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When with some reason or
None, on the soul's wide [ear
The shadow of death comes.
The spirit is seeing clear
-A clcarness without calm-
How life passing is shadow,
How life ceasing is sorrow,
And loves life more.

(Fernando Pessoa, 10.2.33)

In memory of my Mother
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| SUMMARY

White clover (Trifolium repens L.} and its symbiosis with Rhizobium are
important components of temperate and mediterranean grassland ecosystems.
From the factors affecting white clover growth and its symbiosis, the P nutrition

is particularly important.

The actual atmospheric carbon dioxide partial pressure {ocoz)} of 35 Pa is
predicted to double within the next century. This increase may result in
increases of plant biomass dependeni, however, lrom nutrient availability.
Earlier studies showed that under nitrogen (N) and phosphorus {P) deficiency
the poge stimulation of plant growth was reduced. In contrast, under field
conditions in the Swiss Free Air Carbon dioxide Enrichment experiment, under a
high P availability and a low N ferilisation, white clover had a positive yield
response to elevated poop, associated with an increase of N derived from the
symbiosis (Nsym}. Therefore a question arises about the possible efiect of P
deficiency on the response of white clover and its symbiosis to elevated peoz.

The reduction of leaf stomatal conductance under elevated peos results
in a decrease of leaf transpiration rate. Therefore, we expected that {1) this
decrease of leaf transpiration would affect the transport flow of P from root to
the shoot, changing the P partitioning. At the level of symbiosis, in contrast to
earlier reporis on P deficiency, investigations from other stress factors
concluded that the C supply from the shoot to the nodules did not regulate
noduie N fixation. Alternatively the plant N demand was suggested to be the
regulatory factor for the Ny,m. Therefore we expected that (2) the decling of N;
fixation under P deficiency would result from an adaptation to a lower white
clover N demand, irrespec!i#e of the C availability from the shoot.

To test these two hypotheses a study was undertaken with white clover
under controlied environment on guartz sand as growth substrate with a low N
(1.5 mM N) nutrient solution. In & first experiment, wo atmospheric peop (35 and
70 Pa) were combined with four levels of P supply {0.0027; 0.075; 0.67 and 2
mM) aiming to assess the physiological processes at the whote plant level. A



second experiment was conducted in a similar system to assess the combined
effects of two atmospheric pooz (35 and 70 Pa) and two levels of P supply
{0.0027 and 0.075 mM) on nedulation of white clover.

Our resulis showed that the response of white clover to P nutrition ang
elevated pco: consists of several mechanisms. At low P, the low rates of leaf
transpiration led 1o low rates of shoot P uptake per plant, irrespective of poog.
The higher leaf photosynthatic rates {measured on the young leaves) under
elevated pcoz appeared 10 be enabled by an increase of the Pi remobilization
from feaf structurat P fraction and from an increased senescence of old leaves.
With increasing P supply, the estimated shoot P uptake rate per plant
increased; however, it was reduced in parallel to a reduced transpiration rate
under elevated as compared to ambient pecgs. This peoe-induced decline of
shoot # uptake was associated with an absoiute change of P partitioning in
favour 1o the root, while the total P content per plant was not affected by pcos.
The increased P content of roots resulled in a marked reduction of root acid
phosphatase activity under elevated pgos.

Elevated pcop did not affect nodulation, nodute growth and percentage N
from symbiosis (%aNeym). P deficiency prevented nodulation or stopped nodule
growth when applied to nodulated plants and strongly reduced plant growth.
Even though N fixation was clearly reduced under P deficiency these plants
were not N limited since N concentration was significantly higher as compared
with the other P levels. The combined N supply (mineral and symbiotic) covered
the low demand of these P deficient plants. With increasing P supply nodule
growth and %N, increased. The lack of an effect of the increased rate of
photosynthesis on N, fixation under elevated poo: and the high WSC contents
in rools and nodules indicated that C supply did not limit the N, fixation,
irespective of P supply. Alternatively, a systemic effect appeared to be involved
in the response of the N; fixation process, most likely triggered by white ciover
N demand. The balance between N demand and N fixation was attained by a
partial compensation of nodule function (specific N; fixation) to nodule mass.
Apparently, this balance would not change under elevated poos since nodule
growth and Ngy, were not affected by pec.. However, the N efficiency was

higher under elevated pcoe (higher plant dry mass at lower N concentration),
most likely due to a different N allocation within the plant (between sinks).
CQuuestions arising from these results are discussed in view of developing further

investigations.



it ZUSAMMENFASSUNG

Woeissklee {Trifolium repens L) und seine Symbiose mit Rhizobiur sind wich-
tige Komponenten der Grasland-Okosysterne der gemassigten und mediterra-
nen Klimate. Von den Faktoren, die das Wachstum des Weissklees und dessen
Symbiose beeinflussen, ist die Phosphor- (P-)Ermahrung von besonderer
Bedeutung.

Der aktuelle Kohlendioxid-Partialdruck (peoz) von 35 Pa wird sich im nachsten
Jahrhundert  voraussichtiich  verdoppeln. Diese Zunahme  beeinflusst
varschiedene physiclogische Prozesse in Ptlanzen, die zu einer Zunahme an
Pllanzenbiomasse fiihren, wenn geniigend Nihrsiofie verflighar sind. Frihere
Studien zeigten, dass Stickstoff- (N-) und P-Mange! die Pooz-Stimulierung des
Plianzenwachstums verminderten. Hingegen wurde in einem Freilandversuch
mit COz-Anreicherung (Swiss Free Air Carbon dioxide Enrichment experiment)
gezeigt, dass Waeissklee bel hoher P- und niedriger N-Dlngung erragsmassig
positiv auf erhdhtes poos reagierte, verbunden mit einer Zunahme des Anteils
aus der symbictischen Na-Fixisrung stammenden N {%oNgym). Infolgedessen
bleibt die Frage lber eine mégliche Wirkung von P-Mangel auf die Reaktion des
Weissklees und seiner Symbiose auf erhéhtes pooa offen.

Die Reduktion der stomatiren Leitfahigkeit unter erhahtem Pooz Hahrt zu einer
Verminderung der Transpirationsrate. Infolgedessen erwarlaten wir, dass (1)
diese Verminderung der Blatttranspiration den P-Transportfluss von der Wurzel
zum Spross reduziert, und deshalb die P-VYerteilung dndaert. im Gegensatz zu
friiheren Arbeiten Uber P-Mangal kamen Unfersuchungen Uber die Wirkung
anderer Stressfartoren auf die Symbiose zum Schluss, dass die C-Zufuhr des
Sprosses zu den Wurzeln nicht die Ne-Fixiarung der Knélichen reguliert. Es
wurde posluiieri, dass der N-Bedarl der Pflanze die MNo-Fixierung reguliert.
Demzuicige erwaiteten wir, dass {2) die Abnahme der Syrnbiose (YaNsy.,) bei P-
Mange! von einer Anpassung an daen niedrigeren N-Bedar! des Weisskiees
netrtinrt, unabhangig von der C-Zufuhr des Sorosses.

Um diese beiden Hypothesen zu priifen, wurde ein Versuch mil Weisskiee in
Wachstumskammern mit Quarzsand als Substrat durchgefihrt. Zwei poog-
Stufen (35 und 70 Pa) wurden mit vier P-Angeboten (0.0027; 0.075; 0.67 und 2
mM) bei einem tiefen Angebot von mineralischem N {1.5 mAf kombinier!, um
die Auswirkungen auf die physiologischen Prozesse zu messen. In einem
zweiten Versuch wurden zwei pooe-Stufen (35 und 70 Pa) mit zwei P-
Angeboten (0.0027 und 0.075 mM) kombiniert, um die Reaklion der
Knallchenbildung von Weissklee zu erfasssen,

Unsere Ergebnisse zeigten, dass die Reaktion des Weisskiees auf das P-
Angebot und dan Anstieg von proz aus mehrersn Mechanismen besteht. Bei
tiefem P-Angebot flihrten die niedrigen Blatttranspirationsraten zu tiefen P-
Aufnghmeraten pro Pllanze, unabhangig von feop. Jedoch schien die erhihte
Photosyntheserate von jungen Biéttern bei erhthtem pooe durch griissere P-
Mobilisierung von strukturgebundenem P in den Bléitern und einer rascheren
Seneszenz der alten Blétter unterstiitzt zu werden. Bei hitherem P-Angebot
verringerte sich die P-Aufnahmerate des Sprosses unier 70 Pa peoa im
Vergleich zu 35 Pa peor parallel zu einer Abnahme der Transpirationsrate.
Diese COz-bedingte Verminderung war verbunden mit einer aufidlligen
Anderung der P-Verteilung.zugunsten der Wurze!, wihrend die Gesamtmenge
an P in der Pflanze von pooz unbeeintlusst blieb. Der erhdhte P-Gehalt in den
Wurzeln unter erhithtem pooe hatte eine deutliche Reduldion der sauren
Phosphatase-Aktivital in der Wurzel zur Folge.

Erhdhtes peos hatte keinen Einfluss auf Kndilchenbildung, Kndlichenwachstum
und %Nsm. Bei tielem P-Angebot wurde die Kndlichenbildung verhindert oder
das Knolichenwachstum bei nodulierten Pllanzen gestoppt, wihrend das
PHanzenwachstum reduziert war. Bei héherem P-Angebot stiegen das
Kndlichenwachstum und %Ngy,, an. Obwohl unter P-Mange! eine reduzierte N.-
Fixierung bechachtet wurde, war das Wachstum dieser Pflanzen nig N-limitiert,
gdenn sie zeiglen eine hhere N-Konzentration als Pilanzen, die bei héherem P-
Angebot gewachsen waren. Die kembinierte N-Erpdhrung mit Ngym und
mineralischem N {Nui,) deckte den tiafen N-Bedarf dieser Pflanzen bei weitem,
Der génzlich fehlende Eifekt der unter erhéhtem peo: gesteigerten



Phatosyntheserate auf die No-Fixierung, wie auch die hohe Konzentration an
wasserlgslichen Kohlehydraten in den Knélichen und Wurzeln zeigten, dass die
C-Versorgung der Knblichen durch den Spross, unabhidngig von der P-
Versorgung, fir die Np-Fixierung nicht limitierend war. Andererseits schien ein
systemischer Effekt in der Regulierung des Nx-Fixierungsprozesses involviert zu
sein, der wahrscheinlich durch den N-Bedarf des Waeissklees ausgeldst worden
war. Eine scheinbare Balance zwischen N-Bedarf und N-Assimilation wurde
durch eine teilweise Kompensierung der Kndlichenaktivitiét (fixierte N-Menge
pro Kndlichenmasse) zur Kndlichenmasse erzielt. Diese Balance anderte sich
nichi unter erhéhtem peas, da die Knélichenmasse und %Ngym unverdndert
blieben. Unter erhdhtem peoz war der N-Nutzungskoeftizient grosser {grossere
Pllanzenmasse bei tieferer N-Konzentration), meist bedingt durch eine andere
N-Verteilung in der Pflanze. Fragen, die sich aus den Ergebinissen ergeben,
werden diskutiert und darauf aufbauend weitere Forschungperspektiven
entwickelt.

