetic rate, SPS

activity and constituents were expressed per leaf area. However, no correlation of

SPS was observed - neither with the daily net C02 uptake (r2 = 0.20, not shown),

nor with the photosynthetic rate (r2 = 0.00 on area basis, Fig. 4.6a; r2 = 0.05 on a

protein basis, not shown). SPS was weakly negatively correlated with the morning

sucrose contents (r2 = 0.56, Fig. 4.6c), whereas the correlation disappeared when

the daily average sucrose contents were used (r2 = 0.02, not shown). For the other

leaf constituents and the ratios, morning and average values gave very similar

correlations, thus only those using average values are given: SPS did not correlate

with the free hexose content (r2 = 0.08, Fig. 4.6b), and it correlated positively with

the free amino acid (r2 = 0.88, Fig. 4.6d) and the protein content (r2 = 0.77, not

0

0 1
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shown), negatively with the free hexose:free amino acid ratio (r2 = 0.75, Fig. 4.6e)

and the sucrose:free amino acid ratio (r2 = 0.85, Fig. 4.6f).

4.5 Discussion

In this work we present new evidence that in leaves of L perenne, under field

conditions, the SPS protein content responded to the carbon source-sink ratio.

The latter appeared to be mediated by compounds close to those in primary carbon

and nitrogen metabolism. The activation state of SPS changed in order to adjust

the rate of sucrose synthesis to the rate of photosynthesis, even over the long

term.

4.5.1 Carbon-sink limitation is indicated by leaf constituents

In L. perenne leaves, the contents of carbohydrate, protein, and amino acid

indicate that the pC02 and N treatments, and the stages of regrowth, resulted in

plants with a wide range of source-sink ratios. The high accumulation of

carbohydrate late in regrowth, especially at low N and elevated pC02, indicates a

severe carbon source-sink imbalance (Stitt 1991; Fischer et al. 1997). The

accumulation of carbohydrate occurred mainly in the form of fructan, which, in all

likelihood, is synthesized in leaves when carbon assimilation exceeds carbon use

(Pollock and Cairns 1991). Lower contents of protein and free amino acid in leaves,

both late in regrowth as well as in the low N treatment, indicate a decreased N

availability for the plant, thus restricting further growth. Indeed, carbon sink strength,

as modulated by N supply, significantly affects the overall growth response of

L perenne to elevated pC02 (Schenk etal. 1996; Hebeisen etal. 1997).

Furthermore, the ratio of free sugars to free amino acid indicates the source-

sink ratio or, in other words, the whole-plant carbon and nitrogen status (Koch

1997; Paul and Driscoll 1997). Our experiment yielded plants exhibiting a wide

range in their hexose:amino acid ratio or the sucrose:amino acid ratio -

corresponding to a variety of source-sink ratios. The largest change in the

hexose.amino acid ratio occurred at high N and elevated pC02, thus confirming our

expectation that plants subjected to that particular treatment would undergo the

most severe changes in their source to sink ratios.
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Figure 4.6. Correlations of sucrose-phosphate synthase (SPS) activity with

components of carbon and nitrogen metabolism in source leaves of Lolium perenne

from the Swiss FACE, a) Photosynthetic rate around noon (A); b) free hexose

content; c) sucrose content; d) free amino acid content; e) molar hexose:amino

acid ratio; f) molar sucrose:amino acid ratio. For symbols and treatments, see

Fig. 4.3. In b, and d to f, daily averages and in c values at 7 hours are represented.

Error bars represent ± 1 se.
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4.5.2 Sucrose-phosphate synthase content is strongly influenced by growth

conditions

L. perenne accumulates sucrose and fructan rather than starch. During fructan

synthesis, glucose units are re-cycled to sucrose, thus generating a flux through

SPS in addition to that due to carbon assimilation. In our experiment, however,

the flux resulting from daily or longer term fructan accumulation, respectively, was

nil (Isopp et al. 2000a) or small (estimated from Fig. 4.1), as compared with the

daily carbon uptake (Table 4.1). Thus, sucrose synthesis was expected to closely

correlate with the photosynthetic rate in L. perenne.

However, the higher photosynthetic rates at elevated pC02 were not accompanied

by a corresponding increase in SPS activity at Vmax when compared on a leaf area

basis, and only partially when compared on a protein basis (Table 4.1 and Fig.

4.4a). At high N and 23 DAD, SPS was decreased under elevated pC02 on both

leaf area and protein basis, whereas photosynthetic rate remained strongly

increased. Elevated pC02 consistently led to a higher activation state of SPS. This

is a surprising result in the long-term, since (i) higher assimilation rates usually

result in an increased SPS content (Klein et al. 1993; Seneweera et al. 1995;

Hussain etal. 1999), and (ii) a higher activation state in association with increased

assimilation rates has been described in short-term experiments only (Battistelli

et al. 1991). The present study is the first to report that, even in the long-term, the

higher carbon flux at elevated pC02 was associated mainly with a higher activation

state rather than with an increased SPS content.

In contrast to elevated pC02, high N fertilization had a strong positive effect on

SPS content per leaf area, without affecting carbon assimilation. Analogous to the

effect produced by elevated pC02, apparent SPS activity was adjusted to the current

assimilatory carbon flux by a corresponding reduction of the activation state. In

rice, SPS at Vmax was found to increase together with photosynthesis at higher N

(Makino et al. 1994).

The decrease of SPS per leaf area during later regrowth (Fig. 4.4a) was due to

a general decrease in leaf protein, since it disappeared when SPS was expressed

on a protein basis (Table 4.1). However, SPS did not exactly follow the protein

decrease under elevated pC02, nor did it follow the protein pattern at low and high

N (compare Tables 4.1 and 4.2). Therefore, SPS does not seem to be solely

related to total leaf protein.
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Both SPS and Rubisco of L. perenne responded in parallel to temporal changes

of the carbon source-sink ratio in the same experimental system. However, they

differed in their specific response pattern to N fertilization (compare Fig. 4.4a and

Rogers et al. 1998, Fig. 6); this suggests that different regulatory mechanisms

control the level of each enzyme in response to the source-sink ratio. Since

regulation of SPS content did not parallel the photosynthetic rate, the carbon flux

through SPS was adjusted by changing the activation state accordingly (especially

in treatment high N and at 23 DAD in Fig. 4.3 and 4.4a). These results show that

a high flexibility of key enzymes (regulatability, as used by Stitt and Sonnewald

1995) like SPS is necessary to allow sufficient carbon flux even when the enzyme

content is decreased relative to the apparent flux. For example, in tubers of

transgenic potato, carbon flux into sucrose is not related to the genetically altered

SPS content, but it is related to the activation state and metabolite contents (Krause

et al. 1998). Our study with SPS of L. perenne from the Swiss FACE is one of the

first to report that fine regulation (via activation state) can compensate for large

changes in enzyme content in field grown plants.

4.5.3 Possible regulation of sucrose-phosphate synthase content

The positive correlations of leaf SPS content with the total protein and the free

amino acid content emphasizes the importance of nitrogen in the regulation of

SPS content. Since the SPS content does not appear to simply reflect the changes

in protein content nor to be directly linked to the photosynthetic rate, the regulation

of SPS content appears to be quite intricate.

Indeed, the correlations of the SPS content with the hexose:amino acid ratio

and the sucrose:amino acid ratio suggest an involvement of the C/N balance,

likely a result of source-sink relation, in the regulation of SPS content. On the one

hand, the relation between SPS and the suganamino acid ratio could be indirect,

as in spinach where sugars and amino acid contents are strongly related to plant

growth parameters (Buysse etal. 1993). On the other hand, the relation could be

quite direct: In N deficient tobacco, the suganamino acid ratio is related to the

photosynthetic activity (Paul and Driscoll 1997). Further, selected sugars and amino

acids can directly affect gene expression (Koch 1997; Oliveira and Coruzzi 1999).

However, a direct effect of sugars alone on the expression of SPS appears unlikely

because of the missing correlation. Further, in a short-term experiment, sugar
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feeding had no influence on the SPS transcript level in sugar beet leaves (Lee

and Daie 1997). High contents of sugar in source leaves do not necessarily lead

to a feedback inhibition of gene expression (Stitt etal. 1995), since higher sucrose

concentrations might be needed, e. g. to sustain increased carbon export rates at

elevated pC02 (Farrar and Williams 1991; Isopp et al. 2000a).

In conclusion, the following two hypotheses can explain the correlation of the

suganamino acid ratio with L. perenne SPS: 1) The suganamino acid ratio simply

reflects the source-sink relation, which controls SPS via a mechanism independent

of the sugar and amino acid signals; alternatively, 2) sugars and amino acids,

while reflecting the source-sink relation in their ratio, directly influence the

expression of the SPS gene(s).

Published as:

Isopp H, Frehner M, Long SP, Nosberger J (2000) Sucrose-phosphate synthase

responds differently to source-sink relations and to photosynthetic rate: Lolium

perenne L. growing at elevated pC02 in the field. Plant, Cell and Environment, in

press.
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5 Nitrogen plays a major role in leaves when source-sink

relations change: C and N metabolism in Lolium perenne

growing under free air C02 enrichment

5.1 Abstract

Swards of Lolium perenne L. were grown in the field in a long-term free air C02

enrichment (FACE) facility. The C02 treatment was combined with two levels of

nitrogen fertilization and regular defoliation, which resulted in plants with a wide

range of source-sink relations. Carbon and nitrogen metabolism were investigated

to assess the role of carbohydrate and nitrogenous compounds in leaves in

indicating source-sink relations. Sucrose exhibited the largest changes in contents

during the day-night cycle; therefore, it was identified as the main short-term storage

compound for night-time export. Fructan accumulation indicated the degree of

surplus carbon supply in the source compared to carbon use in sinks. Nitrate

content depended mainly on N fertilization, and was reduced under elevated pC02.

Nitrate appeared to indicate a current surplus of available N relative to the need

for growth. Amino acid content responded strongly to N fertilization but decreased

only slightly under elevated pC02. Protein content, however, decreased significantly

under elevated pC02. The patterns of diurnal changes of C or N compounds did not

differ between C02-treatments. Downregulation of photosynthesis appeared to

occur when plants were extremely N limited as under elevated pC02, low N and at

a late regrowth stage.

5.2 Introduction

The long-term effect of elevated partial pressure of C02 (pC02) on plants strongly

depends on the nitrogen available to the plants (Hebeisen et al. 1997; Stitt and

Krapp 1999). C02 effects can be interpreted as changes in the source-sink balance

(Stitt 1991), where elevated pC02 increases the C-source capacity by increasing

photosynthesis and carbohydrate synthesis (Stitt 1991; Drake etal. 1997; Rogers

etal. 1998). The capacity to make use of such an increased C supply depends on

the capacity of the actual sinks or on the development of new sinks; such a process

largely depends on the N available for growth (Rogers et al. 1996; Hebeisen et al.

1997; Stitt and Krapp 1999).
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Therefore, understanding the mechanisms of interaction of C and N assimilation

is important for interpreting the effects of elevated pC02 (Medlyn 1996; Ferrario-

Méry etal. 1997; Stitt and Krapp 1999). Carbohydrates and nitrogenous compounds

play key roles in this interaction (Koch 1997). Sugars and amino acids are building-

blocks for plant growth and are involved in gene regulation (Koch 1997; Stitt and

Krapp 1999). Further, since the contents of sugars and amino acids respond

strongly to different growth conditions, they are also indicators for the C and N

status of plants (Paul and Driscoll 1997; Rufty 1997). However, the few studies on

the physiological role of sugars and amino acids under elevated pC02 (see Stitt

and Krapp 1999) emphasize the impact of growth conditions on the metabolism of

these compounds (Ferrario-Méry et al. 1997; Geiger et al. 1998) as well as on the

diurnal pattern of sugars (Cheng etal. 1998) and amino acids (Geiger et al. 1998).

All these observations strongly suggest that field experiments are ideal tools

for identifying and investigating the role sugars and amino acids play in plants

growing under elevated pC02. In the field, plants grow under realistic management

and environmental conditions, including unrestricted rooting volume (Arp 1991)

and natural light regime. These conditions are met in the Swiss free air C02

enrichment (FACE) facility (Hebeisen et al. 1997), which we used as an

experimental system, with the grass Lolium perenne as a model plant. Its whole-

plant responses to C02 and N, as well as to partial defoliation, are well investigated

(Nijs et al. 1989; Ryle et al. 1992; Schenk et al. 1996; Hebeisen et al. 1997;

Schnyder and de Visser 1999). However, the underlying processes at the metabolite

level, especially those regarding interactions with different effectors, are poorly

understood.