Il GENERAL INTRODUCTION

White clover {Trifolium repens |..) is an important legume in temperate and
irrigated mediterranean grasslands. The inclusion of this species facilitates the
production of forage with a high protein and metabolic energy content. In
addition, symbiocsis of white clover with Bhizobium feguminosarum bv. frifolif
allows an input of nitrogen from the atmasphere into the ecosystems {Boller and
Nosberger 1987).

Many factors affect white clover growth and development, like
temperature, iradiance, water, nutrients and defoliation (the physiolegical
effects were reviewed by Hart 1987). In respect to mineral nutrition, phesphorus
(P) is regarded as a crucfal element for white clover nulriticn angd for the

symbiosis.

P is a macronutrient component of molecuies such as nucleic acids,
phospholipids and ATP; it is therefore essential for plant growth. Those
melecules together with orthophosphate are involved in the basic processes of
energy transfer, control of enzymatic reactions and control of metabolic
pathways. In addition, the relevance of P availahility for white clover growth is
based on the comparison with temperate grasses used in the same swards.
White clover has a lower efficiency for P uptake as consequence of iis less

extensive root system {Caradus 1980, Caradus 1990).

A major expectation for the next century is the doubling of the actual
atmospheric carbon dioxide partial pressure {pcoz) (Bowes 1993). The increase
in pooz aftects several physiological pracesses, which may result in increased
yields with simultaneous changes in the species proportion of swards (Lischer
et al. 1996; Hebeisen et al. 1997; Zanetti et al. 1897). However, F and N
avaiiability are expected {o modulate the peos response in both individual piants
and swards {Goudrian and De Ruiter 1983; Rogers et al. 1993; Fischer et al,
1997). In white clover swards on a fertile soil, Zanetti et al. (1996} concluded
that the input of symbiotic Nz into the ecosystem was increased and that this

could be determinant of the positive biomass response to elevated pecs.



However, elevated prep did not increase per gg the percentage of total N
derived from the symbiosis {Zanetti et al. 1998). Such an increased percentage
N derived from the symbiosis most likely would be a conseguence from a
fimited N availability from the soll (Diaz et al. 1993; Harlwig et al. 1998)
associated with changes in the microbia! community in the rhizosphere of white
clover (Schortemeyer et ai. 1995).

Therefore two important questions arise from these studies:

1) Which are the P dependent mechanisms that govern the response of
white clover to elevated peg, ?

2} How is the effect of P nutriiion on the N; fixation process of white
clover symbiosis modulated by carbon availability to the host plant?

1. THE EFFECT OF P NUTRITION ON THE PLANT BIOMASS
RESPONSE TO ELEVATED pco:

1.1. The effect of elevated poor on plant growth

The actual atmospheric pro2 (35 Pa) is predicted o double within the next
century, due to the burning of fessil fuels, industrialisation, intensification of
agriculture and deforestation (Bowes 1993). This rise of atmospheric pPoae is
expected to affect plant growth. From a compilation of 770 experimental
observations an 56 species, Kimball (19823} concluded that the doubling of poos
wauld result in an overall average yield increase of 32%. Such effect of Poop 0N
piant yieid is iikely to result from increased CO, assimilation rates at a lower
stomatai conductivity (Morison 1985). Assuming ro limitation by nutrients, a
stimulation of leaf photosynthesis could be maximised by an increase of
ribulose 1,5-biphosphate (AubP) regenecration under eisvated as compared to
ambient pcoe (Long and Drake 1992). However, in conditions of resource
limitation, the acclimation of leaf photosynthesis to a lang-term exposure to
elevated peo: may farce the source activity to balance the sink capacity by
decreasing the initial values of photosynthetic stimulation {Stitt 1991; Long and
Drake 1992; Paut and Stitt 1993). Such acclimation of leaf photosynthesis is
generally associated with a re-allocation of N, mainly from ribulose 1,5-

biphosphate carboxylase/oxygenase {Rubisco) towards other physiofogical
processes (Stitt 1991, Long and Drake 1992; Paul and Stitt 1993). This
mechanism is suggested to occur in situations where the N availability limits
growth and when the source capacity exceeds the sink activity (Farage et al.
1988). However, when plants are growing in N limiting conditions but the
balance between source and sink at the whole plant leve! is maintained, then
the rubisco concentration is not affected, irrespective the decline in N
concentration, and acclimation of leaf photosynthesis does not occur {Farage et
al, 1998).

1.2. P uptake, iong distance transport, and P distribution in shoots

Although the total amount of P in the soil may be high, the major fraction
is often present in complex mineral and soil organic compounds; these P forms
are unsuitable for plant uptake (Schachtman et al. 1998). However, some
mineral P-compounds may be solubilised by organic acids produced by roots
(Johnson et al. 1996) while the organic P-compounds may be hydrolysed by
phosphate mabilising enzymes produced by roots or scil microbes (Panara et
al. 1990; Jungk 1996; Bosse and Kdck 1998).

The movement of P from soil to the root surface is mainly a diffusion
process. Generaily, the rate of plant P uptake is higher than the rate of ditfusion
in the soil, thus depleting the assimilable P forms around the roots {Jungk 1996;
Schachtman et al. 1898). Therefore, in contrast to N, the uptake of P by fine
root interceplion assumes a significant importance (Gahoonia and Nielsen
+988).

The transport of P across the root surface is driven by specialised
transport mechanisms and it seems o be coupled to a protan motive force,
dependent on the membrane elecirochemical potential (Duniop and Bowling
1978). However, the precise mechanisms governing P transport across the root
surface and its regulation are still not clear (Schachtman et al. 1998).

Although leaf transpiration is partly involved in the transport of P across
the root surface, its role in this process may be only minor (Marschner 1995).
However, leaf transpiration together with the root pressure determines the rate
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of water ﬂux, which is & mass flow process, in the long-distance transport of
autrients w?thin the plant {Jeschke et al. 1996). In addition, leaf transpiration- is
suggested 1o determine the distribution of nutrients within the shoot, depending
on the rate and duration of transpiration of the organ (Marschner 1995).

Under elevated pror the decrease in stomatal conductivity leads to an
increase in water use efficiency (defined as dry matter praduced per unit water
lost cr as carbon net uptake per unit water lost) (Morison 1985; Woodward and
Bazzaz 1988). However, the decrease of leal transpiration rates (Morison 1985)
under elevated peoz may decrease the long distance mass flow of nutrients,
aftecting their distribution among the sink sites. If the distribution of nutrients
among sinks is affected, the balance batween root and shoot could be altered
under elevated pees. Yet, reports do not present the effect of elevated Pcoz on
leaf stomatal conductivity and transpiration rate in relation to nutrient
partitioning.

1.3. Photosynthesis and shoct to root balance

A decrease in P supply is suggested to limit feaf photosynthesis by a
combination of three mechanisms: (/) an increase in stomatal resistance (Terry
and Ulrich 1973); (/) a decrease in carboxyiation activity (Brooks 1986, Paul
and Stitt 1993); (i} and a decrease in BubP regeneration (Brooks 1986; Rao
1997). The increase in stomatal resistance is suggested to be due to an
increase in leaf ABA concentration (Marschnar 1995). The other two
mechanisms are suggested to result from a decrease on the amount and/or
activity of Rubisco and on the rate at which Galvin cycle intermediates are
regenerated (Lauer et al. 1989; Rao, 1977). However, several reports show that
the reduction of photosynthesis due to P deficiency do not timit carbohydrate
supply to the roots, in contrast it is even enhanced {Freeden st al. 1989,
Cakmak et al. 19844, 1994b). By this mechanism, root growth is preserved as a
plant strategy aiming to overcome the nutrient deficiency situation. As a result,
such a change of assimilates aliocation leads to the frequently observed
increases in the root/shoot ratio (Marschner et al. 1997). Root and shoot growth
s thus kept in a functional balance reflecting the plant's adaptability to P
availability.
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2. THE EFFECT OF P ON THE RESPONSE OF SYMBIOTIC N, FIXATION

P is considered 1o have a direct effect on symbiotic Ny fixatien (Cadisch et ai.
1989:; Cadisch et al. 1993). The reduction of Ny fixation due to P deficiency an
several plant species has been interpreted has a consequence of the P
limitation on host plant and nodule growth with no direct effect on nodule
function {Robson et al. 1981; Pereira and Bliss, 1987; Adu-Gyamii et al. 1989;
Cadisch et al. 1993). In contrast, in young pea plants and soybean, P deficisncy
had a direct effect on nodule function (Jakobsen 1985; Israel 1987; 8a and
Israet 1991). Although, P deficiency induced a reduction on Ny fixation in
soybean via both effects simultaneousty that is reducing plant and nodule
growth and nodule function (lsrael 1993}

The conirol of symbiolic Nz fixation is suggested to be medialed by the &
supply from shoot to nodules (Jakobsen 1985) and by a direct limitation of P to
nodute function (Sa and israel 1991). This would cause a deciine in the N
reduction process in situations of P deficiency (Sa and Israe! 1991}, In those
reports the results were discussed based on the assumption that bacteroid P
metabolism would depend directly on the supply of this nutrient from the host
plant. However, recent chservations reporl that bactersides have a high
capacity for direct P uptake and even increase the uptake rates strengly in
conditions of P deficiency (Al-Niemi et al. 1997; Al-Niemi et al. 1998). In
addition, several other reports showed that () under stress conditicns like
shading or dafoliation, N; fixation was not dependent on carbohydrates supply
to nodules (Hartwig et al. 1999; Weishach st al. 18%6), {i) enhanced carbon
availability to the host plant did not result in higher N; fixation rates (Finn and
Brun 1982; Williams et al. 1882; Zanetti et al. 19%8) and that (#} N sink demand
would be involved in the controf of N, fixation (Parsons et al. 1883; Heim et al.
1993; Hartwig et al. 1994). i view of these reports the Na fixation dependence

on P supply clearly neads to be re-evaluated.



3. OBJECTIVES OF THIS STUDY

The objective of this study was te investigate the interactive effects of P supply
and atmospheric pcoz on the growth and physiology of white clover (Trifolium
repens L.). Two main features were investigated:

1) The influence on (a} leaf transpiration rate and on (b) the associated changes
of P partitioning and root acid phosphatase activity.

2} The influence on (a) photesynthesis and carbohydrates partitioning and on
(b} the associated changes of nedulation, nodule growth and symbiotic N
fixation.
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IV ELEVATED pcor AFFECTS P PARTIONING AND ROOT
ACID PHOSPHATASE ACTIVITY

1. ABSTRACT

The transport of phosphorus (P) from root to shoot and P distribution among
sink sites depend on mass flow and thus on the rate of transpiration. A
decrease in transpiration rate due to elevated pcoz could thus reduce P
transport to shoot and change partitioning among root and shoot. To test this
hypothesis, four levels of phosphorus combined with two ievels of peos were
applied to nodufated white clover {Trifolium repens ..} planis. Transpiration rate
declined at elevated pop. and reduced the estimated P flow to the shoot.
However total P content per plant was not affected by peoe. In conirast,
elevated pcor decreased leaf Pi concentration and increased root Pi
concentration suggesting a strong change in Pi partitioning among these pocls.
Associated with these changes, root acid phosphatase activity declined under
elevated pcoe. In P deficient white clover the dead leaf fraction increased by
77% under elevated as compared to ambient pcoe. Plant  growth,
photosynihesis, and the scurce-sink balance were affected by P supply and
Pooz in a close association with changes in Pi partitioning.



14

2. INTRODUCTION

Phosphorus (P) is a macronutrient essential for plant growth. The mavement of
P from bulk sait 1o the root surface is mainly a diffusion process; therefore, P
uptake by the plant causes a depletion zone around the roots {Schachtman, et
al. 1898). In view of this depletion, the uptake of P by fine root interception is
particularly important (Gahoonia and Nielsen 1998). White clover { Trifolium
repens L.) has a less extensive root system compared to temperate grasses;
this is likely the cause of its relatively low capacity and efficiency for sofl P
uptake (Caradus 1890). Such a difference in P uptake efficiency between white
clover and temperate grasses calls for detailed studies on white clover P
futrition.

Root pressure and leaf transpiration determine the xylem mass flow rate
in the transport of water and P from the root towards the shoot {(Marschner
1985; Jeschke et al. 1996). Phloem transports photosynthates, aming acids and
other nutrients from shoot to root sink sites; part of these sofutes again enter the
xylem stream to be cycled back to the shoot and its sinks {Cakmak et al. 1994a;
Jeschke et al. 1997). The cycling of potassium and nitrogen provide the driving
forces for xylem volume flow - reterred above as “root pressure” (Marschner et
al. 1996). This cycling of water and solutes in the plant previde the nutrients te
sinks needed far growth. The pattern of nutrient aliocation between sinks
determines tha ability of plants to capture the resources in the root (water and
nutrients) and shoot zones (CO;, light) (Freeden et al. 1989; Cakmak ot al.
1994a; Cakmak et al. 1994b). P deficiency causes an increase in the roo/shoot
ratio due to an increase in the relative allocation of photosynthates and nuirients
to the root (Cakmak et al. 1994a; Cakmak et al. 1994b). In addition, under P
dediciency the activily of white clover root acid phosphatase increases {Caradus
and Saaydon 1987), as a mechanism aiming at hydrolysing soil organic P
compounds (Marschrer 1995).

The predicted increase of the actual (35 Pa) atmospheric COy partial
pressure {poog) is expected to result in increased plant biomass due lo higher
photosynihelic rates, lower stomatal conductance, thus resulting in higher

values of water use efficiency (Bowes 1993). However, the yield increase at
glevated pooz of grasslands on a fertile soil depended upon piant species
(Luscher et al. 1998), N supply and cutting frequency {Fischer &l ai. 1997;
Hebeisen et al. 1997). Further, P supply is atso important for the response of
plants to elevated proz since grassland and agricultural crops species show
only a fimited positive yield response to a rise in pooe when P deficient
conditions are applied (Goudrian and De Ruiter 1983). In  Trifolium
subterraneum L., elevated peoe caused a reduction of leaf Pt concentration; at
0.05 mM P supply elevated pooe caused a deciine of carbon uptake rates that
could be offset by increasing P supply to 2 mM P (Duchein et al. 1993). It was
proposed that elevated peay would cause an impairment of P uptake rather than
a sink limitation of growth (Morin et al. 1992; Duchein et al. 1993). However, the
cause for the reduction of leaf Pi conceriration under elevated peos remains an
apen question. Moreover, the mechanism(s) respcnsible for the interaction
between P supply and pec at the whaole plant level are not clear.

The present study was undertaken to examine the interactive eflects of P
supply and peos on white ciover. We aimed to test the hypothesis that lower
transpiration rates under elevated peor would reduce mass flow in the long
distance transport and thus P transport to sinks. We expected that a lower
transpiration rate due to elevated peg: would affect P pariitioning between root
and shoot and reflect associated changes in root acid phosphatase activity. The
following resuits are relavant to undersiand the interactive effects of the
predicted increase in etmospheric peoe and white clover P nutrition.

3. MATERIALS AND METHODS

3.1. Plant materials and growth conditions

White clover (Trifolium repens L. cv. Milkanova) cutiings were grown for 10
days in controlled environment chambers (Conviron, Type PGV-36) in trays with
guartz-sand. Then, (0 DAP, Days After Planting) uniform plants were
tfransplanted in pairs into individual pots (40 cm x 17.5 cm x 12.5 cm deep] with
quartz-sand {0.7-1.2 mm), and grown for another 25 days (25 DAP). Between



16

the 0 DAF and 25 DAP, the pooe was 35 Pa, the day/night lemperatures were
18/13 °C and relative humidity was 75%. The light/dark periods were 16/8 hours
with stepwise increasing light irradiance from 150 pmol m? s PAR at day 1 to
550 pmol m? s at 25 DAP. A nutrient solution similar to that of Hammer et al.
(1978) with medified phosphorus (0.075 mM KH,PO,) and nitrogen {1.5 mM N}
concentrations was supplied twice daily. The planis were inoculated three times
with  Rhizobiurn leguminosarum bv. trifolii (strain HBL 5020, Leiden, The
Metherlands); details of inoculation procedures are given in materials and
methads frem chapter V.

At 25 DAP, the experimental treatments were applied: two levels of Do -
35 Pa (ambient} and 70 Pa (elevater) - were combined with four levels of
KHzPOy - 0.0027 mM (low P), 0.075 mM (medium P), 0.67 mM (high P} and 2
m (very high P). N concentration in the nutrient solution was kept at 1.5 mM
and the concentrations of other nutrients were as in Hammer et al. (1978); the
PH of the nutrient solution was adjusted to 6.0 by addition of KOH. The
day/night temperatures, relative humidity and light/dark period was maintained
as in the previous period. The experiment was conducted in a Randomised
Complete Block Design with 4 repiicates (1 pot with 2 plants per replicate and
treatment} and iasted 30 days (55 DAP), At seven-day intervals, the plants and
Pcoz levels were rotated between and within chambers to exclude chamber-
effects. The levels of poz were monitored and controlled by infrared gas
analysers (WMA-2, PP-system).

3.2. Plant sampling

Alter 30 days of exposure 10 peee and P treatments (55 DAP), plants were
harvested destructively and dissected into the following fractions: leaf iaminae,
petioles plus stolons and roots. The leaf lamina fraction was subdivided into 5§
categories according to leaf position behind the apex and age: (1) first to thirg
unfolded leaf on the main stolon (young), (2} fourth and fifth unfolded leaf on the
main stolon (middle), (3) sixth to eighth unfolded leaf on the main stolon {old),
{4} all leaves from lateral branches and (5) dead leaves.
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Leaf area of all plants was determined with a {eaf area meter (LI-COR,
model L1-3000 a, Lincoln, NE, USA). The samples of the first harvested plant oi
a pot were placed immediately in dry ice and stored at -20° G unti! lyophilisation.
After lyophilisation, the rocts were cleaned and nodules separated. The
samples of the second harvested plant of the same pot were oven-dried at 65°C
for 48 hours. The DW of all fractions was determined and sampies finely ground
with a ball mill {MM2, Retsch, Arlesheim, Switzerland). The lyophilised samples
from leaf and rcot fractions were used for analysis of _non—structurai
carbchydrates, total P concentration, Pi concentration and determination of root
acid phosphatase activity. The oven-dried samples from each plant were peoled
and analysed for whole plant N and P concentrations.

3.3. Leaf gas exchange

The rates of photosynthesis and of transpiration were determined with an
infrared gas analyser {Ciras-1, PP-Systems) and a Parkinsen leaf cuvette (type
Broad leaf, PP-Systems}. Leaf gas exchange rates were measured between the
50 and 55 DAP. The measurements were made on the first fully unfolded ieaf of
the primary main stolon, at growth peoe and saturating light (870 pumol m> 5™

PAR).

3.4. Estimated maximum rate of net shoot P uptake

The maximum rate of net shoot P uptake per plant due to mass flow in the long-
distance transport pathway was estimated using the transpiration rate as
obtained from the leaf gas-exchange measurement, the total leaf area per plant
and the concenirations of P in the nutrient solution.

3.8. Non structural carbohydrates

The water soluble carbohydrate fraction (WSC) was extracted from 10 mg of
ground sample material twice with 1 ¢m® 80% (v/v) ethanol at 80°C for 30 min.
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The WSC in the combined superatants and the insoluble starch in the pellets

were determined as described by Fischer et al. (1997).

3.6. Phosphorus

Total P was extracted, after combusting 50 mg of ground sample material at
545°C for 6 hours, with 20% (w/v) HGL Soluble phosphorus {Pi) was extracted
from 20 mg of Iyophilised ground sample material with 10 cm® 29% (v/v) acetic
acid as described by Freeden et al. (1989). The determination of extracted P
(total P and Pi) was by the colorimetric method as described by Tiessen and
Moir (1983). Structural P was sstimated as the difference between talai P and

Pi. The results were expressed on the hasis of DW minus starch mass
(structural DW).

3.7. Nitrogen

Total N was determined from 50 mg oven-dried ground whole plant samples,
using an slemental analyser {({. ECO CHN-1000, LECO corp., St. Joseph, Mi).

3.8. Root acid phosphatase activity

Acid phosphatase was exiracled from 50 mg of lyophilised ground sample
material with 10 em® of extraction buffer. The activity was assayed using 0.2 mj
of 45 mA disodium p-nitraphenyl phosphate (Sigma Nr.104) as substrate in a
total volume of 4 ml, at pH 4.5 and 30°C for 10 minutes as described by Rao et

al. (1980). Activity was expressed in umol p-nitrophenol produced per g
structural DW per minute.

b + k In{shoot)] of white clover grown for

Tabie 1. Dry matter partitioning, roct:shoot ratio and the allometric constant k [In{root)

30 days (25 DAP to 55 DAP) at 35 Pa and 70 Pa pgor combined with four levels of P supply.

Se’

6.075 0.67

0.0027

P supply (mM)

70 35 70 35 70 a5 70 poor P poos X P

35

Pooz (Pa)

*w ek

0.69

0.11

7.97
0.15
7.32

3.

5.30
0.30
577

7.15
0.07
6.45

559
0.07
5.47
2.91

3.42
Q.16

3.23
0.16
4.80
3.02

1.02
0.78
1.66

1.01

1.18

0.