In the FACE facility, swards of L. perenne have been growing since 1993 under

different pC02 and levels of N fertilization and are regularly defoliated according to

the common rules of agricultural management. The source-sink ratio of the grass

plants thus varies as follows: Each defoliation diminishes the leaf area and hence

the C source; during the regrowth of leaf area, the C source increases

correspondingly. The N fertilizer applied after each defoliation increases the growth

potential, hence also the C sink; however, available N diminishes as it is taken up

during regrowth. Further, in our system, elevated pC02 increases the C source by

consistently increasing photosynthesis (Rogers etal. 1998), which leads in turn to

higher carbohydrate contents during the whole regrowth cycle (Fischer et al. 1997).
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Low N restricts a positive growth response to elevated pc02 (Hebeisen etal. 1997;

Zanetti et al. 1997) and leads to a significant reduction of ribulose-1,5-bisphosphate

carboxylase/oxygenase (Rubisco; EC 4.1.1.39) under elevated pC02 late in the

regrowth cycle (Rogers etal. 1998). In contrast, high N promotes a strong positive

growth response and prevents acclimation of photosynthesis under elevated pC02

(Hebeisen etal. 1997; Rogers etal. 1998).

Thus, in the present experiment we assessed the dynamics of carbohydrates

and N compounds in source leaves of L. perenne during vegetative growth at

different source-sink relations, including diurnal timecourses. In this paper, we

answer the following questions: (a) What role do the different carbohydrates in

the source leaves of L. perenne play in the diurnal timecourse under different

source-sink relations? (b) To what degree can the nitrogenous compounds, nitrate,

free amino acid and protein in leaves indicate a C-sink limitation in the whole

plant? (c) Do C or N compounds change their diurnal pattern in response to elevated

PC02?

5.3 Materials and methods

5.3.1 Plant material and growth conditions

Swards of perennial ryegrass (Lolium perenne L. cv. Bastion) were grown in

the FACE facility in Eschikon near Zürich, Switzerland (Fischer et al. 1997; Hebeisen

et al. 1997). The facility consists of three pairs of plots; within each pair, one plot

was left at ambient pC02 (35 Pa) and the other kept at elevated pC02 (60 Pa),

respectively. The swards were established in 1993, with subplots maintained at a

low (14 g N nr2 a1) and a high (56 g N nr2 a1) rate of nitrogen supply (as NH4N03)

and all defoliated at 5 cm above ground five times per year. During the investigated

regrowth period, the daily mean temperature and the daily rainfall at the

experimental site (Fig. 5.1a) were typical ofthat region and were unlikely to impose

stress to the plants. Although light conditions (Fig. 5.1b) and temperature (Fig.

5.1c) differed considerably between the two sampling days, they were within the

optimal range for L. perenne growth and photosynthesis (for discussion, see Fischer

etal. 1997).

Plants with a reduced source-sink capacity were sampled shortly after a

defoliation at regular intervals during 24 h starting at 7:00 hours on June 25, 1997

(9 days after defoliation, DAD; 7 days after fertilization). Plants with a high carbon
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Fig. 5.1. (this and next page) Environmental conditions during the experiment in

the Swiss FACE at Eschikon near Zürich, a) Daily rainfall (bars) and mean air

temperature (line) before and during the experimental period, b) Diurnal timecourse

of photosynthetically active radiation (PAR) and c) temperature, both at canopy

level of Lolium perenne swards. Open symbols: June 27, 1997 (9 DAD); filled

symbols: July 9,1997 (23 DAD). Each point in b and c represents the mean value

of 18 to 21 single measurements.

source-sink ratio were sampled similarly before the next defoliation when leaves

formed a dense canopy (July 9, 23 DAD). From each plot, samples of 20 leaves

were taken at each sampling time. Since grass leaves represent a linear

developmental gradient with the tip the oldest tissue, the distal 4 cm of the exposed

blade of the emerging leaf of a tiller, assessed by the fact that it was the longest

leaf in which the ligule had not emerged, was selected. The area and fresh mass

ofthat material were determined, then these samples were plunged into liquid N2,

freeze dried and finely ground prior to analysis.

5.3.2 Leaf gas exchange

Leaf gas exchange rates were measured at the same time of leaf sampling

using open gas-exchange systems (CIRAS-1, PP Systems, Hitchin, UK), as

described by Rogers et al. (1998). Leaf gas exchange rates were measured in

situ at the growth pC02 and at the incident light and temperature. In each plot six to
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seven individual leaves were selected as above and measured at each sampling

time.

5.3.3 Carbohydrate determination

Starch was determined as in Fischer et al. (1997). Water soluble carbohydrate

was determined in hot water extracts: extracts and hydrolysed extracts were

deionized by the use of ion-exchange resins (Dowex 50-100 mesh: 50WX8, H+-

form; 1X8, formate form; Fluka, Buchs, CH). Free glucose, fructose and sucrose

in extracts were separated by HPLC on an anion-exchange column (Carbopac

PA100, 250 x 4 mm, Dionex, Sunnyvale, California, USA) using 0.1 N NaOH as
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Fig. 5.2. (this and next page) Diurnal timecourse of photosynthetic C02 exchange

rates in source leaves of Lolium perenne from the Swiss FACE. Plants were growing

under low (triangles) or high (squares) N fertilization rates, and ambient (open

symbols) or elevated pC02 (filled symbols), and rates were measured either early

(9 DAD) or late (23 DAD) during a regrowth period. Mean values of three replicate

plots with six to seven leaves measured in each plot are given ± 1 se. Black bars

on the time axis indicate nighttime.
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the eluent. The HPLC system and instrument settings were as described in Lüscher

et al. (1993). Compound water soluble carbohydrates (mainly sucrose and fructan)

in extracts were hydrolysed by incubation of an aliquot of the extract with 750 U ß-

Fructosidase (Boehringer, Mannheim, Germany) in acetate-buffer (25 mM, pH

5.0) at40°C for 15 h. The reaction was stopped by boiling for 5 min. Total glucose

and fructose in the hydrolysed extracts were determined as described above. The

fructan content was calculated as total hexose content minus the content of
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freehexoses and hexoses from sucrose. Total nonstructural carbohydrate (TNC)

was calculated as the sum of the individually determined carbohydrate contents.

5.3.4 Nitrate, amino acid and protein determination

Nitrate was determined in water extracts using an Evolution II autoanalyser

(Alliance Instruments, Friedrichsdorf, Germany). Nitrate was reduced to nitrite

using hydrazine sulphate and copper sulphate. Extinction at 540 nm was measured

after a diazo coupling of nitrite to sulphanilamide and a-naphthylethylenediamine.

Total free amino acid content was determined in 80%-ethanol extracts with

ninhydrin, following the procedure of Yemm and Cocking (1955). Total protein

content was determined in 0.1 N NaOH extracts using the Bradford dye-binding

procedure (Bio-Rad, Munich, Germany) and bovine serum albumin as standard.

5.3.5 Statistical data analysis

Statistical analyses were carried out as in Fischer et al. (1997) using the General

Linear Model procedure of the SAS statistical analysis package (version 6.12,

SAS Institute, Cary, NC, USA) to determine the significance of observed differences

at the 95% confidence level.

5.4 Results

5.4.1 Photosynthesis

The rate of photosynthetic C02 exchange of source leaves of L perenne showed

a strong positive response to elevated pC02 (P = 0.034; Fig. 5.2). This is similar to

previous measurements in the Swiss FACE (Rogers etal. 1998). The C02 effect

was consistent throughout the day, but the largest increase was observed around

noon, when light and temperature conditions were optimal for photosynthesis (Fig.

5.1b,c). Generally, photosynthetic rates did not differ between low and high N (P =

0.122) and were higher late in regrowth (P < 0.001), probably due to higher

photosynthetically active radiation (Fig. 5.1b). However, under elevated pC02, at

low N late in regrowth photosynthetic rates were lower compared to those at high

N late in regrowth (P= 0.007) and unchanged compared to those at low N early in

regrowth (P= 0.695; Fig. 5.2).
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Table 5.1. Effect of C02, N supply and stage of regrowth on the diurnal

carbohydrate dynamics of Lolium perenne leaves. The amplitude is the

difference between the minimum and maximum contents of sucrose or TNC (in
hexose equivalents) in source leaves measured at 7 and 17 hours, respectively.
The relative amplitude of sucrose represents the fraction of the TNC amplitude
due to sucrose. Similarly, the relative amplitude of TNC is the fraction of the

carbon of the TNC amplitude compared to the photosynthetically assimilated

carbon from 7 to 17 hours. Values are means of three replicates ± se. Plants

were grown at ambient and elevated pCo2 combined with two levels of N supply
and sampled early (9 DAD) and late (23 DAD) after partial defoliation. Mean

values within a given parameter followed by the same superscript letter are not

significantly different (P< 0.05).

Parameter N supply 9 DAD 23 DAD

35 Pa C02 60 Pa C02 35 Pa C02 60 Pa COa

Amplitude of sucrose low 27.8±1.8aD 32.3 ± 6.7a 10.7 + 1.8° 11.7±2.7a

(mmol hex. eq. m"2) high 22.2 + 1.7bc 32.7±1.9a 14.3±1.3cd 17.8±0.8cd

Amplitude of TNC low 33.3±1.3a 38.9±5.0a 20.3 + 3.13 40.1 ±28.4a

(mmol hex. eq. m"2) high 30.6 ± 2.2a 45.0 ± 3.8a 19.4±3.6a 26.1 ±4.9a

Rel. amplitude of sucrose low 83±2a 82 + 5a 58±18a 79 ± 69a

(% TNC) high 73±3a 73±2a 80±19a 72 ± 11a

Rel. amplitude of TNC low 43±1a 36 ± 4ab 26 ± 4bc 21 ±15bc

(% assimilated carbon) high 41 ±2a 46±6a 24±4C 24±5C

5.4.2 TNC and sucrose

The TNC content of source leaves increased under elevated pC02 (P = 0.014)

as well as at low N (P < 0.001 ) and with time during regrowth (P < 0.001 ; Fig. 5.3).

These effects were additive, resulting in the highest TNC content under elevated

pC02, low N and late in regrowth, and the lowest TNC content under ambient pC02,

high N and early in regrowth. Together with fructan, sucrose was the most prominent

carbohydrate component in the leaves of L. perenne.

The average sucrose content of leaves changed neither during regrowth (P =

0.929) nor with N fertilization (P= 0.121); however, ittendentially increased under

elevated pC02 (P = 0.082). Sucrose was the most prominent carbohydrate involved

in the diurnal variation, i. e. the apparent short-term storage for subsequent night-
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Fig. 5.3. (this and next page) Diurnal timecourse of carbohydrate content in source

leaves of Lolium perenne from the Swiss FACE. Plants were grown under low

(LN) or high (HN) rates of N fertilization, combined with ambient (LC) or elevated

(HC) pC02; leaf samples were taken either early (9 DAD) or late (23 DAD) during a

regrowth period after partial defoliation. Values for starch (cross hatched), hexose

(open), sucrose (filled) and fructan (hatched) contents are the means of three

replicates, error bars are 1 se of TNC. Black bars on the time axis indicate nighttime.
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time export (Fig. 5.3). The sucrose content of source leaves was lowest in the

morning, and highest in the late afternoon (17 to 19 h). The content started to

decline before the end of the light period, indicating that the leaves maintained a

high export rate even under low light conditions at dusk. The diurnal change of

sucrose (from 7 to 17 hours, further referred to as amplitude) contributed on average
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Fig. 5.4. (this and next page) Diurnal timecourse of the nitrate content in source

leaves of Lolium perenne from the Swiss FACE. For symbols and growth conditions

see Fig. 5.2. Mean values of three replicates ± 1 se are given. Black bars on the

time axis indicate nighttime.

74% to the daily amplitude in TNC (Table 5.1). The remainder of the amplitude

was due to changes in hexose and starch, but not to fructan.

The amplitude of sucrose tended to be increased under elevated pC02 (P =

0.126; Table 5.1). N fertilization had no effect on the amplitude, whereas it was
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decreased significantly late in regrowth (P< 0.001). The same trends were observed

for the amplitude in TNC (Table 5.1). There were specific differences in the diurnal

pattern of sucrose content between the stages of regrowth (regrowth stage x time

of day interaction, P < 0.001). Sucrose content was higher in the morning late in

regrowth, combined with a lower amplitude, which resulted in afternoon contents

similar to those early in regrowth (Fig. 5.3).

The TNC amplitude represented between 36 and 46% of the total assimilated

carbon between 7 and 17 hours early, and between 21 and 26% late in regrowth
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(Table 5.1). There were no differences between the C02 or N treatments. The

significant decrease of the relative TNC amplitude during regrowth (P = 0.002)

was due to a decrease in the absolute amplitude of TNC (Table 5.1) combined

with an unchanged rate of photosynthesis (Fig. 5.2). Higher photosynthetic rates

under elevated pC02 were accompanied by higher amplitudes in TNC.

5.4.3 Other carbohydrates

Fructan responded strongest to the different growth conditions (Fig. 5.3), and

always in parallel to the changes in TNC. Early in regrowth, fructan was often

absent in source leaves. Later in regrowth, the extent of fructan accumulation

depended on the growth conditions. Low N and elevated pC02 both increased the

fructan content, leading to about 80 mmol hexose equivalents nv2, which is about

75% of TNC content. Generally, fructan increased under elevated pC02 (P= 0.015),

at low N (P < 0.001) and late in regrowth (P < 0.001). In contrast to the other

carbohydrate components, fructan content did not change diurnally (P = 0.059).

Starch was only a minor carbohydrate component in the source leaves of

L. perenne (Fig. 5.3). Starch increased under elevated pC02 (P = 0.022), at low N

(P = 0.039) and late in regrowth (P < 0.001). Despite its low content, it varied

significantly diurnally in a pattern similar to that of sucrose. Nevertheless, the

contribution of starch to the daily amplitude in TNC was only about 10%. Similar to

starch, the hexoses were only minor constituents of the carbohydrate pool,

contributing little to the daily amplitude; however, elevated pC02 had no significant

effects on the hexose content (P = 0.363).

5.4.4 Nitrate

The nitrate content of leaves (Fig. 5.4) depended mainly on the level of N

fertilization and the stage of regrowth. In general, nitrate contents were increased

at high N (P< 0.001), were decreased in late regrowth (P< 0.001) and tended to

decrease under elevated pC02 (P= 0.078). Probably due to high variation, there

was no clear diurnal timecourse of nitrate content. Seven days after fertilization,

during early regrowth, the source leaves of plants at high N had the highest nitrate

contents (25 to 46 mmol m2); however, it was significantly lower under elevated

pC02 than under ambient pC02 (P < 0.001). The leaves from the low N treatment

early in regrowth and the high N leaves late in regrowth contained similar contents,
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with tendentially lower contents under elevated pC02 than under ambient pC02 (P =

0.157 and 0.067, respectively). In the low N leaves late in regrowth, nitrate was

not detectable.

5.4.5 Free amino acid

The contents of free amino acid (Fig. 5.5) were strongly increased at high N (P

< 0.001) and were decreased late in regrowth (P < 0.001) but they were not affected

by elevated pC02 (P = 0.547). Early in regrowth at high N when the amino acid

content was high, a clear diurnal timecourse was observed: amino acid contents

increased during the light period and decreased during the night resembling the

timecourse of sucrose (Fig. 5.3). When amino acid contents were low, diurnal

changes were much less pronounced.

5.4.6 Total leaf protein

Protein content (Table 5.2) was measured three times during the day and did

not change with time of day (not shown). Total leaf protein contents were significantly

reduced under elevated pC02 (P < 0.001) and late in regrowth (P < 0.001), and

significantly increased at high N (P < 0.001).

Table 5.2. Effect of C02, N supply and stage of regrowth on protein content of

Lolium perenne leaves. Total leaf protein content of young source leaves

(g m"2). Values are means of nine replicates ± se. Plants were grown under

ambient and elevated pco2 combined with two levels of N supply and sampled

early (9 DAD) and late (23 DAD) after partial defoliation. Mean values followed

by the same superscript letter are not significantly different (P < 0.05).

N supply 35 Pa C02 60 Pa C02

9 DAD

Low 4.26 ± 0.25a 3.20 ± 0.28b

High 4.36 ± 0.21a 4.29 ± 0.26a

23 DAD

Low 2.47 +0.10cd 1.96±0.12d

High 3.13±0.14b 2.66±0.09bc
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Fig. 5.5. Diurnal timecourse of the free amino acid content in source leaves of

Lolium perenne from the Swiss FACE. For symbols and growth conditions see

Fig. 5.2. Mean values of three replicates ± 1 se are given. Black bars on the time

axis indicate nighttime.

5.5 Discussion

The present work is - to our knowledge - the first field experiment to present

detailed effects of elevated pC02 and N fertilization on carbohydrates and

nitrogenous compounds in leaves. Both the pC02 and the N fertilizer effects are

well explained as changes in source-sink balance.
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5.5.1 Sucrose is the key carbohydrate in the diurnal timecourse

Unlike many other species, the grass L. perenne accumulates sucrose and

fructan, rather than starch, in source leaves. Sucrose takes overthe role of transient

starch in the diurnal change of carbohydrate accumulation and export. Sucrose

accounted for 74% of the amplitude of TNC. On the other hand, fructan played

only a minor role in the diurnal pattern in L. perenne; this is similar to Poa species

(Borland and Farrar 1985; Baxter etal. 1997). However, in flag leaves of wheat,

the daily fluctuations in fructan exceeded those of sucrose (Nie et al. 1995a).
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Sucrose has been suggested as an important compound in mediating source-

sink relations (Farrar and Williams 1991 ; Pollock and Farrar 1996). In this context,

it is surprising that the relative differences between the average sucrose contents

in leaves of L. perenne from the different treatments were much less pronounced

than those between other carbohydrates. Under elevated pC02, the sucrose contents

were slightly increased. They were associated with a higher apparent daytime

export rate, which can be deduced from highly increased photosynthetic rates

(Fig. 5.2) and similar TNC amplitudes (Table 5.1 ). These results are in accordance

with Münch's theory of pressure driven phloem transport, which demands a steeper

concentration gradient between sources and sinks to achieve higher export rates

(Farrar and Williams 1991).

Moreover, sucrose contents exhibited distinct changes in the diurnal pattern

during regrowth: the morning contents were increased in later regrowth whereas

the peak contents in the afternoon were not, thus leading mainly to higher night¬

time contents. Such increasing night-time sugar contents have been associated

with decreasing levels of Rubisco protein under elevated pC02 in leaves of

Arabidopsis thaliana (Cheng et al. 1998). Interestingly, in L. perenne, there was

no change in the diurnal pattern of sugar contents which was associated with

elevated pC02; however, Rogers etal. (1998) could observe a decrease of Rubisco

content in leaves from the same swards under elevated pC02.

In the leaves of L. perenne, similar amounts of assimilated carbon were stored

as carbohydrate during one light period (Table 5.1) as were in the leaves of spinach

(40%) and barley (26%, Riens et al. 1994). It is interesting that the amount of

carbohydrate in the leaves used for night-time export decreased during regrowth

(present experiment and see also Fischer et al. 1997), although the total daily

carbon assimilation remained similar early and late in regrowth. Based on the

composition of TNC, we suggest that the increasing night-time sucrose contents

during later regrowth reflect the metabolic response to a decreasing carbon sink

capacity. Further, this higher night-time sucrose content might have induced fructan

synthesis, since daytime sucrose contents did not change (see below).

5.5.2 Fructan in source leaves indicates a limitation of carbon use

The TNC content of leaves of L. perenne was increased under elevated pC02,

particularly at low N. Indeed, the extent of the TNC increase is usually strongly
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enhanced in plants growing at low N (Stitt and Krapp 1999). Fischer etal. (1997)

indicate that water soluble carbohydrates increase during regrowth in L. perenne.

We present specific evidence that the increase in TNC in leaves during regrowth

and under elevated pC02 was mainly due to fructan. A large increase in fructan

under elevated pC02 was also found in other grasses (Smart et al. 1994; Baxter et

al. 1995; Nie et al. 1995a). Further, the fructan content of leaves did not change in

a diurnal rhythm, in contrast to all other carbohydrates. Thus, we argue that the

accumulation of fructan in source leaves represents carbohydrate, which exceeds

the needs in the sinks, e. g., for shoot or root growth or for storage in the leaf

sheaths (Fischer et ai. 1997; Schnyder and de Visser 1999).

Fructan accumulation in L. perenne was not associated with a significant

increase in the average sucrose content, which was opposite to that in detached

leaves of L. temulentum (Cairns and Pollock 1988). Indeed, it appears that in

intact grass plants, fructan accumulation occurs without a preceding considerable

increase in sucrose contents (Smart etal. 1994; Hibberd etal. 1996). In L perenne

growing in the field, the diurnal pattern of sucrose contents may influence the

induction of fructan synthesis: the daytime maximum sucrose contents were always

high without apparent correlation with fructan contents; but the night-time sucrose

contents were particularly increased late in regrowth and coincided with abundant

fructan contents in all the treatments. However, we do not know whether whole-

leaf sucrose contents reflect the concentration of sucrose in the tissue or in the

compartment, which is functionally important for fructan synthesis (Wagner et al.

1983; Koroleva etal. 1998).

5.5.3 Nitrogen compounds as indicators for nitrogen limitation

Carbohydrate arising from an increased photosynthesis under elevated pC02

often cannot be used by the plant. This is the case when plants are limited in their

ability to develop new sinks - usually due to an insufficient N supply (Rogers et al.

1996). Here, we present evidence that in such plants, nitrate, amino acid and total

protein contents decreased under elevated pC02, and further, these contents were

always lower in low N than in high N leaves. Nitrate (Hocking and Meyer 1991)

and amino acid content (Ferrario-Méry et al. 1997) very often decrease under

elevated pC02, unless the plants grow in hydroponic culture (Ferrario-Méry er al.

1997) or are young with unlimited N supply (Geiger et al. 1998). In plants growing
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in a temperate climate, an accumulation of nitrate in the leaves usually indicates

a surplus of soil-available N compared to the N needed for current growth. Perhaps

a more sensitive indicator of the N status is the free amino acid content, since it

represents the currently available pool of reduced N for growth, and since amino

acids are cycled in the whole plant (Cooper and Clarkson 1989; Rufty 1997).

It is interesting that the amino acid content of leaves of L. perenne under elevated

Pco2was on'y tendentially decreased in comparison to the large changes in contents

at the different N levels. Indeed, in the leaves, the amino acid pool appeared to be

only loosely related to the total N pool, since protein contents decreased strongly

under elevated pCQ2. Such a decrease is a common phenomenon under elevated

pC02 (Stitt and Krapp 1999). In our experiment, the contents of N compounds in

leaves were rather high shortly after defoliation/fertilization and decreased strongly

with time of regrowth. These processes may explain the positive correlation of

leaf carbohydrate content with the structural C/N ratio in leaves of L perenne in

the Swiss FACE (Fischer et al. 1997) and support the view of Rogers et al. (1998)

who attributed the decrease of Rubisco protein in this system to an N limitation

and not directly to elevated pC02.

5.5.4 Low N plants growing under elevated pc02 exhibit extreme N limitation during

later regrowth

N limitation was most apparent in leaves of L. perenne from the low N treatment

late in regrowth under elevated pC02. Under those conditions, nitrate was not

detectable, the amino acid content was very low, and protein content was 20%

lower than under ambient pC02. The TNC content of those leaves was even twice

as high as that under ambient pC02, indicating a reduced C use in sinks. Indeed,

low N extremely limits C use for growth (Hebeisen et al. 1997). Under those

conditions, even photosynthesis was stimulated by only +32% by elevated pc02 as

compared to high N or early in regrowth (+50 to +68%). Rogers et al. (1998)

already observed a significant reduction of Rubisco under similar conditions in the

same swards two and three years ago, but the maximal rates of photosynthesis

remained unchanged. In the present experiment, however, the N-limitation has

developed severely enough to decrease the photosynthetic rate under elevated

pC02 at low N late in regrowth. In the field, the extent of an N-limitation may differ
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between years and regrowth cycles due to differences in weather conditions, which

influence plant growth and soil N dynamics.

An acclimation of photosynthesis due to high TNC content seems to be very

unlikely in our experiment. The increase in TNC under elevated pC02 was mainly

due to fructan, which is located in the vacuole (Wagner etal. 1983); the contents

of sucrose and hexoses, which could down-regulate Rubisco (Jang and Sheen

1994) did not differ between C02 treatments. We conclude that acclimation of

photosynthesis at low N was caused indirectly by elevated pC02 through an

increasing N limitation. This view is supported by several reports where acclimation

of photosynthesis depends on the nutrient status of the plants and, therefore, only

indirectly on pC02 (reviewed by Stitt and Krapp 1999).

5.5.5 Elevated pC02 has no effect on the diurnal rhythm of C or N compounds

In experiments under controlled conditions, elevated pC02 modified the diurnal

rhythm of nitrate reductase and the diurnal pattern of total amino acid content in

tobacco leaves (Geiger et al. 1998). The authors concluded that C02-mediated

changes in nitrogen metabolism might often be overlooked when enzymes or

metabolites are measured only at a single time of the day. However, in our

experiment with leaves of L. perenne, elevated pC02 affected neither the diurnal

pattern of amino acid content (C02 x time of day, P = 0.980) nor that of nitrate

content (P= 0.983). In A. thaliana, sugar concentrations followed a different diurnal

pattern with higher levels during night-time under elevated pc02 (Cheng etal. 1998);

however, in leaves of L. perenne there were no C02 dependent changes in the

diurnal pattern. It appears that the influence of C02 on the diurnal rhythm of nitrogen

metabolism is of minor importance in the field, although comparison with other

experiments may be limited due to differences in species, the age of the plants,

the environment, and the pattern of N availability.