{.eaf laminae {g-plant’)

*a

NS

44

Dead Leaves {g-plant ¥}

19

£T) ko

0.74

.22
2.70

1.72

Petiole, stolons (g-plant™

NS

wrE

0.43 NS

3.11 34

344

1.20

Reot {g-plant™)

Aok

4.47 1121 1150 14.04 17.10 1448 1878 244 °

4.54

Total plant (g-plant™)

.03

0.22
1.22

0.27
1.19

0.37 0.31 0.26 0.25
1.00
(0.29)

1.01

(0.19)

0.30
0.68
(0.06}

0.35
0.50

(0.11)

Root:shoot ratio

105

(0.20)

1.44
(0.43)

kJ

©.17)

(0.29)

S.e. for kvalues

)

TStandard errors of means (n

2 gigniticance from the ANOVA - NS not significant, * p<0.05, ** p=<0.01, ™" p<0.001.

? Values calculated by individuat linear regressions. Al regressions were significant at p <0.05.



20

3.9. Statistical analysis

Analyses of variance were carried out to test main effects, interactions and their
crthogonai polynemial companenis, using the SAS statistical analysis package
{SAS Institute, Cary, NC, USA). Non-normal distributions and heterogeneity of
variance of data were corrected for analysis by In transformation. The
calculation of orthogonal palynomials aimed te study the functianal response to
P treatments, covering the whale range within the tested P levels.

The allometric relationship betwsen the relative growth of root and shoot,
ie. the slope kin In{roat)= b + k In(shoof), was calculated by linear regression of
In{DW), as described by Farrar and Williams (1991).

4. RESULTS

The effects of poo; on shoot biomass of white clover after 30 days of growth
depended strongly on P supply (CO. x P significant at 0.1%). The maximum
DW in ambient peqs was attained at 0.67 mif P supply {11.13 g} and in elevated
Pooe at 2 mM P supply (15.44 g; from Takle 1). This interaction was strongest
for the leaf DW where the pror effect varied from -14% at 0.0027 mM P 1o
+00% at 2mM P supply (from Table 1). The interaction was similar in the petiole
and stolon fraction. The negative ooy effect on the leal DW at 0.0027 mM P
supply was due to a 77% increase in dead leaves under elevated Peos that
reached 43% of the whote leaf fraction (Table 1). in all the other levels of P
supply the dead leat DW was very low and not affected by poos (Table 1). Roat
DW was not changed by poos. Therefore, the rootshoot ratios indicate a
declining trend with elevated poo, and with increasing P supply (Table 1). More
important, the allometric coefficient k for In(roof) versus in(shoof) was not
affected by pcoe. However, it was affected by P supply, being lowest at 0.0027
mM P (k<1) (Table 1).

Total P content per ptant was not atfected by poce between 0.0027 mM P
and 0.67 mM P supply; at 2 mM F supply, howaver, under elevated Pcoz plants

Table 2. Totat N cantent per plant, total P content per plant and N/P mass ratio of white clover grown for 30 days {25 DAP 1o 55

DAF) at 35 Pa and 70 Pa poos combined with four levels of P supply.

554

251

DAP (days)

0.075 0.0027 0.075 0.67

35

P supply (mif)

P Deoe X P

Pooe

35 70 35 70 35 70

70

35

Peoz (Pa)

21

EEat NS

117.5%  237.7% 2068° 367.2° 3238° 381.9° 4275° NS

107.6°

254149

N (mg-plant™

NS ke

3.0° 13.5°  151®  753°  73.0°  913°  128.1¢

3.5°

1.9+03

P {(mg-plant™)

Ns *kA

3264 17.6°  149° 4.9° 4.4% 2.5° 3,3%

30.6°

i3.5+06

N/P

* Aetransformed means tram 4 repiicates. Values with the same lstier are nat significantly different at g <0.05. Significance from the ANOVA - NS not

" Means from 4 replicates + S.e.

signifisant, ™ p<8.05, ** p<0.01, ™ p<0.001.
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showed a higher total P content (Table 2). This difference was due to the higher
biomass accumulation since whole plant P concentration was not affected by
Dooe (data not shown). Total N content per plant was not aHected by peoe (Table
2). The N/P mass ratio between total N per plant and total P per plant was not
affected by the peos but by the P treatments (Table 2. As suggested by Dunlop
and Hart (1987) for white clover, ratios of N/P above 18 would be an indication
of P deficiency. Accordingly, our results indicated a strong P deficiency at
0.0027 mM, the limit of deficiency around 0.075 mM P and no deficiency at 0.67
mM P and 2 mM P supply.

In the beginning of the light period, elevated pcoy enhanced
photosynthesis at all levels of P supply. At the end of the light period, except at
2 mM P supply, pholosynthesis was no longer enhanced by pco: (Table 3).
Starch contents of leaves increased significantly at elevated peoe; the maximum
starch content at elevated pror was observed at 0.67 mM P supply in all leaf
classes (Table 3). In contrast to the leaves, WSC and starch contents in the root

were not affected by peez or P supply.

Leaf transpiration rate reached the highest treaiment mean value at 0.67
mM P or at around 1 mM P supply as predicted from the orthogonal polynomial
regression {Fig. 1A). Elevated pooe decreased the leaf transpiration rate and the
largest reduction coincided with the maximum transpiration rates mentioned.
Similarly, the estimated shoot P upiake rate per plant at (.67 mAM P supply was
lower under elevated poos; the orthogonal polynomial regressions indicaled a
significant decrease between 0.3 mM P and 1.8 mM P supplies {Fig. 1B}. The
estimated shoot P uptake rate per plant for maximum DW yield in ambient peoz
{calculated at 0.6 mM P supply from the orthogonal polynomial regression) was
25 nmol-plant™.min"'. To attain a similar value of shoot P uptake under elevated
Pcoz the P concentration in the nutrient solution needed to be increased te 0.9
mM,
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Flgure 1. Leaf transpiration rate (A} and estimated maximum rate of shoat P
uptake per plant (B) based on transpiration of white clover grown for 30 days
(25 DAP tp 55 DAP) at 35 Pa and 70 Pa poo: combined with four levels of P
supply. Lines are response curves predicted by crthogonal  polynomia!
regressions (A, R*=0.96, n=32; B, R*-0.95, n=32; + S.e. of prediction); symbals
are treatment means (n=4).
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Figure 2. Leaf Pi concentration (A, B} and leaf structural P content (C, D)
according to leaf age (A, C - young: B, D - oid) of white clover grown for 30
days (25 DAP to 55 DAP) at 35 Pa and 70 Fa poa: combined with four
fevels of P supply. Lines are response curves predicted by orthogonal
polyiiomial regressions (A and B, R*=0.98, n=64; C and D, R*=0.90, n=64;
% 8.e. of predictions); symbols are freatment means (n=4).

Pi and sivuclural P concentrations of leaf laminae increased with P
Supply irraspective of ieaf classes {Fig. ). Pi goncentration was not changed by
PAcoe betwsen 0.0027 mM and 0.87 mAf P supplies. At the 2 mM P supply,
however, elevated pegs induced lower Pi concentration irrespective of ieaf age.
As predicted from orthogonal polynomial regressions the reduction of leafl Pi
Concentralion in the young ieaf fraction occurred between 0.67 mM P and 2 mM
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P supply; in the old leaf Iraction the reduction was more pronounced and
ocourred between 0.5 mM P and 2 mM P suppiy (Fig. 2A and 2B). Structural P
concentration was reduced by elevated peop at 0.67 mM P supply in the young
leaves; as predicted by the orthogona! polynomials this reduction occurred
between 0.5 mM and 1.8 mAf P supply (Fig. 2C). In the old leavas, structural P
cencentration was significantly reduced at 0.0027 mM and 2 mM P supply {Fig.
2Dy).

in contrast to the results from leaves, Pi congentration in the root was
higher under elevated pren at .67 mi P supply. As predicted by the orthogonal
polynomial regressions, the increase in root Pi concentration occurred batween
0.3 mM P and 1.6 mM P supply, reaching a maximum at 1.5 mM under elevated
Peoz and at 2 mM P supply under ambient poos (Fig. 3A). Root acid
phosphatase activity was affected by P supply and peas but in an opposite way
to that of reot Pi concentration. Increasing P supply or peos levels reduced root
acid phosphatase activity cansistently (Table 4). The reduction associated with
the increase of pcop was largest at 0.0v5 mM and 0.67 mAM P supplies. Root P
concentration is invoived in the contra? of phosphatase activity (Noat et al. 1980}
Dracup et ai. 1984); our results showed a significant overall negative correlation
belween roct acid phosphatase activity and root Pi concentration. The fitted
curve (Fig. 3B) suggests a threshold Pi concentration around 2 - 3 mg.g"' DW,
below that the activity increased sharply,
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Figure 3 Root Pi content (A) and its effect on root acid phosphatase activity (B)
of white clover grown for 30 days {25 DAF to 55 DAP) at 35 Pa and 7C Pa pocz
combined with four levels of P supply. A: Lmes are response curves predicted
by orthogonal polynomiai regressions (R°<0.96, n=32, = S.e. of prediction;
symbals are treatment means, n=4). B: Fitted regressian curve over bath peoz
levels (R®=0.73, n=32).
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Table 4. Acid phosphatase activity (umol-g™ DW.min '} of white clover grown for
30 days {25 DAP to 55 DAP} at 35 Pa and 70 Pa Pooz combined with four leveis
of P supply, roots. The initial value before imposing treatments (35 Pa pooe and

0.075 mM P) was 18.8 +1.6 umoi.g” DW.min .

P supply (mM}

0.6027 0.075 0.67 2
35 Pa peos 45.1 40.4 23.6 20.9
70 Pa pees 40.4 31.0 15.4 14.5
Se.' 3.6
b Pooz <0.01; P <0.05; PeosxP <0.01

Standard errcr of micans {n=4}

& GISCUSEION

-

5.1, Transpiration rate and Pi partitiening

The results clearly present for the first time, that P aflocation betwesn leaves
and roct was changed at elevated pons. Associated with these changes, the rate
of teal transpiration declined under elevated Pooz (Fig. 1} due to a reduction in
stomatal conductivity similar to other experiments iLong and Drake 1992). The
decrease in leaf transpiration rale under slevated Pooz led to a significant
reduction in the estimated rats of shaot P uptake between 0.3 mM and 1.9 mM
P osupply (Fig. 1B). Within this range of P supply, leal Bi as well as ieaf
structural P concentrations deoreased under elevated ooz tFig. 2) while root Pi
concariration increased (Fig. 3A). A similar Dcor effect on isal P and acig-
soluble  esterified P concentrations was  also  chservad in Trifolium
sublerransum, whera the decline oocurred at 0.05 mM, 0.5 rM and 2 mM P
supplies (Morin et al. 1992: Duchain et ai. 1893) but no data was given for other
plant crgans.

Increasing P supply lsvel enhanced stomatai conduttivity as observed in
other reports (Morison and Batten 1936). However, stomatal conductivity was
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reduced from 0.87 mM F 10 2 mM P supoly at amiient peoe resuiting in a
decline of leaf transpiration rate (Fig.). Indeed the dedling of lesf
photosynthesis under ambient pPogz from 0.67 mAdto 2 mM P supply {Table 3)
was caused by such an increase in stornata fimitation of phetosynthesis
(chapter V). Most |kely, supraoptimal P suppty might inhibil GG, assimilation
parily by stomatal closure and by causing an extra transport of tiose-phosphate
out of the chloroplast and thereby deciining the pentocse-phosphate pathway
cycle of intermediates {Flligge et al. 1980; Usuda and Edwards 1882; Morison
and Batten 19886). Further, a limitation to root growth by pot size would cause
an increase in ABA which would eventually iead tc a stomalai ciosure
(Marschner 1995). However, mazirum: root dry mnass was altained at 0.87 mif
P supply under elevated pooe (Table 1} where no appreciable stomatal closura
was evident,

Under P deficiency (0.0027 mi F supply), in contrast 1o the othar levais
of P supply, leaf and root Pi concentrations and the eslimated sinet 7 uplake
rate were low and not affected by poos. However, at 0.0827 mM P supply under
elevated pooe the dead leal fraction was increassed (Table 1) and structurai P
congentration in the old teaf fraction was reduced (Fig. 2D1. Thus, the internal
remobilization of P under elevated prop and 2.0027 mM P supply appears
increased. Such increase in P remobilization from older leaves would ailow
more P being availabie to active leaves. Most probably, al G.O0027 mA& P supply,
the trend for higher photosynthatic rates under elevated pooe (Table 3) ndicate
that the low estimated rate of shoot P uptaks is complemented by s higher leaf

P turnover and remobilization from oider isaves.

Our results suggast that the patiern of allocation and P partitioning be
related to the apparent flow rate of solutes in the iranspirziion atream lo the
shoot, The reduction in the estimated shoot P uplake rate and in leal Pi and
structural P concenirations under elevaled peos resembles the silualion of P
deficiency: in Ricinus commueis under ambient goes, P deficiency reducad the
transpiration rate and water flow i the xylem [Jaschke et ol 1896), decreased
P, K, Mg and aminc acid concentrations n ihe xylem sap and decreased root Pi
concentration (Jeschike et al. 1987). In our experiment, however, root i
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concentration was increased at 0.67 mM P supply under elevated peos
(predicted\'range 0.3-1.6 mM P supply; Fig. 3A). This fact does not suggest an
increased P deficiency under elevated poog. Further, in addition, total P content
per plant (Table 2) was not affected by peos in the range of 0.0027-06.67 mM P
supply. Therefore, the altered P allocation between leaves and root resuited
most likely from the lower net solute flow rate from root to shoot under elevated
Pcoz. These results suggest a rather direct eflect of elevated poos on P
partitioning between shoot and root pools, since the transpiration rate affects
the transport from the root ta the shoot and the pattern of P distribution amang
shoet sinks more than the uptake of P from the soil inlo the root (Marschner
1995},

The changes in P partitioning seem to be associated with changes in the
activity of root acid phosphatase (Fig. 3B}). In the range of 0.075 mM P toc 0.67
mM P supply, the increased root Pi concentration under elevated peos (Fig. 3A)
appears to have induced a decrease in root acid phosphatase activity (Table 4).
n contrast to our results, wheat seedlings show a decreased root P
concentration under elevated pooe that apparentty causes an increase in root
acid phosphatase activity (Barret et al. 1998). The effect of pgoz on seedlings is
known to be profuse and different from that on other stages of plant
development because seedlings are normally source-limited (Stitt 1681),
Therefare, in the case of wheat seedlings, the decrease of root P concentration
reflects most likely an enhancement of initial development by elevated poos
rather than an effect of eievated peo on P partitioning. An increase of root acid
pnosphatase activity is a mechanism to counteract P deficiency by aiming at
hydrolysing complex P ester from soil components (Marschner 1995),
Therefore, in white clover 2 pooe induced reduction of roct acid phosphatase
activity might be particuiarly disadvantageous for its growth, particularly in view
of its inherently low efficiency for scil P uptake in comparison fo its usual
companion grasses (Caradus 1980).

5.2. Leaf photosynthesis

Leaf photosynthesis as well as leaf Pi concentration declined with decreasing P
supply (Table 3; Fig. 2A and 2B). At 0.0027 m# P supply leal Pi concentration
reached critical concentrations similar to those of P deficient soyhean ieaves
(Freeden et al. 1982) or even below those of P-starved spinach leaves (Brooks
1986). 1 is fikely that the limitation of leaf photosynthetic rates imposed by the
lower P supply treatments was due to a combination of a decrease in
varboxylase activity and a limitation in the regeneration of ribulose-1,5-
biphosphate (Brooks 1986; Freeden et al. 1389). The morning rates of leaf
photosynthesis were stimulated by elevated peos to similar levels as reporied by
Long and Brake (1992). In contrast, in the end of the light period the oo
stimulation effect on lea! photlosynthetic rates was lost at or below 0.67 mM P
supply (Table 3). Associated with this, the starch concentration of leaves was
increased under elevated pcor and was highest at 0.67 mM P supply. This
effect could be due to a limitation of the orthophosphate poal at the celiviar level
(Marin et al. 1992; Duchein et al. 1983), or to a sink limitation in the use of
photosynthates (Sharkey 1985; Rao 1997). Both mechanisms would result i
starch accumulation in the leaves. In contrast ta 0.67 mAM P supply, at 2 mi P
supply in the end of the light period the pee: stimulation of photosynthetic rates
was no! lost; from 0.67 mM P to 2 mM P supply starch concentration decreased
in young and middle ieaves (Table 3). These abservations together with the
increase in leaf Pi concentration at the highest P supnly levels {Fig. 24 and 28)
support the hypothesis of a limitation in leaf arthephosphate availability under
elevated peoz. However, piant hiomass accumulation was higher at 2 mM than
at 0.67 mM P supply, indicating an increased sink capacity, thus also supporting
the idea of an alleviation of sink limitation at ample P supply. Our resulis do not
allow conclusively explain the reason of the decrease in the leaf photosynthetic
fate at the end of the light period at 0.67 mM P and elevated Doos-

5.3. Source-sink balance and biomass accumulation

The aliom=~iz constant & in the In(roof) vs. In(shoof) refation did not depend on
Peaz; however, plant DW was increased after growth at elevated peo:. These
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suggest an ontogenetic effect of elevated peqs by increasing the growth rate of
the planfé {Farrar and Williams 1981). However, ic was smaller than 1 at 0.0027
mi P supply indicating a P dependent efiect in dry matter partitioning. This
agrees with a higher allocation of carbohydrates towards the ract at 0.0027 mM
P supply. The shift of carbon partitioning in favour of root growth tc possibly
offset the P deficient situation (Cakmak et al. 1994b; Jeschke et al. 1996)
seems therefore to remain also under elevated pens. Navertheless, above the
0.075 mAf P supply level, the apparently direct effect of elevated pegs on Pi
partitioning among sinks combined with the higher accumulation of starch in the
leaves suggests a change in the source-sink balance at elevated pooe. indeed,
the positive yield response of while clover to pose increased with increasing P
supply.

Under elevated peoe the maximum leaf iaminae DW was observed at 2
mAM F supply, whereas under ambient peoe # was maximal at 0.67 mM P
supply. Such a response pattern was also observed in other species {Rogers et
al. 1993). In a Free Air Carbon Dioxide Enrichrient (FACE) experiment on a
fertile scil with high levels of P and K fertilisation, harvesiasble bicmass of white
clover showed a strong positive yield response to elevated peoz (Hebeisen et al.
1997; Luscher et al. 1998). In our experiment at 2 mid P supply, total P
concentration of leaves ranged from 4.4 to 6.6 mg.g” DW which is similar to the
totai P concentration we measured in leaves from the FACE experiment (4.3
0.3 mg-g' DW). These fesults support clearly the hypothesis presented by
Ldscher et al. (1996) that a high P availability is a pre-requisite for the potential
maximum yield response of white glover to elevated peos.

6. CONCILUSIONS

The low leaf transpiration rate under elevated peop induced apparently a changs
in Pi partitioning between shoot and root, with a consequent decrease of root
acid phosphatase activity.
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These resulis indicate that in situations of limited P availability, the
response of white clover io elevated pooe might be impaired. Further
investigations are neecded to test this hypothesis under field conditions.
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Y P sUPPLY AFFECTS PHOTOSYNTHESIS AND CARBON
PARTITIONING BUT DOES NOT PRIMARILY CONTROL N,
FIXATION '

1. ABSTRACT

Linder P deficiency, the decrease of photosynthesis, and the limitation of P
availability on the host plant growth and oni nodule function is suggested to
determine the level of symbiotic nitrogen (N3} fixation. However, no concomitant
measures of photosynthesis, carbohydrate cencentrations and N fixation under
P deficiency were reported. A study was undertaken with white ciover, to test
the hypotheses that {)) under P deficiency the decline of N» fixation is the result
of an adaptation to the low N demand for growth and {#) the changes in leal
photosynthetic capacity would balance C source and C sink without limiting per

se the Ny fixation process.

Severe P deliciency prevented nodulation or stopped nodule the
increase of nodule mass when deficiency was applied to previously nodulated
white clover plants. The specitic N» fixation increased and partly compensated
poar noduiation at P deficiency. As a result of this partly compensation, nitrogen
assimilation did nat limit the growth of white clover. Although %Ng,m was more
inhibited by low P than plant growth itself, plant N concentration increased due
o mineral uptake from nuirient solution. Leaf photosynthesis deciined under P
deficiency due to reductions of V; max and Jmax. This adaptation of photosynthetic
apparatus indicated a balance between C source and C sink and is not
considered to cause a C limitation to nodule growth or function. Our results
support the view that Ny fixation is rather regulated by an N feedback
mechanism than by the shoot photosynthetic capacity.

2. INTRODUCTION

Phosphorus (P) is ofien suggested to determine the level ol symbiotic nitrogen
{Np) fixation by limiting host plant growth, nodule growth and function {Robson
at al. 1981; Jakobsen 1985; Israel 1987; Sa and israel 1991; Isracl 1983).
However, some of these suggestions were based on results from experiments
under field conditions or using pots with soil {Hobson et al. 1981; Bonetti et at.
1984; Jakobsen 1985; Pereira and Bliss 1987; Adu-Gyamft ef al. 1989).
Therefore the effect of mineral P addition on N» fixation could not te excluded
from the soil P mobilisation. In addition, ali these experiments assess the Np
fixation indirectly through an estimation of nitrogenase activity (acetylens
reducing assays). Only two studies reparted the P effect on Ny fixation using the
""N-isotope dilution procedure, but in seil and field conditions with tropical
legumes (Cadisch et al. 1989; Cadisch et al. 1993). Thereby, the eitect of P
supply on symbiotic N fixation is not clear. Despite these restriciions, early
studies suggested that low P rediced the shoct growth and, therefore, the
consequent decline of photosynthesis would reduce the carbon suppiy to the
nodules (Jakobsen 1985). Reduced € supply together with a low
orthophosphate supply from host to nodules would inhibit the oxidative
phosphorylation and ATP-dependent reactions in the plani-cali fraction of
nodules, thereby decreasing the N reduction {Israel 1987; Sa and Israel 1991;
israel 1993).