5.5.6 Conclusions

Sucrose is the key carbohydrate in the source leaves of L perenne. It represents

the main pool for the diurnal changes in carbohydrate contents and, hence, for

the night-time export to sinks. Fructan serves mainly as a storage pool for surplus

carbohydrate and thus accumulates mainly when carbon use is low due to a sink

limitation. Nitrate pools in leaves indicate the apparent excess of N currently
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available to the plant, whereas the amino acid pool indicates the actual N status in

the leaves. Protein content shows the most pronounced decrease in response to

elevated pC02; this can lead to a reduction of maximal photosynthetic rates in

extremely N-limited cases. In the field, plants of L. perenne become N limited

towards the end of a regrowth period; the extent of the resulting carbon sink

limitation, however, depends strongly on pC02 and the N fertilizer applied.

Published as:

Isopp H, Frehner M, Almeida JPF, Blum H, Daepp M, Hartwig UA, Lüscher A,

Suter D, Nosberger J (2000) Nitrogen plays a major role in leaves when source-

sink relations change: C and N metabolism in Lolium perenne growing under free

air C02 enrichment. Australian Journal of Plant Physiology 27, in press.
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6 Sucrose-phosphate synthase in Lolium perenne depends on

nitrogen status, but not on protein content

6.1 Abstract

This study investigates the influence of the nitrogen status on the content of

sucrose-phosphate synthase (SPS) in leaves. Lolium perenne plants were grown

at a low and a high level of N supply (1 and 12 mM nitrate) throughout, or N supply

was switched from high to low and vice versa. The main results were: growth

slowed down on switching to low N, carbohydrates increased and nitrogenous

compounds, Vc max
and SPS content decreased, whereas photosynthetic rates were

not affected. SPS was neither related to protein content nor to photosynthetic

rates. SPS was strongly correlated with the sucrose:glutamine ratio in leaves (r2 =

0.80). This ratio strongly responded to changes in N supply and appears useful as

an indicator for the plant nitrogen status. Hence, it is concluded that SPS in

L. perenne, at least under changing environmental conditions, is tightly coupled

to the nitrogen status.

6.2 Introduction

Sucrose-phosphate synthase (SPS) is the key regulatory enzyme in sucrose

synthesis (Huber and Huber 1996). Whereas at the biochemical level the regulation

of this enzyme via effectors (glucose-6-phosphate and inorganic phosphate) and

via protein phosphorylation are well understood in model species (Huber and Huber

1996), knowledge on the long-term regulation of SPS is rather scarce. SPS seems

to be important in the adaptation process to low temperature (Guy et al. 1992;

Hurry et al. 1995b). Further, it usually follows photosynthetic rates when the source-

sink balance is changed in plants either by altering nitrogen nutrition (Rufty et al.

1988; Makinoefa/. 1994; Martindale and Leegood 1997b), light (Klein et al. 1993),

removal of pods or leaves (Suwignyo et al. 1995) or by increasing the C02

concentration (e. g. Socias et al. 1993; Seneweera et al. 1995; Hussain et al.

1999).

However, in a field study with Lolium perenne, no correlation of SPS with the

photosynthetic rate could be observed when plants were grown under widely

differering source-sink relations; these were imposed by different atmospheric

C02 concentrations, N supply and by defoliation (Isopp et al. 2000b). The results
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suggested that source-sink relations, mainly the nitrogen status, strongly influenced

SPS content in source leaves of this fructan storing species. There was a strong

negative correlation of SPS content with the sucrose to free amino acid-ratio and

with the hexose to amino acid-ratio. However, temporal resolution did not allow to

clearly distinguish whether those factors or simply the protein content was

responsible for the changes in SPS content in the field.

Our interest was in the long-term regulation of leaf SPS in the whole-plant

system. To investigate the role of nitrogen, an experiment was designed under

controlled environment conditions; plants were first grown under low and high N

supply and then N treatments were switched in order to increase or decrease the

source-sink relations. Plant growth, SPS, photosynthesis, carbohydrates and

nitrogenous compounds were measured during four weeks after the switch in

order to test the following hypotheses:

1 ) Changes in SPS are not simply a result of changes in total leaf protein content.

2) SPS is related to source-sink relations as reflected in sugars and amino acid

contents in the leaves.

A detailed quantification of individual sugars and amino acids should answer

the question whether the bulk contents of sugars and amino acid is a simple

resemblance of source-sink relations, or if even single metabolites correlate with

SPS content. Such correlations would indicate the potential role of metabolites in

SPS regulation in an intact plant system.

6.3 Materials and methods

6.3.1 Growth conditions and harvests

Plants of Lolium perenne L. cv. Bastion were grown from seed in boxes, filled 5

cm deep with quartz sand (particle size 0.7-1.2 cm) and placed in Conviron PGV

36 controlled environment chambers (Conviron, Winnipeg, Manitoba, Canada).

Daylength was set to 16 h with 14 h at maximum photon flux density (550 ^mol

m2s"1 photosynthetically active radiation (PAR) at plant level), and 1 h each of

increasing and decreasing light at the beginning and end of each light period,

respectively. Relative humidity was set to 80 % and air temperature to 18/13 °C

day/night. Seedlings were watered twice daily with a half strength nutrient solution

(Hammer et al. 1978). Eighteen days after sowing, plants were individually planted

in cylindrical pots (7 x 25 cm) filled with the same quartz sand. Plants were randomly
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assigned to four sets, each containing four replications with three individual plants

for each harvest date. At the same time, nitrogen treatments were started, using

full strength nutrient solution adjusted to 1 mM (low N supply) and 12 mM (high N

supply) nitrate in each of the two sets of plants. Nitrate was the single nitrogen

source except for the ammonium in the source of iron used (0.124 mM EDTA

ammonium iron(lll) salt). Plants were watered twice a day by flushing the pots

generously with nutrient solution.

When the plants had at least two tillers (42 days after sowing for high N, 49

days for low N), the nitrogen treatment was switched for one set of plants in each

N treatment, after vigorously flushing the pots with water to remove all remaining

nutrient solution. Hence, the treatments for the four sets were (Fig. 6.1): 1) HN,

plants always supplied with high N nutrient solution; 2) DN (down), plants switched

from high to low N solution; 3) LN, plants always watered with low N solution; 4)

UN (up), plants switched from low to high N solution. Thus, after the switch, the

sets HN and UN now received high N supply, the sets LN and DN low N supply.

Plants were harvested on days 0, 3, 7, 11, 21 and 28 after the switch for plants

initially grown at high N, and on days 0, 3, 7, 11, 18 and 29 for plants initially grown

at low N. Harvests began two hours after the onset of light.

The distal part of the youngest fully expanded leaf of each tiller from the three

individual plants per replicate was taken for chemical analyses and SPS

measurements. The fresh mass and leaf area were measured and the samples

Q.
Q.

day 0
time

Fig. 6.1. Scheme of the nitrogen fertilization during the experiment with L perenne.

Plants were either grown at high N supply (HN) or at low N supply (LN) for the

entire experiment, or N supply was switched from high to low (DN) or from low to

high (UN) on day 0, respectively.

\
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low
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DN A

LN A

.^



74

were quickly frozen in liquid N2. Samples for chemical analyses were freeze dried

and finely ground prior to analyses, samples for SPS stored at-80 °C until analysis.

After determination of leaf and tiller number, plants were divided into leaf blades

(further called leaves), pseudo-stems (or stubble: leaf sheaths and basal parts of

young leaves contained within) and roots. Leaf area was determined using a leaf

area meter (LI-COR LI-3000A, Lambda Instruments, Lincoln, USA). All tissues

were oven-dried at 65 °C for 48 h for determination of dry mass.

6.3.2 Photosynthesis

Gas exchange rates of youngest fully expanded leaves were measured using

an open gas exchange system incorporating a C02/water vapour infrared gas

analyzer (Ciras-1) and a PLC(B) Auto leaf cuvette (both: PP-Systems, Hitchin,

UK). The current photosynthetic rate was measured at the day of a harvest under

ambient conditions (550 |j,mol nr2 s-1 PAR, 19 °C leaf temperature, 50 % relative

humidity). Measurements for calculation of Vcmax were performed one day before

or after each harvest. Conditions were set for 19 °C leaf temperature, 50 % relative

humidity and saturating light (1000 umol m2 s1 PAR). Photosynthetic rates were

measured stepwise by changing the external C02 concentration to give internal

C02 values of 10, 15, 25, 35, 55, 75, 95 and 115 Pa. Vcmax was derived from the

model of Farquhar and von Caemmerer (1982).

6.3.3 Chemical analyses

Analyses for carbohydrates, nitrate and protein were done as described in Isopp

et al. (2000a). For amino acid analysis, aliquots of 80% ethanol extracts were

dried and dissolved in 20 u.L 50 mM HCl containing nor-valine and sarcosine

(each 90 pmol |iL1) as internal standards. One u,Lwas analyzed on an AminoQuant

Amino Acid Analyzer (Hewlett-Packard, Palo Alto, CA, USA) according to the

manufacturer's instructions. Glutamine and asparagine solutions for calibration

were prepared in 50 mM HCl and quantified by amino acid analysis as aspartic

and glutamic acid obtained after hydrolysis in 6 M HCl at 110 °C for 18 hours.

Detection limits were about 1 pmol per sample or 0.02 mmol nr2.
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Fig. 6.2. Development of the total biomass of L. perenne plants: a: grown at high
N supply during the whole experiment (HN, filled squares) or switched from high
to low N supply on day 0 (DN, open triangles); b: grown at low N supply during the

whole epxeriment (LN, filled triangles) or switched from low to high N supply on

day 0 (UN, open squares). The values are the means of four replicates. Error bars

indicate the standard error where larger than the symbol. Given is also the relative

growth rates (rgr) in all the treatments for each time period between harvests.
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6.3.4 Sucrose-phosphate synthase

SPS activity was measured as in Isopp et al. (2000b). Vmax was measured at

saturating substrate conditions and is also equivalent to the amount of the enzyme

protein (Isopp etal. 2000b). Vhm was measured under limiting substrate conditions

and in the presence of the inhibitor phosphate. The activation state was calculated

in percent as V„mA/maxx 100.

6.4 Results

6.4.1 Plant growth

Plants of L. perenne were grown at high and low N supply from seeds. When

the plants had produced at least one additional tiller (337 and 328 mg dry mass at

high and low N supply, respectively), N supply was switched to the other nutrient

solution for one set of plants in each initial N treatment. Plants grew exponentially

(Fig. 6.2); growth rates decreased after some time, faster at low N than at high N.

After day 11, plant biomass began to differ between the two N supply rates.

Differences in biomass were constrained to the aerial parts, leaves and pseudo-

stems, whereas there was no difference in root dry mass between HN and DN or

between LN and UN (Table 6.1). In parallel to the whole-plant biomass, also leaf

area, leaf number and tiller number differed between treatments after day 7 (Table

6.1).

Rootshoot-ratio of plants at low N supply was higher already at the beginning

of the switching experiment (0.56 vs. 0.43 at high N supply). Differences in

rootshoot-ratio increased with time of the experiment. An allometric plot of root

vs. shoot biomass (Fig. 6.3) indicates that plants whose N supply had been switched

to high or low N very quickly changed to the same rootshoot-ratio as that of those

plants always growing at high or low N, respectively. The relative growth rate

(RGR) slowly declined in HN plants, explaining the slowing down of exponential

growth (Fig. 6.2). DN plants showed a much stronger decline, leading to a RGR of

about 50 % of that at HN at the end of the experiment. LN plants had a lower

RGR, which decreased slowly with time. UN plants had a strongly increased rgr

between day 7 and 11, which decreased afterwards, but was still considerably

higher than at LN. This pattern was similar to that of RGRsh00t. RGRroot was similar

in low and high N plants, with a transient increase after switch to low N, resulting

in a relatively larger root mass in low N plants.
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Fig. 6.3. Allometric plot of root dry mass vs. shoot dry mass of L. perenne plants

grown under different nitrogen supplies. For treatments and symbols see Fig. 6.2.

Values are means ± se (n = 4). Regression line for low N supply (LN, DN): (In root)
= 0.98 x (In shoot) - 0.69; for high N supply (HN, UN): (In root) = 0.78 x (In shoot)
-0.97.

6.4.2 Carbohydrates

Total nonstructural carbohydrate (TNC) contents of the youngest fully expanded

leaves (Fig. 6.4) increased from about 100 mmol m2 with time irrespective of the

N supply; but there were considerable differences in the temporal pattern. At HN,

the increase was slow, whereas at DN, the increase was very steep until day 11

and then slowed down. At LN, the TNC content rose more or less constantly

throughout the experiment, whereas at UN, it did not change until after day 11, but

then increased considerably. At the end of the experiment, the TNC contents

reached about 270 mmol m2 and did not differ markedly between the treatments.