The N reduction process requires about 2.9 mg C mg™' N fixed, that
could account for 32% of plani photosynthates under certain condilions
(Minchin and Pate 1973; Warembourg and Roumst 1989). indeed, the above
mentioned studies assign to the supply of photosynthates from shoots o
nodules a crucial key of Np fixation under P deficiency. However, the
concomitant measurement of photosynthesis, carbohydrates, and N; fixation, as
affected by the P supply was not reported. Whether the proportional decline of
photosynthesis and nodule mass due to P dsficiency resulis also in a
decreased carbohydrate concentration of nodules, remains an open question.
Reports on the effect of other stress facicrs suggested thal the carbohydrate
Supply to noduies do not exert a primarily control on N, fixation (Hartwig et al.
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1980; Hartwig et al. 1994; Weisbach et al. 1986, Gordon et al. 1997).
Alternativély, the effect of N demand on the control of N, fixation is being clearly
identified (Heim et al. 1893; Parsons et al. 1993; Hartwig et al. 1984: Ne¢ and
Layzell 1897). In agreement with this hypothesis, the reports about the sffect of
elevated proz on N2 fixation showed that an increase of shoot C availability
does not increase per se neither the specific nitrogenass activity of nodules
(Finn and Brun 1982; Wi!liams et al. 1982) nor the reialive contribution of
symbiotically fixed N to the total plant N (%Ng,,) (Zanetti et al. 1998).

P deficiency decreases plant growth and thus the N demand of plants
{Ruity et al. 1890; Rufty et al. 1993; Jeschke et al. 1998; Jeschke et al. 1997):
several reports concluded that P deficient piants, fully dependent on N fixation,
were not N limited (Robson et al. 1981; Jakobsen 1985; Israel 1987). Rasults
from other stress factors, where nedule growth was impaired, suggested that
specific N; fixaticn would increase in response to enhanced plant N demand
(Sangakkara et al. 1996z2; Zanetli et al, 1998). These conclusions together are
clearly indicative of an apparent balance between legurme N sink (demand) and
N source. If such a concept would apply also for P deficiency then, (1) the
decline of N fixation wouid be the result of an adaptation to the low N demand
and (2} an effect of P nutrition on photosynthesis would bring the C source and
G sink into balance but would not primarily control the nodule growih and
function. A study was therefore undertaken to test these two hypotheses with
white clover ( Trifoiium repens L) in a controlled environmaent. A wide range of P
supply levels were combined with two atmospheric CQy partial pressures (o),
aiming 10 assess the involvement of photosynthesis in the control on N fixation.
To avaoid the interaction with soil P mohilisation, quartz-sand was used as
substrate for plant growth. So far, this is the first report on photosynthesis,
carbon partitioning and host plant-N; fixation as afiected by long term
phospharus nutrition and carbon availability.

a7

3. MATERIALS AND METHODS

From the experiment described in the chapter IV, we present here the results
from the leaf limitation factors on photosynthesis, C and N panitioning, N
derived from symbiosis and nodule growth.

A second experiment, here described, was carried out to investigate the

effect of P and pcoz on nodulation.

3.1. Piant material and growth conditions

The outline of the first experiment was described befare (page 15). Brielly, white
clover (Trifolium repens L. cv. Milkanova) cuttings were grown for 10 days in
trays with guartz-sand. At the 11" day (0 DAP, Days After Planting) two plants
were transplanted into individual pots and grown for another 25 days (25 DAP)}
with 0.075 mM KH;PO, in the nutrient solution and an atmospheric poos of 35
Pa.

The plants were inoculated under 0.075 mM P supply with Rhizobium
feguminosarum by, trifofii (strain RBL 5020, Leiden, The Netherlands) at 0 DAP,
6 DAP and 17 DAP by supplying 25 mi, 40 ml and 50 m! of inoculum culture per
plant respectively, with a concentration of 2x10° cells per ml.

At 25 DAP, four levels of KH.PO, (0.0027 mM, 0.075 mM, 0.67 mM and
2 mM) were applied in combination with two levels of atmospheric pope - 35 Pa
(ambient} and 70 Pa (elevated) - for 30 days (until 55 DAP). From that time an
{25 DAP) the 1.5 mM N in the nutrient solution was labelled with 0.9% M-
enriched NH4sNC; in which ammonium and nitrate were equally labelled (Isotec,
Mimisburg, OH, and Mathesan, Sgcaucus, NJ, USA). Once per week the pots
were flushed abundantly with de-ionised water, to prevent any possible

accumuliation of nutrients.

For the nodulaticn experiment white clover cuitings were grown in a
similar way as in the first experiment, using the same conditions. However, from
the very early beginning, that is the time of transplantation (0 DAP), two levels
of KH.PO, (0.0027 mM and 0.075 mM) in combination with two levels of
atmospheric poge (35 Pa and 70 Pa) were applied for 44 days. The other
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nutrients in nutrient solution, pH, day/night temperatures, relative humidity,
light/dark‘bperiods and light irradiance were kept as in the first experiment (page
14). The piants were inoculated in both P treatments at 0 DAP, 7 DAP and 14
DAP using the same procédu:e as before. The experiment was conducted in a
Randomised Complete Block Design with 4 replicates (1 plant per replicate and
treatment).

3.2. Piant sampling

Plants were harvested at 25 and 55 DAP in the first experiment and at 0, 22 and
44 DAR in the second experiment. At each harvest plants were separated into
reot and shoot fractions. The shoots were divided into staions, petioles and leai
laminae. The details on dissection procedure, leaf area measurgment, and
preparation of sample materials were menticned before (page 16). The samples
of the first harvested plant of a pot were placed immediately in dry ice and
stored at -20° C until lyophilisation. After iyophilisation, nodules were removed
from roots and cleanec under the microscape. The samples of the second
harvested plant of the same pot were oven-dried at 65°C for 48 hours. '

The lyophilised samples were used for analysis of non-structural
carbochydrates, total P and N content. The oven-dried samples from the second
harvested plant were pooled and analysed for whale plant N, "N ang P
contents.

3.3. Chemical analyses

The water-soluble carbohydrate (WSC), starch and total P content werg
determingd as described in chapter 1V (page 18).

Total N and N contents wers determined from 1 mg ground sample
material by a continuous-fiow mass spectrometer (Europa Scientific,
Cambridge, UK) in the University of Saskatchewan, Saskatoon, Canada. N
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contents in the leaves, rcots and nodules are presented on a dry weight
corrected for starch content basis {structural DW).

3.4, Calculation of symbiotic Ns fixation

Ir the first experiment, the relative contribution of symbiotically fixed N 1o the
total plant N (%Ns,m) was determined according to the N-isotope-dilution
method as described by Zanetti et al. {1998}, integrated for the period 25-55
DAP.

3.5. Leaf gas exchange

Leaf gas exchange was determined with an infrared gas analyser (Ciras-1, PP
systems} and a Parkinson leaf cuvette (type Broad leaf, PP-systems) at 25 DAP
and 55 DAP, on the first unfolded leaf at light saturation (870 umal m? 57 PAR].
Leaf internal pcos concentration {(C) was varied by varying external leat poos in
the leaf cuvette (5 Pa, 10 Pa, 15 Pa, 25 Pa, 35 Pa, 70 Pa, 90 Pa, 110 Pa, and

150 Pa); corresponding photosynthetic rates (A4) were recorded.

The apparent maximum rate of carboxylation with nor limiting ribulose-
1.8-biphosphate (Veme and the apparent potential rate of glectron transport at
light saturation (Jrax) were calculated for each leaf from the fit of the A/C; values
to the biochemical mode! of Farquhar et al. (1980) and Farguhar and Casmerer
(1982} as described by Kirschbaum and Farquhar {1984). Percent stomatal
limitation of photosynthesis {) was calculated using the photosynthetic rate (4)
recarded at the growing pece regime (Cg), and the photosynthetic rate (4g)
estimated from the A/C; response at C; = C, according to:

[=100x(Ao— A)/ Ao {Long and Drake 1992)
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3.6. Statistical data analysis

Statistical analyses were carried out using the general linear model
procedure of the SAS statistical analysis package (SAS Institute, Cary, NC,
USA). Data were transformed to correct the effects of non-homogeneity of
variance and respense scaling. [n all tests 95% confidence level was used.

Table 5. Nodule and plant mass of white clover plants grown for 44 days (0
DAP to 44 DAF) at two leveis of peoe and of P supply and inoculated with
Rhizobium legumincsarum bv. trifolii at 0, 7 and 14 DAP.

P Pooz Nodules' Plant’

(mM) (Pa) (mg DW} {g OW)
0.0027 35 0° 0.3°
70 0° 0.3
0.075 35 50.9° 3.7°
70 34,6 5.1°

p Proz NS <0.05

P <0.001 <0.001

Peoz X P NS <0.05

" Values are refransformed means (n=4); when referenced with the same letter did not
reach significant differences at p<0.05 by Tukey's-test.

4. RESULTS

4.1. Nodule mass and plant growth

Low P supply (0.0027 mM P) impaired strongly nodulation and nadule growth
(increase in nodule DW) under both poos. When ingculation occurred under
0.0027 mM P supply no nodules were observed in contrast to the nodulation
from ptants grown at 0.075 mM P (Table 5). At 0.075 mM P as compared with
0.0027 mM P, plant DW was strongly increased (Table 5). After allowing plants
to nodulate at 0.075 mM P supply, the reduction of P supply to 0.0027 mAf {(at
25 DAP} stopped completely the increase in nodule mass for the next 30 days
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of the experiment (55 DAP, Fig. 4A). At 0.075 mM P nodule continued 1o
increase DW between 25 DAP and 55 DAP. Increasing P supply levels above
0.075 mM P resulted in a further increase of nodule mass. The atmospheric
Peaz had no effect on nodule mass (Fig. 4A).

As expected, plant dry mass increased strangly with increasing P supply.
The response of ptant dry mass to elevated pno» was however, depencent on P
supply (Table 1, page 19). Nodule mass response to P supply between 25 DAP
and 55 DAP, was stronger as compared with plant mass response; as a result
the ratio total nodule massftotal plant mass increased with increasing P supply
but it was not afiected by pog. growth regime (Fig. 4B8). At 0.075 mM P supply,
this ratio was net affected by plant age (25 DAF vs 55 DAP). The reduction of P
supply from 0.075 mM to 0.0027 mM resuited in a strong decline of the ratio
total nodule mass/total plant mass (Fig. 4B).

4.2, %Nsym and N partitioning

The %Ngm integrated for the period 25-55 DAP increased with increasing P
supply and was not affected by peos regime (Fig. 4C). In contrast, specific N
fixation (mg Nsymmg'' nodule DW) declined with increasing P supply (Fig. 4D).
As for the %Nsym and nodule mass, no poo: effect was ohserved on specific Nz

fixation.

Totat N content per plant, at 55 DAP, increased with P supply (Table 2,
page 21}, The reduction of P supply to 0.0027 mAM P for 30 days, did not impair
N uptake (25 DAP vs 55 DAP) and increased the N content per plant by a factor
of 4.7 (Table 2 page 21). in contrast to plant N content, piant N concentration
and leaf N concentration were higher at 6.0627 mM P {Fig. 5A and 5B). With
increasing P supply, leaf N conceniration declined in both peoz; however, the
reduction was faster under elevated poaz. As a result of this stronger decline, at
0.075 mM P and 0.67 mM P supply, leafl N concentrations were lower under
elevaled as comparec to ambient pogr (Fig. 5B). In contrast, root N
concentration was not affected by P supply or by peos (Fig. 8C). Nodule N
coneentration was reduced at 0.0027 mM P supply as compared with the other
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Figure 4. Nodule mass per plant (A), total nodule massiotal plant mass ratio
(B), percentage N derived from symbiosis (C) and Specific N. fixation (D) of
white clover grown for 30 days (25 DAP to 55 DAP) at 35 Pa and 70 Pa peee
combined with four levels of P supply. Symbols are treatment means {n=4) and
bars rapresent 2 times S.e. of means.

P levels (Fig. 5D). At 0.0027 mM P, nodules showed a declining trend in the N
concentration at ambient as compared o elevated pegz (0<0.073.

43

50 — 50
A. Whaie plant B. Leaf iaminae
&
= 40 - Qe T i
@ 30 8 E '\_\ﬁ e S
8 Oy .
S| Mg : g
Z 20 - o 20 =
10 & —L 1 I i i 19
50
C. Roots D. Nodules L 120
o Al 4 | £y 35Papagg - 25 DAP | [, S L 100 =
g (- 35P8 ppy - 55 DAP | L e g —® %
'.'m a0 ~@ - T Pap;ns - 65 DAPi & = 80 ‘Tm
o i I =2
£ T||C -0 E
z 20 et e A5 5 P
Bt - 40
10 - T T T T H T - 20

T T .
0 D& 10 15 20 0 05 10 15 2.0
P cancentration of nutrient sciution (mAM)

Figure 5. Whole plant N concentration (A) and N concentrations of the ieaf
laminae (B), of the roots (C) and of the nodules (D) in a structural DW hasis of
white clover grown for 30 days (25 DAP to 55 DAP) at 35 Pa and 70 Pa peos
combined with four levels of P supply. Symbols are treatment means (n=4) and
bars represent 2 times S.e. of means.

4.3. Photosynthesis

P supply and elevated ooz stimulated the ieaf pholosynthesis (Table 3, page
22). However, under 35 Pa prop photosynthesis was highest at 0.67 mM P
supply declining significantly at 2 mM P supply (Table 3, page 22).

The effect of P supply on enhancing leaf photosynthesis was associated
with an increase of Vma and dna. (Table 8). However, under elevated as
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compared with ambient poop, white clover leaves had a lower V., between
0.075 mM P and 2 mM P supply. The increase of plant age (25 DAP vs 55
DAP) as well, was associated with a reduction of V; nay and Jnas. ; : s
' Table 8. Apparent maximum rate of carboxylation with non limiting RutP
(Venax), apparent potentiai rate of electron transport at saturated jight (vnax) and
stomatal limitation on leaf photosynthesis () of white clover grown for 3C days
(25 DAP to 55 DAP) at 35 Pa and 70 Pa pco: combined with four isvels of P

supply,
DAP P Deoz Wimas T /
(mM ) {Pa) {umol CO; m? ™) (%}
25" 04975 35 93.4 47 1 248.1 £20.5 31.9 25,4
557 0.0027 35 36.6° 95.9° 31.9%
70 3g.2° 11957 26.7%°
0.075 35 64.1° 153.0°° 37.9°
70 53.4% 149.0° 19.6%
0.67 35 1E7e 221.4° 34.0%°
70 82,54 192.3°¢ 14.3°
2 35 129 .5° 218.2¢ 48.0°%
70 104.6% 214.49 12.4°
p Proz <0.001 NS <(0.001
P <0.001 <0.001 NS
Pooz % P <0.05 <0.05 <0.01

Mean vaiues [n=4) £5.e,
“ Results are re-transformed means {(n=4). When referenced with the same letter did not reach

significant differences at p<0.05 by Tukey's lest.
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Under ambient peae the stomata!l limitation of photesynthesis (1) was not
affected by F supply, despite a strong trend for a higher limitation at 2 mM P
supply (Table 6). Under elevated pgee, however, the stormatat limitation of
photosynthesis was lower than at ambient peee and declined with increasing P
supply (Table 8).

Table 7. Leal starch concentration (all leaves in the main stolons) of white
clover grown for 30 days (25 DAP fo 55 DAP) at 35 Pa ang 70 Pa pros
combined with four levels of P supply.

P (mM)
DAR Peoz 0.0027 £.075 0.67 2
(Pa) (mg glucose equivaient g* DW)
257 35 27634187
55° 35 190,72 147.18 311.7° 241 2°¢
70 367.8% 299.0 % 425.2¢ 371.8M
Jol Pooz <0.001; P<0.001; pooz x P<0.01

Mean values (n=4] £S.e.
? Results are re-transformed means (n=4); when reisrenced with the same letter did nol reach
significant differences at p<0.05 by Tukeys lest,

4.4. Carbohydraie partitioning

Doubling peos increased leaf starch concentration irrespective of P supply
{Table 7). in contrast, roct starch concentration was not affected by peoz or by P
suppiy (Table 3, page 22). The response of nadulg starch concentration to the
treatments ciffered from that of isaves and roots: At 0.0027 mM P nodule starch
cencentration was lower than at higher P supply levets. Under ambignt peap this
decline was more pronounced as compared (o aievated peos (Fig. BA).

a7
180 A. Starch
O "‘9""*---_ %
g 150 §/ T P
T 420 A i
g |
.;:_j,' a0 - ’ & 35 Papg,-25 DAP
B I —o— 35 Pa poy, - 55 DAP
@ $ & TUPap - 55 DAP
E cC2
30 ~ J T
o —= ‘ '
80 - Q& B. WSC i
- s
_cg: G o
o i i @
E 40
o
@
[
2 20 -
(=]
a - T T T T
0 0.5 1.0 1.5 240

P concentration of nutrient solution (mAd)

Figure 6. Nodule carbohydrate concentrations: starch (A) and WSC {B) of white
clover grown for 30 days (25 DAP to 55 DAP) a! 35 Pa and 70 Pa pcos
combined with four levels of P supply. Symbols are treatment means (n=4) and
hars represent 2 limes S.e. of means.

Root WSC concentration was neither affected by pcae or by P supply
(Table 3, page 22). In contrast, nodule WSC concentration was higher at the
two lowest levels of P supply, i.e. 0.0027 mM and 0.075 mM P (Fig. 6B).
Moreover, nodule WSC concentration was always lower than the correspondent
root WSC concentration {Fig. 6B and Tabie 3 page 22).

The different responses of nodule starch and WSC fractions to the
treatments resuited in a change of carbohydrate fractionating. At 26 DAP and
0.0756 mM P, WSC represented 35% of the total carbohydrates. This proportion
remained unchanged until the end of the experiment (55 DAP, 36% at 0.075
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mM P) and was not affected by peoz or P levels above 0.075 mAM. The reduction
to 0.0027 mM P however, increased the proportion of WSC at 55 DAP ta 91%
and 68% under 35 Pa and 70 Pa pgos, respectively.

5. DiSCUSSION

5.1. Noduiation and nodu'e growth

Nodulation was prevenied when infection occurred under P deficiency on small
plants, irrespective of atmospheric puos level (Table 5). So far, this is the first
lime that such an absolute response of nodulation g P deficiency is reported.
Thea strong extent of this effect might be due to the low P concentration we weare
able ta supply, without interference of soit P assimilation as most likely occurred
in experiments where soil was used as substrate (Robson et al. 1981; Bonetti ot
al. 1984; Jakbsen 1985; Pereira and Bliss 1987; Adu-Gyamfi et al. 1988).
However, such a distinct effect of adverse environmental conditions is not a
new phenomenon, and it was demonstrated under K deficiency, drought
(Sangakkara et al. 1996ab), high soil temperature (Purwantari et al. 1995) and
salt stress (Banet et al. 1996}. Whether it occurs in nature, indicating a narrower
ecological range of adaptation for nodulation as compared to plant growth is not

clear.

In ling with the above observation (Tabie 5), when P deficiency was
applied to previously nodulated plants, nodule growth stopped irrespective of
atmospheric peoz (Fig. 4A). The decrease in nodule N concentration at 0.0027
mM P supply (Fig. 5D} suggests, either a decline of protein syathesis reinforcing
the view of an impairment of noduie growth, or a reduced metabolic potential of
these nodules.

5.2. Symbiotic N, fixation (%oNsyn) is reduced at fow P supply

In contrast to the complete cessation of nodule growth at 0.0027 mM P supply
between 25 and 55 DAP (Fig. 4A), N fixation still contributed with aprox. 30%
of the tota! new N assimilated by the plant (Fig. 4C). Therefare the low growth of
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P deficient white clover was still supported by the combination of symbiotic N
and the mineral N supply. With increasing P supgly, %aNsym was increased.

Whole plant, leal and root N concentrations (Fig. 5A, 5B and 5C)
reached the maximum values at 0.0027 mM P supply. These results reflect the
effect of combining the supply of N; with a low ievel of mineral N and indicate
that growth was nat limited by N assimilation under P deficisncy. The same
conclusion was presented by Robson et al. (1981), Jakobsen (1985} and Israel
(1987). Alternatively, such an increased N concentration could also be
interpreted as a result of a lower plant size (Farrar and Williams 1991) under P
deficiency. However, in our experiment at the lowest P supply the N assimilation
exceed plant dry matter increment between 25 DAP and 55 DAP, leading to an
increased N concentration at 55 DAP as compared ta 25 DAP. Therelore, these
results most likely indicate a limitation in the use of the total assimilated N at
0.0027 mM P supply. Thersfore the limitation of P supply on plant growth was
rather a direct effect of P than an indirect P induced N-limitation. Indeed, the
high N/P mass ratio at 0.0027 mM P supply (Table 2, page 21) supports this

view.

5.3. Phetasynthesis and carbon partitioning are in balance with plant N

demand

Leaf photosynthetic rales, at 55 DAP, declined with decreasing P supply (Table
3, page 22;. This decline of leaf photosynthesis was associated with decreases
ot Ve max 2nd of Jipox (Table 6). At 0.0027 mM P supply, the lower value of Vi max
was in contrast to the highest leaf N concentration on a structural DW basis
{(Fig. 58) and on a leal area basis (data not shown). Elevated poo. stimulated
photosynthetic rates in all levels of P supply (Table 3, page 22); however,
between 0.075 mM and 2 mM P supply Vimax was lower under elevated as
compared lo ambient pooe (Table 6), in association with a lower leaf N
concentration under elevated poqz (Fig, 58).