The differences in TNC content between high and low N were reflected in specific
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Table 6.1: Development of leaf, pseudo-stem and root dry masses, of leaf area,
leaf and tiller numbers in plants of L. perenne. Plants were either grown at high
N supply (HN) or at low N supply (LN) for the entire experiment, or N supply
was switched from high to low (DN) or from low to high (UN) on day 0,

respectively. Values are means of four replicates ± se.

day HN DN day LN UN

Leaf mass 0 177+ 26 —

(mg) 3 309± 66 272 ± 51

7 563± 85 560 + 101

11 1128±152 874 ±173

21 3006 ±450 1832 ±209

28 6180 + 765 2614 ±355

Pseudo-stem mass 0 56+ 9 —

(mg) 3 105+ 20 92 ± 21

7 213+ 33 201 ± 37

11 438+ 62 342 ± 76

21 1692 + 267 883 + 126

28 3635 + 540 1458 ±247

0 160± 25 —

3 223 ± 54 216 ± 42

7 415 ± 80 409 ± 65

11 620 ±123 980 ±196

18 1337 ±177 2399 ±356

29 2882 ± 430 7292 ± 820

0 50± 13 —

3 80 ± 19 84 ± 13

7 155 ± 35 157 ± 33

11 265± 75 383± 76

18 609 ± 90 1132 ±193

29 1599 ±294 3889 ± 491

Root mass

(mg)

0 104+ 23 —

3 180 ± 34 150 ± 37

7 294+ 41 323 ± 53

11 473 ± 81 597 ±109

21 1331+167 1292 ±123

28 2366 + 251 2277 ± 288

0 118± 25 —

3 182 ± 33 183 ± 24

7 301 ± 56 266 ± 49

11 463 ±105 496 ± 81

18 937 ±141 1017 ±136

29 2170 ±262 2442 ± 304

Leaf area 0 31 ± 6 — 0 25 ± 5 —

(cm2) 3 53 ± 9 43 ± 8 3 32 ± 7 38 ± 6

7 86 ±11 67 ±10 7 63 ±11 65 ±11

11 133 ±15 93 ±15 11 77 ±10 148 ±27

21 339 ± 36 183 ±16 18 129 ±15 269 ± 40

28 599 ± 62 225 ±15 29 240 ± 38 614 ±74

Leaf number 0 14± 1 0 13± 3 —

3 19± 2 17± 2 3 16± 2 17± 2

7 29 ± 3 26 ± 2 7 26 ± 4 28 ± 3

11 44 ± 6 32 ± 3 11 36 ± 4 49 ± 5

21 98 ± 3 62 ± 7 18 51 ± 6 75 ± 7

28 156 ±20 81 ±13 29 82 ±12 155 ±17

Tiller number 0 3±0 — 0 5±1 —

3 7±1 7±1 3 7±1 8±1

7 11 ±1 11 ±1 7 10±2 11 ±1

11 20 ±3 13±2 11 11 ±1 18±1

21 37 ±2 26 ±3 18 17±3 29 ±2

28 57 ±8 32 ±5 29 33 ±3 56 ±5
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Table 6.2: Specific leaf area (SLA) of youngest fully expanded leaves of

L. perenne. SLA (cm2 g"1) is given for the distal parts of the youngest fully
expanded leaves, the parts which were used for metabolite and enzyme

measurements. Plants were either grown at high N supply (HN) or at low N

supply (LN) for the entire experiment, or N supply was switched from high to low

(DN) or from low to high (UN) on day 0, respectively. Values are means of four

replicates ± se.

day HN DN day LN UN

0 171 ± 9 — 0 164 + 26 —

3 180 ±13 159±4 3 148 ± 5 180 ±9

7 157 ±11 123 ±5 7 156 + 10 159 ±2

11 119 ± 4 110±7 11 129+ 8 153 ±9

21 116 ± 8 101 +3 18 97+2 112±4

28 98 ± 6 89+7 29 83 ± 4 84 + 2

leaf area (SLA, Table 6.2), which was considerably lower at low N, mainly due to

the higher TNC content.

Fructan was the most important component ofTNC (60 to 80 %), and dominated

the pattern of TNC content (Table 6.3). Contents of free hexoses were very low

(1.2 to 2.6 mmol nr2) and tended to decrease with time (Table 6.3). The sucrose

content was slightly higher at high than at low N (Table 6.3). At high N, the sucrose

content increased after day 11, whereas it remained constant at DN (about 9.5

mmol m2). Similarly, it was constant at LN (about 9 mmol m"2), but it increased

considerably at UN (to 13 mmol nr2). Starch content (Table 6.3) increased until

day 11 or 18, depending on the treatments, and afterwards it stabilized or decreased

slightly. The levels were consistently higher at low N than at high N.

6.4.3 Nitrate

The nitrate content in the leaves of plants initially grown at high N supply was

very high at the beginning of the experiment (Table 6.4). In DN leaves, the nitrate

content dropped from 25 mmol nr2 on day 0 to 3 mmol nr2 on day 3 and was

almost undetectable afterwards. In HN leaves, the same initially high value

decreased steadily to reach 5 mmol m"2 at the end of the experiment. The reason

for this decline is probably a dilution of the constant amount of applied nitrate in

the fast growing plants. In LN leaves, the nitrate content was very low (between

0.2 and 1.4 mmol m"2), whereas in UN leaves it increased from 0.7 mmol m"2 on
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Fig. 6.4. Total nonstructural carbohydrate content (TNC) of youngest fully expanded
leaves of L. perenne grown under different nitrogen supplies: plants were either

grown at high N supply or at low N supply for the entire experiment, or N supply
was switched from high to low or from low to high on day 0, respectively, a: plants

grown at high N before the switch; b: plants grown at low N before the switch. For

symbols see Fig. 6.2. Values are means ± se (n = 4).

day 0 to 17 and 30 mmol m2 on day 3 and 7, respectively. Afterwards, the nitrate

content decreased similar to that in HN leaves.

6.4.4 Amino acids

N treatments had a considerable influence on the total free amino acid content

of leaves (Fig. 6.5). At the beginning of the experiment, plants at high N contained
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Table 6.3: Carbohydrate contents in youngest fully expanded leaves of

L. perenne. Plants were either grown at high N supply (HN) or at low N supply
(LN) for the entire experiment, or N supply was switched from high to low (DN)
or from low to high (UN) on day 0, respectively. Values are means of four

replicates ± se.

day HN DN day LN UN

Fructose 0 1.66 + 0.11 — 0 1.35 ±0.31 —

(mmol m"2) 3 2.30 + 0.18 2.57 ±0.19 3 1.04 ± 0.07 0.68 ±0.10

7 2.27 + 0.11 1.24 + 0.12 7 0.77 ±0.12 1.39 ±0.26

11 1.42 + 0.21 0.50 + 0.15 11 0.75 ± 0.06 2.00 ± 0.27

21 1.46 + 0.16 0.56 + 0.04 18 0.65 ± 0.04 1.73 ± 0.37

28 1.02 ±0.01 0.70 + 0.05 29 0.58 ± 0.05 0.98 ±0.13

Glucose 0 1.21 +0.09 0 1.19 ±0.12 —

(mmol m"2) 3 2.32 ± 0.37 1.46 + 0.20 3 1.05 ±0.21 0.92 ± 0.05

7 1.93 ±0.34 1.13 + 0.09 7 0.92 ± 0.09 1.46 ±0.28

11 1.33 ±0.21 0.89 + 0.16 11 0.74 ±0.12 1.66 ±0.29

21 1.65 ±0.35 0.88 + 0.14 18 0.65 ± 0.03 1.64 ±0.11

28 0.92 ±0.11 0.77 ± 0.06 29 0.68 ± 0.03 0.86 ±0.14

Sucrose 0 9.81 ±0.70 0 9.61 ±0.68 —

(mmol m"2) 3 9.87 ±1.07 9.02 + 0.28 3 9.02 ± 0.66 7.75 ± 0.90

7 9.72 ± 0.43 9.34 + 0.46 7 7.75 ± 0.68 10.10 ±0.70

11 9.77 ± 0.53 9.24 + 0.52 11 9.28 ±0.66 12.48 ±0.59

21 10.83 ±0.70 8.98 ± 0.35 18 8.83 ±0.41 10.73 + 0.71

28 13.00 ±0.77 9.95 ± 0.26 29 9.24 ± 0.83 13.21 ±0.52

Fructan 0 64.7 ± 6.7 — 0 70.2 ±15.9 —

(mmol hex.eq. m"2) 3 60.2 ±12.0 103.5 ±10.4 3 95.8 ±10.6 61.0 ±10.4

7 84.3 ±16.2 158.1 ± 9.0 7 89.2 ±14.7 55.2 ±12.3

11 138.2 ±13.8 177.0± 3.8 11 133.8 ±11.7 68.4 ± 9.8

21 167.7 ±24.5 222.7 ± 9.1 18 176.5 ±16.2 143.8 ±23.0

28 201.7 ±11.7 224.1 +15.1 29 213.3 ±17.8 212.6 ± 4.8

Starch 0 9.7 ± 2.5 0 14.7 ±4.1 —

(mmol hex.eq. m"2) 3 13.7 ±3.3 21.9 ±3.5 3 26.7 ±5.6 12.7 ±2.2

7 17.4 ±4.3 24.7 ± 3.5 7 20.5 ±4.5 16.0 ±3.5

11 29.6 ±5.6 38.8 ±6.1 11 26.2 ±3.2 19.4 ±3.9

21 22.8 ± 6.4 33.9 ±5.4 18 37.6 ±5.3 29.4 ± 2.0

28 20.9 ±2.9 29.2 ±1.4 29 36.5 ±5.7 28.9 ± 2.2

7 mmol m"2 amino acids in their leaves, plants at low N 2.3 mmol nr2. At high N,

the amino acid content decreased slowly with time, whereas it decreased very

rapidly at DN, to stabilize at about 1.5 mmol m"2 after day 7. At LN, amino acid

content decreased slowly from 2.3 to 0.9 mmol nr2 at day 29, whereas it strongly

increased at UN to 10.5 mmol m2 on day 7; afterwards, amino acid content

decreased and stabilized at 7 mmol m-2.
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Table 6.4: Nitrate and protein contents, net photosynthetic rates (A) and

carboxylation efficiency (Vc,max) of youngest fully expanded leaves of

L. perenne. Plants were either grown at high N supply (HN) or at low N supply
(LN) for the entire experiment, or N supply was switched from high to low (DN)
or from low to high (UN) on day 0, respectively. Values are means of four

replicates ± se.

day HN DN day LN UN

Nitrate 0 24.8 ± 3.4 — 0 0.7 ±0.2 —

(mmol m'2) 3 20.9 ±3.8 3.0 ±0.3 3 0.7 ±0.1 17.3 ±2.5

7 17.5 ±3.5 0.2 ±0.1 7 1.4 ±0.5 29.9 ±3.1

11 13.0 ±1.9 0.4 ±0.1 11 0.2 ±0.0 22.8 ±3.3

21 5.9 ±1.1 2.5 ±1.4 18 0.2 ±0.0 11.2 ±0.8

28 4.9 ±1.0 0.3 ±0.0 29 0.2 ±0.0 7.3 ±1.4

Protein 0 2.86 ±0.12 — 0 1.75 ±0.12 —

(g m"2) 3 3.17 ±0.48 1.88 ±0.30 3 1.58 ±0.26 2.38 + 0.20

7 3.58 ± 0.40 1.39 ±0.18 7 2.04 ±0.16 3.92 + 0.37

11 4.76 ± 0.39 1.76 ±0.19 11 1.83 ±0.17 4.88 ± 0.27

21 5.57 ± 0.49 2.00 ± 0.20 18 1.64 ±0.08 4.95 ± 0.34

28 5.52 ± 0.66 1.71 ±0.22 29 1.38 ±0.23 5.35 ± 0.20

A 0 11.4 + 1.6 — 0 10.5 ±0.9 —

(pmol m"2 s"1) 3 11.6 ± 1.4 14.3 ±1.5 3 6.9 ±0.4 8.0 ±1.4

7 11.4 ±0.5 10.8 ±0.7 7 10.9 ±1.4 12.4 + 0.7

11 8.0 ±0.6 7.8 ±0.5 11 10.7 ±1.2 10.6 ±1.2

21 8.2 ±1.0 7.6 ± 0.4 18 8.3 ±1.4 8.2 + 0.9

28 10.3 ±1.5 8.5 ±0.2 29 8.5 ±0.4 7.3 ±1.0

Vc,max 0 113 ± 9 — 0 99 ±17 —

(umol m"2 s"1) 3 134 ± 5 108 ±17 3 107 ±11 107 ± 8

7 109 ± 9 89 ± 1 7 106 ± 9 102 ± 4

11 100±10 90 ± 7 11 101 ± 8 129 ± 9

21 111 ± 4 80 ± 5 18 82 ± 8 116 ± 7

28 121 ± 8 86 ±11 29 62 ± 1 101 ±14

The contents of individual free amino acids (Table 6.5) were always higher at

high N supply than at low N supply. Yet, there were specific differences in their

pattern. Glutamine, the amino acid directly deriving from nitrate assimilation,

exhibited the most drastic changes of all the amino acids after a switch in N supply.

Glutamine content in DN leaves dropped from 2 mmol m2 to 0.1 on day 3, whereas

in UN leaves it increased from 0.1 on day 0 to 2.4 on day 3 and to 3.2 on day 7. In

general, glutamine followed quite closely the pattern of total free amino acid.

Glutamine never exceeded one third of the total free amino acid pool.

The successive amino acid in the GOGAT-pathway, glutamate, exhibited less

drastic and slower changes than glutamine, and its level (minimum 0.4 mmol nr2)

never dropped to such low values. Further, usually the level of glutamate was
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Fig. 6.5. Contents of total free amino acid in youngest fully expanded leaves of

L. perenne grown under different nitrogen supplies: plants were either grown at

high N supply or at low N supply for the entire experiment, or N supply was switched

from high to low or from low to high on day 0, respectively, a: plants grown at high
N before the switch; b: plants grown at low N before the switch. For symbols see

Fig. 6.2. Values are means ± se (n = 4).

higher than that of glutamine. Those amino acids, which are directly derived from

glutamate by transamination, namely aspartate and alanine, showed similar

response patterns to the N supply as glutamate. Asparagine, which is formed

from aspartate and glutamine by asparagine synthetase, could be detected only

1 I r

J I l L
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Table 6.5: Amino acid contents (mmol m"2) in youngest fully expanded leaves of

L. perenne. Plants were either grown at high N supply (HN) or at low N supply
(LN) for the entire experiment, or N supply was switched from high to low (DN)
or from low to high (UN) on day 0, respectively. Values are means of four

replicates ± se. n. d. = not detected.

day HN DN day LN UN

Glutamine 0 2.00 ±0.17 — 0 0.13 ±0.02 —

3 1.82 ±0.29 0.10 ±0.02 3 0.12 ±0.03 2.38 ± 0.58

7 1.76 ±0.57 0.04 ± 0.01 7 0.11 ±0.01 3.23 ± 0.75

11 1.40 ±0.16 0.04 ±0.01 11 0.06 ± 0.02 1.70 ±0.33

21 0.72 ± 0.08 0.15 ±0.11 18 0.03 ± 0.00 1.45 ±0.28

28 0.95 ±0.21 0.09 ±0.07 29 0.03 ±0.01 1.76 ±0.12

Glutamic acid 0 2.23 ± 0.03 — 0 1.17 ±0.11 —

3 2.34 ± 0.27 1.24 ±0.09 3 1.27 ±0.18 2.42 ± 0.21

7 2.29 ±0.31 0.70 ±0.10 7 1.41 ±0.15 2.66 ± 0.24

11 2.03 ± 0.05 0.68 ±0.08 11 0.98 ±0.06 2.84 ±0.14

21 1.62 ±0.11 0.78 ±0.19 18 0.66 ±0.09 2.38 ±0.15

28 1.93 ±0.31 0.47 ± 0.05 29 0.39 ± 0.06 1.82 ±0.07

Aspartic acid 0 0.68 ± 0.06 — 0 0.21 ± 0.02 —

3 0.78 ±0.12 0.25 ±0.03 3 0.26 ± 0.04 0.76 ± 0.07

7 0.73 ± 0.20 0.11 ±0.02 7 0.29 ± 0.02 0.95 ±0.12

11 0.59 ± 0.01 0.11 ±0.01 11 0.22 ± 0.03 1.00 ±0.08

21 0.54 ± 0.03 0.16 ±0.06 18 0.12 ±0.02 0.72 ± 0.08

28 0.50 ±0.10 0.09 ± 0.03 29 0.05 ±0.01 0.49 ± 0.04

Asparagine 0 0.25 ± 0.02 — 0 n. d. —

3 0.21 ±0.02 0.03 ±0.01 3 n. d. 0.23 ± 0.04

7 0.35 ±0.19 n. d. 7 n. d. 0.78 ± 0.25

11 0.19 ±0.03 n. d. 11 n. d. 0.22 ± 0.02

21 0.07 ± 0.00 n. d. 18 n. d. 0.20 ± 0.06

28 0.08 ± 0.02 n. d. 29 n. d. 0.25 ± 0.04

Alanine 0 0.63 ± 0.07 — 0 0.28 ± 0.03 —

3 0.54 ± 0.04 0.30 ±0.01 3 0.27 ± 0.05 0.53 ± 0.05

7 0.63 ±0.15 0.21 ±0.02 7 0.29 ± 0.04 0.63 ± 0.07

11 0.48 ± 0.03 0.20 ± 0.01 11 0.26 ± 0.02 0.62 + 0.01

21 0.42 ± 0.02 0.24 ± 0.07 18 0.17 ±0.02 0.45 ± 0.05

28 0.40 ± 0.04 0.15 ±0.00 29 0.16 ±0.01 0.44 ± 0.03

Glycine 0 0.30 ± 0.03 — 0 0.06 ±0.01 —

3 0.35 ±0.09 0.07 ±0.00 3 0.06 ±0.01 0.29 + 0.06

7 0.52 ± 0.23 0.05 ± 0.00 7 0.06 ±0.01 0.55 ± 0.21

11 0.16 ±0.03 0.05 ± 0.00 11 0.06 ± 0.00 0.23 ± 0.04

21 0.08 ± 0.01 0.05 ± 0.01 18 0.05 ± 0.00 0.17 ±0.06

28 0.12 ±0.02 0.04 ± 0.00 29 0.04 ±0.01 0.15 ±0.01

Serine 0 0.39 ± 0.03 — 0 0.29 ± 0.04 —

3 0.44 ± 0.09 0.37 ± 0.07 3 0.36 ± 0.05 0.45 + 0.06

7 0.63 ±0.21 0.25 ± 0.02 7 0.40 ± 0.05 0.61 ±0.08

11 0.57 ±0.06 0.32 ±0.02 11 0.33 ± 0.03 0.52 ± 0.05

21 0.46 ± 0.03 0.29 ± 0.08 18 0.29 ± 0.03 0.63 ± 0.03

28 0.66 ±0.05 0.17 ±0.02 29 0.17 ±0.04 0.60 ± 0.07
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Tab. 6.5 (continued)

day HN DN day LN UN

Proline 0 0.39 ±0.15 — 0 0.08 ± 0.02 —

3 0.12 ±0.03 0.28 ±0.16 3 0.06 ± 0.00 0.53 ±0.16

7 0.22 ± 0.09 0.30 ± 0.00 7 0.10 ±0.01 0.62 ±0.15

11 0.31 ± 0.06 n. d. 11 n. d. 0.48 ± 0.09

21 0.70 ± 0.27 n. d. 18 n. d. 0.62 ±0.14

28 0.98 ± 0.27 0.03 ± 0.00 29 0.03 ± 0.00 1.93 ±0.30

Valine 0 0.07 ± 0.00 — 0 0.04 ± 0.00 —

3 0.07 ± 0.01 0.04 ± 0.01 3 0.03 ± 0.00 0.07 ±0.01

7 0.08 ± 0.03 0.04 ± 0.00 7 0.03 ± 0.00 0.08 ±0.01

11 0.07 ± 0.00 0.03 ± 0.00 11 0.04 ± 0.00 0.07 ± 0.01

21 0.07 ± 0.01 0.03 ± 0.00 18 0.03 ± 0.00 0.08 ±0.01

28 0.09 ± 0.01 0.02 ± 0.00 29 0.02 ± 0.00 0.12 ±0.00

Threonine 0 0.25 ± 0.01 — 0 0.06 ± 0.01 —

3 0.24 ± 0.03 0.07 ± 0.01 3 0.05 ± 0.01 0.15 ±0.03

7 0.25 ± 0.07 0.06 ±0.01 7 0.07 ± 0.01 0.28 ± 0.07

11 0.20 ± 0.03 0.05 ± 0.00 11 0.06 ± 0.01 0.27 ± 0.02

21 0.14 ±0.01 0.06 ± 0.01 18 0.05 ±0.01 0.22 ±0.04

28 0.14 ±0.03 0.03 ± 0.00 29 0.03 ± 0.00 0.15 ±0.02

Arginine 0 0.07 ± 0.00 — 0 0.05 ± 0.00 —

3 0.07 ± 0.00 n. d. 3 n. d. 0.16 ±0.03

7 0.12 ±0.00 n. d. 7 n. d. 0.17 ±0.04

11 0.04 ± 0.00 n. d. 11 n. d. 0.09 ±0.00

21 0.05 ± 0.00 n. d. 18 n. d. 0.12 ±0.00

28 n. d. n. d. 29 0.02 ± 0.00 0.09 ±0.00

at high N supply. Its level was quite constant at 0.2 mmol m"2, but there was a peak

on day 7.

The amino acids closely linked to photorespiration, glycine and serine, were

higher under high N supply and rather constant throughout the experiment.

However, there was a peak of the glycine content at day 7 under high N supply.

Proline showed an increase at high N supply towards the end of the experiment.

The contents of the minor amino acids (Table 6.5) were generally higher under

high N supply.

6.4.5 Protein

Protein content of HN leaves at the beginning of the experiment (2.9 g nr2) was

considerably higher than that of LN leaves (1.8 g m2, Table 6.4). In HN leaves,

protein content increased consistently with time to reach 5.6 g nr2 on day 21. In

DN leaves, protein content decreased to 1.4 g m2 on day 7 and rose afterwards to
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Fig. 6.6. Sucrose-phosphate synthase (SPS) at Vmax per leaf area in youngest

fully expanded leaves of L. perenne grown under different nitrogen supplies: plants
were either grown at high N supply or at low N supply for the entire experiment, or

N supply was switched from high to low or from low to high on day 0, respectively.
a: plants grown at high N before the switch; b: plants grown at low N before the

switch. For symbols see Fig. 6.2. Values are means + se (n = 4).

about 1.7 g nr2. In LN leaves, protein content remained constant at about 1.7 g

nr2, whereas in UN leaves it increased sharply until day 11 (to 4.9 g m2), and

increased only slowly afterwards.
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6.4.6 Sucrose-phosphate synthase

SPS at both Vmax and Vhm showed a strong response to N supply when expressed

on a leaf area basis. At the beginning of the experiment leaves from high and low

N supply had similar SPS at Vmax (5.3 and 5.8 umol m2 s\ respectively, Fig. 6.6).

In HN leaves, SPS at Vmax increased slowly and steadily to reach 7.1 umol nr2 s"1

on day 28. At DN, SPS at Vmax started to decline after day 3 and reached 3.6 umol

nr2 s1 on day 11. At LN, SPS strongly decreased, to 3.4 umol nr2 s1 on day 11 and

to 2.5 on day 29. At UN, SPS increased to 7.8 on day 11, and slowly decreased

afterwards to 6.0 umol m2 s"1 on day 29.

When expressed on a protein basis, SPS at Vmax still showed considerable

changes with time due to N supply (Fig. 6.7). In LN leaves it increased from 1.8 to

3.1 umol g"1 s"1 on day 7, and decreased again to 1.9 on day 28, whereas it remained

rather stable in HN leaves. In LN leaves, SPS per protein decreased slowly from

3.3 to 2.0 umol g"1 s~1 on day 29, whereas SPS in UN leaves dropped to 1.3

umol g-1 s1 within 11 days.

Changes of SPS at Vlim on a leaf area basis were similar to those at Vmax (data

not shown). However, the decline at low N supply was less pronounced (from 3.1

to 2.4 umol nr2 s1 at DN, from 3.0 to 2.4 umol nr2 s1 at LN), therefore leading to

an increase in the activation state (from 59 to 75 % at DN, from 52 to 94 % at LN;

Fig. 6.8). The activation state at low N supply was generally higher than at high N

supply, although they were similar at the end of the experiment.

6.4.7 Photosynthesis

The different N treatments did not have any effect on the net assimilation rates

of young source leaves (Table 6.4). There were some fluctuations in assimilation

rates at the beginning of the experiment, but there were again no differences

between N treatments. However, assimilation rates tended to decrease with time.

Vcmax was clearly influenced by N nutrition (Table 6.4). In HN leaves Vcmax was

rather constant, whereas it decreased steadily in DN leaves by 24 % until the end

of the experiment. At LN, Vcmax decreased steadily by 37 %, whereas at UN there

was a strong, but short increase of Vcmax between day 7 and 11. After this, Vcmax

decreased slowly.
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Fig. 6.7: Sucrose-phosphate synthase (SPS) at Vmax per protein content in youngest

fully expanded leaves of L. perenne grown under different nitrogen supplies: plants
were either grown at high N supply or at low N supply for the entire experiment, or

N supply was switched from high to low or from low to high on day 0, respectively.
a: plants grown at high N before the switch; b: plants grown at low N before the

switch. For symbols see Fig. 6.2. Values are means ± se (n = 4).

6.4.8 Suganamino acid ratios

The ratio of sugar to amino acid has convincingly been used as an indicator for

the plant nitrogen status previously (Paul and Driscoll 1997; Isopp et al. 2000b).

The molar ratio of free hexose to free amino acid (Table 6.6) exhibited quick

changes after a switch in N supply. In DN leaves it increased from 0.3 on day 0 to
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Fig. 6.8: Activation state of sucrose-phosphate synthase (SPS) in youngest fully
expanded leaves of L. perenne grown under different nitrogen supplies: plants
were either grown at high N supply or at low N supply for the entire experiment, or

N supply was switched from high to low or from low to high on day 0, respectively.
a: plants grown at high N before the switch; b: plants grown at low N before the

switch. For symbols see Fig. 6.2. Values are means ± se (n = 4).

1.1 on day 3, but declined afterwards to 0.6 on day 11. In HN leaves, the ratio

fluctuated between 0.3 and 0.6. In LN leaves, the ratio was with 0.7 higher than

that of HN leaves at the beginning of the experiment. At UN, the ratio dropped to

0.2 on day 3, and slowly increased afterwards to 0.4. At LN, the ratio decreased to

0.4 on day 7 and steadily increased afterwards to 0.9.
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The changes in the sucrose:amino acid ratio (Table 6.6) were slower and more

consistent, although in their general pattern similar to the hexose:amino acid ratio.

At HN, the ratio increased slowly during the experiment from 1.1 to 2.1. At DN, it

increased sharply until day 7. At LN, the ratio decreased from 2.5 on day 0 to 1.9

on day 7, and increased afterwards to 6.2 on day 29. At UN, the ratio dropped to

0.8 on day 3 and very slowly increased to 1.8 on day 29.

The ratio sucrose:glutamine (Table 6.6) exhibited a pattern very similar to that

of sucrose:amino acid, but the relative changes were much larger. After the switch

from high to low N supply, the ratio increased from 5 to 305 on day 7, whereas

after the switch from low to high N, it dropped from 86 on day 0 to 4 on day 3.

Table 6.6: Molar ratios of free hexose:free amino acid (Hex:AA), sucrose:free

amino acid (Suc:AA) and sucrose:glutamine (Suc:Gln) in youngest fully

expanded leaves of L. perenne. Plants were either grown at high N supply (HN)
or at low N supply (LN) for the entire experiment, or N supply was switched from

high to low (DN) or from low to high (UN) on day 0, respectively. Values are

means of four replicates ± se.

day HN DN day LN UN

Hex:AA 0 0.33 ± 0.01 — 0 0.65 ± 0.07 —

3 0.56 ± 0.07 1.06 ±0.07 3 0.58 ±0.11 0.17 ±0.02

7 0.57 ± 0.03 0.99 ±0.14 7 0.42 ± 0.02 0.26 ± 0.03

11 0.40 ± 0.05 0.62 ± 0.04 11 0.51 ± 0.06 0.41 ± 0.07

21 0.56 ± 0.08 0.54 ± 0.07 18 0.62 ± 0.08 0.44 ± 0.04

28 0.31 ± 0.04 0.75 ±0.11 29 0.86 ±0.11 0.25 ± 0.04

Suc:AA 0 1.13 ±0.05 0 2.50 ± 0.09

3 1.17 ±0.08 2.36 ±0.13 3 2.21 ±0.18 0.84 ±0.12

7 1.33 ±0.08 4.01 ± 0.72 7 1.90 ±0.06 0.94 ± 0.04

11 1.43 ±0.05 4.12 ±0.28 11 3.27 ±0.41 1.41 ± 0.08

21 1.97±0.12 3.52 ± 0.59 18 4.23 ± 0.66 1.46 ±0.20

28 2.08 ±0.17 5.17 ±0.72 29 6.19 ±0.94 1.82 ±0.17

Suc:Gln 0 5±0 0 86 + 19

3 6±0 102± 23 3 76 ±11 4±1

7 7±2 305± 81 7 69 ± 8 3±1

11 7±1 256± 64 11 206 ± 50 8±1

21 15 ± 1 212± 67 18 273 ± 41 8±2

28 15±2 332 ±107 29 320 ± 54 8±1
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6.4.9 Correlations

To identify factors possibly involved in the regulation of the SPS level in the

leaves of the intact plant system, correlations were tested between SPS and several

metabolites, their ratios, and gas exchange parameters. No correlations were

observed between SPS at Vmax per leaf area and the photosynthetic rate (r2 =

0.04), Vcmax (r2 = 0.47), sucrose (r2 = 0.19), free hexose (r2 = 0.31), glucose (r2 =

0.33), fructose (r2 = 0.27), the hexose:amino acid ratio (r2 = 0.34) or nitrate (r2 =

0.40). Very weakly positive correlations were observed between SPS at Vmax and

the protein content (r2 = 0.58), glutamine (r2 = 0.54) and the glutamine:glutamate

ratio (r2 = 0.53). SPS at Vmax per leaf area exhibited a strong positive correlation

with the total amino acid content (r2 = 0.70), and even stronger negative correlations

with the ratios of sucrose:amino acid (r2 = 0.75) and sucrose.glutamine (r2 = 0.80).

6.5 Discussion

In the present study, the specific effect of the plant nitrogen status on the SPS

content in leaves of L. perenne after a sudden change in nitrogen supply is

described. Under those conditions, SPS content is neither related to the

photosynthetic rate nor to leaf protein content, but to the plant's carbon and nitrogen

status as mirrored in the sucrose:glutamine ratio.

6.5.1 Changes in N supply first alter metabolism and then growth

Plants of L. perenne were grown either at high or low N supply, and at a certain

plant size N supply was changed from high to low and vice versa. There were

distinct temporal patterns for changes in the measured parameters. Changes in

metabolite concentrations were by far quicker than the changes in growth

parameters. The compounds most closely related to nitrogen assimilation, nitrate

and glutamine, showed very quick and strong responses within three days after

the switch in N supply (Tables 6.4 and 6,5). Changes in total free amino acid

content, in protein content and in carbohydrates were slower, less dramatic, but

consistent over longer time spans. Growth did not change until after day 7, and

changes in plant dry mass only occurred after day 11 (Fig. 6.2 and Table 6.1). This

is consistent with earlier reports, where nitrogen deprivation did not affect growth

of L. perenne for up to 11 days, whereas nitrate contents in shoots and roots

decreased rapidly (Barneix et al. 1984; Jarvis and Macduff 1989; Macduff et al.
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1989). Our results are also consistent with earlier findings, that growth of L. perenne

very strongly depends on N supply (Whitehead 1995).

6.5.2 SPS content is not related to total protein content

SPS content has been shown to be closely related to the source-sink relations

under field conditions (Isopp et al. 2000b). However, in that field experiment the

hypothesis that SPS could be simply changing with the total protein content could

not be excluded. In the present experiment, SPS content was high at high N

conditions, and it was low at low N conditions; this is indeed similar to L. perenne

in the field (Isopp etal. 2000b), and to spinach (Martindale and Leegood 1997b),

rice (Makino etal. 1994; Nakano etal. 1997) and soybean (Rufty etal. 1988). In

those experiments, with one exception only plants growing under constant N supply

were studied. However, sudden increases in N supply are common when plants

are fertilized at intervals in the field and trigger adaptation processes. Thus, the N

supply to L. perenne was changed in the course of the present experiment and

the adaptation processes of the plant to an altered N supply could be directly

observed.

Generally, in all the species the photosynthetic rates and SPS change in parallel.

In L perenne, however, SPS and the photosynthetic rate were not correlated,

since assimilation rates were not influenced by the nitrogen status of the plants,

whereas SPS was. In most studies, changes in SPS are explained to occur to

match changes in photosynthetic - and therefore export - rates, either under different

N supplies, at different temperatures, or under different C02 concentrations (see

section 6.2, p. 71, for references). This does not appear to be the case in L perenne:

In the present study, there was no correlation between SPS and leaf protein content;

SPS activity per leaf protein changed considerably with time. These results clearly

show that changes in SPS are not simply caused by changes in total protein.

6.5.3 Loss of SPS protein leads to a higher activation state

The reduction in SPS protein under low N supply is partly compensated by an

increase in the activation state (Fig. 6.8), which means a larger proportion of the

enzyme is in its active form. This is also the case in the field experiment with

L. perenne (Isopp etal. 2000b), where low N plants have a higher activation state

of SPS. In spinach SPS, at least three distinct phosphorylation sites exist each of
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which separately influences the activity of SPS under selective assay conditions.

The phosphorylation state of those phosphorylation sites change in response 1 )

to the day/night cycle (Huber and Huber 1996; Toroser et al. 1999), 2) to osmotic

stress (Toroser and Huber 1997) or 3) to yet unknown mechanisms (Toroser et al.

1998). In other species much less is known about the function of different

phosphorylation sites. In L. perenne the changes in activation state due to the

day/night cycle are similar to spinach (Isopp et al. 2000b), but no information is

available referring to phosphorylation sites in L. perenne SPS; therefore, the

mechanisms through which the nitrogen status affects the activation state, remain

unclear.

Yet, the observed changes in the activation state are not related to the day/

night cycle. It is likely that these changes are due to another phosphorylation site

than that responsible for the day/night-cycle. Such additional modification of SPS

activity seems to be necessary to adjust the present amount of enzyme to the

necessary flux, as has been shown with transgenic potato with a decreased amount

of SPS enzyme (Krause et al. 1998).

6.5.4 SPS appears to be regulated by both carbon and nitrogen metabolites

In the field, SPS content in leaves of L. perenne is negatively correlated with

the hexose:amino acid ratio and with the sucrose:amino acid ratio (Isopp et al.

2000b). These ratios could indicate the plant carbon and nitrogen status (Paul

and Driscoll 1997; Isopp etal. 2000b), a low value indicating a favourable nitrogen

status for growth. However, in the present experiment, SPS did not correlate with

the hexose:amino acid ratio at all, since this ratio changed faster than did SPS

content. Yet, the correlation with the sucrose:amino acid ratio was very strong;

even stronger was the correlation with the sucrose:glutamine ratio.

The correlation of SPS with the sucrose:amino acid ratio suggests that the

balance between nitrogen and carbohydrate status is important for the regulation

of this enzyme. Sugars and amino acids have been shown to be directly involved

in gene regulation, for example of enzymes involved in nitrogen assimilation: these

include asparagine synthase (Lam etal. 1994) and glutamine synthetase (Oliveira

and Coruzzi 1999). Sugars are well known effectors of genes coding for proteins

involved in photosynthesis, but also of many other enzymes (Stitt et al. 1995;

Koch 1996; Smeekens 1998; Sheen etal. 1999).
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However, carbon and nitrogen assimilation are not independent of each other

but highly interconnected. This „crosstalk" occurs on all the levels of integration,

from gene expression to the whole plant level (Champigny 1995; Koch 1997;

Rufty 1997) but insights into causal relationships are just emerging (Stitt and Krapp

1999). Further, it is difficult to describe causal relationships in an intact whole

plant system as it was under study here, whereas in feeding experiments the

physiological significance has often to be questioned (for discussion see Oliveira

and Coruzzi 1999). Feeding of single metabolites affects all parts of metabolism

(Morcuende et al. 1998).

The strong negative correlations of SPS with the sucrose:amino acid ratio and

with the sucrose.glutamine ratio suggest a rather direct effect of those compounds

on the content of this enzyme. The site of action could range from transcription to

protein turnover. However, a direct effect is only one of several possible relations

between SPS and this ratio. Another explanation is, that the nitrogen status of the

plant induces a signal - without a direct causal link to the sucrose:amino acid ratio

- and that this signal is responsible for regulation of SPS level. Possible candidates

for such signals would be phytohormones like cytokinins, which are known to

respond to changes in the nitrogen status (see Kuiper et al. 1988; Kuiper et al.

1989 and references therein).

The very similar temporal pattern of the SPS content and the sucrose.glutamine

ratio suggests a more direct involvement of those carbon and nitrogen compounds

in the regulation of SPS content. Such indirect evidence for this hypothesis is the

best that can be achieved in an intact plant system. The strong correlation with

the two central compounds in carbon and nitrogen metabolism, sucrose and

glutamine, and not with the bulk carbohydrate and amino acid content further

supports the idea of a direct involvement in SPS regulation.
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7 General Discussion

7.1 Concerning SPS, ryegrass is like spinach

The short term regulatory properties of L. perenne SPS have never been

reported before. In an extensive literature search, only one publication could be

found where SPS in L. perenne has been measured (Prud'homme etal. 1992). In

that study, however, assay conditions for that enzyme had not been optimized for

L. perenne. The same accounts for studies in related species like L. temulentum

(Pollock and Housley 1985). A critical evaluation of assay conditions is important

when working with a novel species, as was exemplified by Lunn and Hatch (1997)

for maize, where non optimal assay conditions for more than ten years led to a

misinterpretation of diurnal activity changes (cf. section 3.2.2.4, p. 20).

In my experiments I could show that SPS in L. perenne has the same short

term regulatory properties during a day-night cycle as spinach, the model plant for

SPS. All evidence, although indirect, suggests a light-dark activation change due

to protein phosphorylation.

The estimation of SPS protein by Western blotting revealed an almost perfect

1:1 correlation of Vmax with the SPS protein content (Fig. 4.5). Similar 1:1 correlations

between SPS protein amount and activity have been observed in spinach (Walker

and Huber 1989a), spruce (Loewe etal. 1996) and Robiniapseudacacia (Hauch

and Magel 1998). Hence, changes in SPS at Vmax represent according changes in

SPS protein amount. However, the poor cross-reactivity of the antibodies against

maize-SPS and potato-SPS (no data shown) limits the usefulness of these

antibodies for further detailed studies with L. perenne SPS. Yet, all the available

data strongly support the idea that the current model of SPS day-night regulation

derived from spinach (Huber and Huber 1996) also applies to L. perenne.

It has been argued that cycling of glucose due to fructan synthesis (Fig. 3.1)

would greatly enhance flux through SPS (Collis and Pollock 1992). In our system,

however, flux into fructan and hence glucose cycling, was neglectable compared

to the de novo flux into sucrose. Hence, the fact that L. perenne is a fructan

accumulating species does not seem to play a role in the regulation of SPS. In

general, SPS from fructan accumulating species is poorly investigated. The studies

carried out e. g. with wheat or barley, never have investigated SPS in the context



96

of increased fluxes due to fructan synthesis. Other sinks for this increased glucose

flux like nitrate assimilation or flux into structural carbohydrates seem unlikely,

since fructan accumulation occurred in fully differentiated and nitrogen deprived

tissue. My results indicate that no additional regulatory properties have to be

proposed for SPS from fructan accumulation species to account for additional

fluxes through SPS due to glucose cycling.

7.2 Leaf metabolites are a mirror of a plant's source-sink balance

Although the treatments in the two experimental systems differed widely, they

can be subsumed as changes in the source-sink balance. Hence, they were

expected to result in analogous changes in leaf metabolites.

Fructan generally does not serve as long-term storage compound in source

leaves of grasses. The storage organs of grasses are typically the leaf sheaths

(forming major part of stubble). Remobilization of storage carbohydrate usually

occurs after defoliation, when leaf area has been lost due to grazing or cutting. In

the leaf blades, fructan is synthesized when the current photosynthesis exceeds

the current carbon demand (Pollock and Cairns 1991 ; Pollock et al. 1996). Hence,

a build-up of fructan in leaf blades represents mainly an accumulation of surplus

carbon rather than programmed storage (in the sense of Chapin et al. 1990).

Indeed, both in the field and in the growth chamber experiments, fructan contents

of leaves of similar age increased when the source-sink balance was changed in

favour of the source, either by increasing source activity (C02 enrichment) or by

decreasing sink activity (low N supply).

The carbohydrate fractions besides fructan responded to a much lesser degree

to different growth conditions, especially the sucrose content - despite its important

role in carbon metabolism. Regarding sucrose contents, there were differences

between the field and the growth chamber. In the field, sucrose contents were not

considerably affected by any treatment - besides a slight increase under elevated

pC02. Under controlled conditions, sucrose contents increased under high N supply.

Yet, this higher sucrose content could drive the phloem export, similar to the slightly

increased sucrose content under elevated pC02 in the FACE.

An accumulation of nitrate in leaves under non-stress conditions indicates a

current surplus of nitrate relative to the current nitrogen demand. In contrast to
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most growth conditions used in experiments under controlled environment, nitrogen

is often limiting in soils. Stored nitrate is an important nitrogen source for plants

exposed to strong fluctuations in the availability of soil nitrogen, e. g. for forage

grasses fertilized once per regrowth period (Barneix etal. 1984; Bloom etal. 1985;

Chapin et al. 1990). Nitrate stored in the plant can support growth of L. perenne

for up to eleven days after nitrogen deprivation (Barneix et al. 1984; Jarvis and

Macduff 1989; Macduff et al. 1989). However, absence of nitrate in the plant tissue

does not necessarily indicate nitrogen deprivation, since in rapidly growing plants

nitrate is immediately assimilated after uptake (Stitt and Schulze 1994).

The total free amino acid content in leaves responds to changes in source-sink

relations, not surprisingly most strongly to changes in N supply. The changes

observed in the growth chamber experiment were due to changes in all the free

amino acids (cf. Table 6.4). Yet, the largest changes were observed in glutamine,

which is similar to other studies (Goswami and Willcox 1969; Barneix etal. 1984)

and which can also be assumed for the FACE experiment. Therefore, glutamine

might be a useful indicator for the current nitrogen status. This amino acid is also

a known effector of several genes in nitrogen metabolism (Hoff et al. 1994; Oliveira

and Coruzzi 1999). However, the understanding of glutamine as a general signal

for the nitrogen status of the plant is complicated by the fact that glutamine is also

involved in the recycling of ammonium released in photorespiration (see discussion

in Stitt and Krapp 1999).

7.3 C02 effects cannot be interpreted without considering the nitrogen

status

It is a well known phenomenon that growth under elevated pC02 leads to a

reduction in leaf nitrogen content - and there is even the hypothesis „that it is plant

demand and not soil supply that is governing these observed changes in tissue

nitrogen contents" (Cotrufo etal. 1998). This hypothesis is based on the observation

that nitrogen use efficiency is often higher under elevated pC02, which in some

studies has been related to a specific reduction in Rubisco content (Stitt and Krapp

1999).

In more detailed physiological studies, however, almost any kind of C02 effect

could be produced, depending on the nitrogen concentration in the nutrient solution

(Geiger et al. 1999). Even the most common features under elevated pco can be
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reversed by high levels of N supply: nitrogen uptake by tobacco grown under

replete N supply is increased under elevated pC02. This leads to higher

concentrations of amino acids, proteins and even Rubisco than under ambient

pc02 (Geiger etal. 1999). In tobacco seedlings, elevated pC02 leads to a very effective

stimulation of nitrate uptake, nitrate assimilation and amino acid synthesis (Geiger

etal. 1998).

Hence, it is not the plant's potentially limited demand for nitrogen but rather the

limited availability of nitrogen in the substrate which determines uptake of nitrogen

and, as a consequence, the C02 response. That the C02 effect strongly depends

on the nitrogen status, was also observed in our FACE system with L. perenne,

where the level of nitrogen nutrition (i) has a strong influence on the C02 effect on

plant growth (Hebeisen et al. 1997; Daepp et al. 2000), (ii) influences the degree

of reduction of Rubisco protein under elevated pC02 (Rogers et al. 1998), and (iii)

also determines the effect of C02 on leaf carbon and nitrogen metabolites (see

section 5, pp. 49-70).

In general, elevated pC02 decreases the nitrogen status of a plant, with two

exceptions: firstly, a strong nitrogen limitation even under ambient pc02, which

precludes a positive C02 response and the nitrogen status remains the same;

secondly, at a superoptimal N supply the nitrogen status and nitrogen content of a

plant do not change or even increase with increasing pc02. Since most experiments

do not belong to these exceptions, many of the observed C02 effects are likely to

be indirect via a nitrogen limitation which occurs at elevated pC02 but not at ambient

(Stitt and Krapp 1999).

Hence, the nitrogen status has to be critically examined in C02 studies. The

interpretation of total nitrogen or leaf protein contents, however, is difficult, since

specific changes in Rubisco content may occur frequently which are not related to

nitrogen status (Stitt and Krapp 1999). Specific nitrogen compounds have rarely

been investigated in C02 studies. Nitrate often decreases under elevated pC02

(see review by Stitt and Krapp 1999). This decrease in nitrate seems to be directly

responsible for the increase of ADP-glucose pyrophosphorylase and, hence, of

leaf starch contents (Geiger et al. 1999).

Amino acid contents seem to decrease under elevated pC02, but the number of

studies and species investigated is very limited (Nicotiana plumbaginifolia, Ferrario-
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Méry et al. 1997; Nicotiana tabacum, Geiger et al. 1998; Geiger et al. 1999). In

L. perenne, the free amino acid content decreased only slightly under elevated

pC02, and this effect was negligible compared to the effects of N supply or time

after fertilization (see section 5.5.3, p. 67). The amino acid pool as the central

metabolic nitrogen pool seems to be finer balanced than the protein or nitrate

pools.

A further indication of nitrogen limitation is the large accumulation of

carbohydrates in source leaves. Hence, a range of metabolites seems to represent

the plant nitrogen status.

Due to the very limited number of studies carefully investigating the nitrogen

status under elevated pC02, it seems not possible to identify a single metabolite as

indicator of the current nitrogen status. The nitrogen or the protein content seem

to be inappropriate parameters for this purpose, since they respond rather slowly

to changes in N supply. At least for L. perenne, the measurement of individual

carbohydrates, of protein, nitrate and amino acid (total and preferably glutamine)

contents seems to be needed to give a good account of a plant nitrogen status.

The detailed study of the diurnal timecourse of carbon and nitrogen compounds

under elevated pC02 in L. perenne is the first to be reported for monocotyledons

(Isopp etal. 2000a) - besides the reports of the dicotyledon tobacco (Geiger etal.

1998; Geiger et al. 1999). However, these reports are too few to predict whether

the observed effects are general features or whether there are considerable species

differences.

7.4 Regulation of SPS in a changing environment

The very diverse nature of the response of SPS to elevated pC02 (see section

3.2.2.2, p. 20) indicates that changes are not due to a C02effect per se but rather

due to the changes in source-sink relations. The present field experiment gave

strong indications that the regulation of the SPS level is not based on a simple

relationship with the predominant carbon flux in the leaf. One main reason might

be that the photosynthetic carbon assimilation rates never really acclimate to

elevated pC02 irrespective a strong carbon sink limitation. Due to the periodic

defoliation, the processes of acclimation seem to be too slow to reach an effective

range or even to become detectable (see section 5.5.4, p. 68).
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Since SPS protein seems to respond quickly to changes in the source-sink

ratio, carbon flux and SPS activity have to be matched by changes in the activation

state of SPS. The C02 treatment was a constant factor, but defoliation and the N

fertilization event changed the source-sink balance abruptly. Due to this complex

experimental system in the field, the interpretation of the results was intricate. Yet,

the important role of nitrogen emerged quite clearly.

Most studies investigating the response of SPS to different growth conditions

used stable growth conditions for their experiments. Relatively few studies have

investigated the changes in SPS over a longer time-span after changing the growth

conditions. The following environmental factors studied in such detail were: low

temperature (Tognetti et al. 1990; Holaday et al. 1992; Martindale and Leegood

1997a), water stress (Pelleschi etal. 1997), and nitrogen deprivation (Rufty etal.

1988). In nitrogen limited soybean plants, SPS decreased with time, in parallel to

photosynthetic rates and protein content (Rufty et al. 1988).

In the growth chamber experiment with L. perenne, the only changed parameter

was N supply. Yet, the changes in SPS were similar to those in the field. Similar to

the field experiment, SPS appeared independent from the total protein content or

the photosynthetic parameters. The protein content changes too slowly to indicate

the current nitrogen status. Again, amino acids, and the sucrose:glutamine ratio

appeared to indicate the nitrogen status more correctly.

Both, the field and the growth chamber experiment showed, that SPS in

L. perenne clearly responds to changes in the source-sink balance, but in a complex

manner: The nitrogen status affects the SPS content, whereas elevated pC02, even

in the long-term, increases the activation state.

7.5 Outlook

Not surprisingly, the results from the experiments presented here raise more

questions than they answer. Some of them shall be briefly addressed here; How

do other key enzymes of both carbon and nitrogen metabolism react to such ever

changing growth conditions? Although quite some knowledge has been gained

on the regulation of such enzymes in the recent years, dynamic environmental

conditions as stressed in this thesis have rarely been considered. Such a big-

scale integrative approach would include treatments with one or more changing

parameters (pc nitrogen, defoliation). Further, different species should be used:
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firstly, those species well investigated in single aspects (spinach, tobacco);

secondly, those species well adapted to such changing conditions (forage plants

like L. perenne).

Questions more directly emerging from the results presented here, are: How

does the nitrogen status (i. e. the source-sink balance) control the level of SPS?

Are sucrose and glutamine really signals as is suggested by the correlation and

by the analogy to other enzymes? Some answers could be gained by feeding

experiments (with the precautions discussed by Oliveira and Coruzzi 1999).

However, there are several problems which would have to be solved before such

experiments could be performed. The changes in SPS protein are probably too

slow to be seen in the time frame of feeding experiments, since excised leaves of

L. perenne have a very limited life span. Expression studies of SPS in L. perenne

are not possible, until SPS from L. perenne is cloned.

Cloning of L. perenne SPS would be an interesting task, since this would be the

first SPS cloned from a fructan accumulating species. Such cloning would help to

investigate the regulation of SPS in fructan species a) in general, and b) under

changing source-sink relations. A different approach would be to check whether

the observed relations of SPS with the source-sink relations are also found in

other species, e. g. spinach, and - if so - to perform the feeding experiments with

one of these species. Experiments like those proposed here would greatly improve

our still limited knowledge on metabolism under ever changing "real world"

conditions.
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