This results clearly show that the decrease of leaf photosynthetic rates

with decreasing P supply was due to a decrease in carboxylase activity (decline
of Vemex) @nd a simuitanecus iimitation in the regeneration of AubP (decline of
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Jrnax). Most iikely, the decline of carboxylase activity was rather due o a
decrease in e;ctivaticn state of Rubisco than a decline on its concentration,
since N concentration in the leaves increased with decreasing P supply. Indeed,
as our results suggested, P deficient fobacco did not show any reduction in
protein or Rubisco concentration (Paul and Stitt 1993). Which mechanisms
frigger the reduction of Vi me. are unclear, but low P limits growth directly, and
therefore photosynthetic enzyme gene reguiation do not controf N allocation as
in low N conditions (Paul and Stitt 1993).

Between 0.075mM and 2 mM P supply, the decline of V.. under
elevated pooe suggests an adaptive response of photosynthetic apparatus.
Likely, the balance between C source and G sink was maintained while N would
be allocated towards other process, as the decline in N leaf concentration (Fig.
58} suggests (Stit 1991; Leng and Drake 1982). in addition, the similar values
of the young leaf Pi concentration under both peaz, at 0.0027 mAf and 0.075
mM P supply {Fig. 2A, page 25 would suggest that this adaptive response
woulg not be due to a limitation -y leaf Pi concentration. Such adaptation is
suggested to decrease the souce € capacity, avoiding an excess of
photosynthates (Stitt 1991},

Taking into account () the leaf acclimation response to P and pegs, (i)
the leaf N concentration (Fig. 5B) and (i) the leal Pi concentration (Fig. 2A,
page 24), it appears that the photosynthetic apparatus would keep the potential
far further re-adjustments to C demand. Whether an increase in nodule function
or growth and thus an increase in C demand would trigger the re-adjustment of

leaf photosynthetic apparatus, need further investigations.

At 0.0027 mM P suppiy, from 25 to 55 DAP the starch concentration in
the nodufes decreased (Fig. BA). in contrast, at 55 DAP and 0.0027 mM P
supply, nodule WSC concentration was the highest (Fig. 6B). In addition, roct
WEC concentration was always higher than the correspondent nodule WSC
concentration (Table 3, page 22; Fig. BB). Assuming that the root is a source of
WSC to nodules, these results suggest that at 0.0027 mM P supply as
compared to higher P levels, nodules were the weakest sink for WSC.

Increasing P supply, ncdule WSC concentration decreased indicating a stronger
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sink that result in the maintenance of the initial value (25 DAP) of nodule’s
starch concentration. However, it will remain unciear whether the maintenance
of the 0.0027 mAM P supply for a fonger time would result in the senescence of

nodules, as the decrease of starch concentration seems to indicate.

5.4. Which mechanisms inhibit noduiation, nodule growth and %Ngum

under low P?

As in our experiment (Table 5), a complete faliure of nedulation was also
observed under K deficiency (Sangaxkara ef al. 199Ga). This sffect was
suggested 10 result from the reduction of root hair density and percentage of the
taproot covered with root hairs {Sangakkara et al. 1296a). However, this may
not be the case in cur study since P deficiency does not affect white clover roct
marphology that could prevent noduiation (Haynes and lLudecke 1981).
Therefore we assume that nodulation was impaired by other factors, either in
the earlier stages of noduiation or in the initial stages of nodule develcpment.
The process of root infection is mediated through the balance hetween
stimulatory and inhibitery compounds that affect the induction of nod gene in
free-living bacteria; these compounds are secreted from white clover rool tip
celis (Diordjevic et al. 1987). The ievel of the inhibitory compound secretion is
regulated by a signal from the phloem (Djordievic et al. 1887).

When P deficiency was imposed to nodulated plants, nodule growth was
inhibited (Fig. 4A). With increasing P supply, nodule and plant growth were
strongly stimulated. One tempting interpretation would be that nodule growth
depended directly on the P supply from the host plant; thersiore, at low P,
nodules would be strongly P deficient and its growth would be impaired.
However, nodule P concentration is often reportad 10 be higher than host plant
(Jakbsen 1985; Israel 1987, Pereira and Bliss 1987; Adu-Gyamfi et al. 1989; Sa
and israel 1891, isragt 1993; Yahiya et al. 1995}, indsed, recent studies show
that the baclercides assimilate P by the direct contact of nodules with the
nutrient solution and increase sirongly P uptake rates at P deficiency,
maintaining therefore a high P concentration (Al-Niemi et al. 1997; Ai-Niemi et
al. 1998). In view of this it is uniikely that noduie P concentration would fimit
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nodule growth. Earlier reports give another possible view of interpretation,
pased on a limited C supply from the shoot to nodules. However, () the
increased photosynthesis at elevated peoz had no effect on nodule growth and
function, (/) carbohydrate accu.mu%ated in the leaves under elevated poos, {f
the WSC concentration was higher in the root than in the nodules and {(iv} the
WSG concentration of nodules was higher at low P as compared with higher
levels of P supply. Therefore, these resuits do not support the view of nodules G
limitation. Further, these results are in contrast to earlier suggestions which tried
to explain the effect of & supply on Np fixation by a fimitation of C supply to
nodules {Bonetti et al. 1984: Jakbsen 1985; Pereira and Bliss 1887; Adu-Gyamfi
at al. 1989).

Alternatively, our resuits suggest most likely a systemic effect on nodule
growth under an internal control from the host plant (Kosslak and Behiool 1884,
Olsson e al. 1989). Alsc nodulation was suggested to be dependent from such

a similar effect {Djordiavic t al. 1887).

With increasing P supply, the mass ratio between N and P contents per
plant (N/F} declined (Table 2, page 21) suggesting an increase in the N
damand. Indeed, simuitaneausly, the N content per plant increased (Table 2,
page 21) as well the %Ny, (Fig. 4G} In paraliel to the concept of mineral N
assimilation regulation (Rufiy et ai. 1990; Ruity et al. 1893; Marschner et al.
1996 Jeschke et al. 1997), the N; fixation is suggested to be regulated by a N
feedback mechanism; thereby.it is suggested ihat the increase of an N
compournd concentration in the phloam {and in the root) induces a decrease of
N fixation (Parsons &t al. 1983; Heim et al. 1393; Hariwig et al. 1994, Neo and
Layzeli 1997}, In agreement with this concept, the rect M:shogt N ratio showed
a significant negative correiation with %N (Fig. 7j supporting the view of a N
feadpack mechanism on the N: fixation. Therelore, low B supply would reduce
the N demand; thateby, a feccback mechanism would reduce the N
assimilation, resuiting in a baiance hetween i source and N sink. Taking inta
account this mechanism, the inhigiticn of N asaimilation in early stages of the
symbiosis estabiishment would aiso prevent the intection and thus nodulation.

The suggested increase of an N compourdd could then act as the control signal
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leading to the increase of nod gene inhibitory compounds secreticn by the rool.

5.5. Specific Ny fixation partly compensated low nodule growth

Elevated pcoe had no effect on specific Np fixation {Fig. 4D). In contrast to
%Ny (Fig. 4C), specific My fixation decline with increasing P sepply. The
highest value was 2.1 mg N per mg noduie DW (3.0027 mM 2 supply; Fig. 40).
This value is below the highest specific Np fixation reported by Zanetti et al.
{(1998) (3.91 mg N per mg nodule DW} in white clover nodules, with the same
plant cultivar and Rhizobium strain. Therefore, we assume that the values
obtained at 0.0027 mAM P supply were below the maximum limit of nodules
function. Since N did not timit white clover growth at 0.0027 mM P suppily, we
suggest that the increase of spectic N» fixation in relation to the N demand,
compensated the inhibition of nodule growih at low P supply. Simiiar increases
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Figure 7. Correlation between root N:shoot N ratio and parcentage N derived
from symbiosis {YoMNsym) of white clover piants grown for 30 days {25 DAP tc 5§
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levels. R°=-0.83 significant at p<0.01.
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in specific N; fixation associated with a low noduie growth were reported in
white clover fé}llowing high mineral N supply (Zanetti et al. 1898} and in faba
bean and common bean at K deficiency (Sangakkara et al. 1996a). However,
%Ngym was slill low at 0.0027 rﬁM £ supply (Fig. 4C). Therefore in view of the
%Nsym response, specific Ny fixation oniy partly compensated the low nedule
growth in contrast to the fully compensation reported at K deficiency
(Sangakkara et al. 1986a). This contrast between the effect of P deficiency and
K deficiency on %MNem was also reported by Cadisch et al. (1983) and likely
derived from the different role of P and K on plant nutrition,
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VI GENERAL DISCUSSION

The objective of this study was to investigate the interactive effect of P supply
and atmaspheric pege on the growth of white clover, in two aspects: {/} the eifect
of the reduction ot leaf transpiration rate, expected to oceur under slavated
Pecoz. 00 P partitioning; and (i) the effect an the N, fixation process as affected
by the increase of shoot C availability under elevated Peoz.

We showe, for the first time, that the response of white clover P nutrition
to elevated peag is determined by whole plant mechanisms. This was based on
the following observations;

1) Elevated peee stimulated leaf photosynthasis at all levels of P supply (Tahle
3, page 22}. Simultaneously, leaf transpiration rate declined under elevated Poce
{Fig. 1A, page 24). This reduction in ipaf transpiration caused an apparent
decrease in the shoot P uptake by a decrease in the long-distance P transport
rate (Fig. 1B, page 24}, resuiting in a change of P partitioning. Eftevated pcoa
reduced shoct P concentration (Fig. 2, page 25), in contrast to the increased
conceniration of raot {Fig. 3A, page 27). These changes resulted in a decline of
root acid phosphatase activity under elevated pooz (Tabie 4, page 28).

2} The increased shoot carbon availability under elevated Pooz did not affect per
se the percent N derived from symbiosis at any level of P supply (Fig. 4C, page
42). White ciover nodule function {specific M, fixation} showed an adjustment to
nodule growth (Fig. 4A and 40, page 42}, in an apparent but clear response to
plant N demand (Table 2, page 21). This effect would result in a balance
between N source to N sink irrespeciive of 2 supply. Therefore, in contrast to
reports presented until now, we suggest that N; fixation of P deficient while
clover nodules is not directly limited by leaf photosynthetic rates. Allernatively,
our results suppor the hypothesis of a N feedhack mechanisms on Nz fixation
irrespective of P supply.

In addition to those conclusions, the adaptation of leat photosynthetic
apparatus to P and peos {Table 6, page 44) bring in balance C source to C sink;
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howsver, at low P supply white clover leaves kept the potential for re-adaptation

to new situations, as an increase in the C demand.

1. THE EFFECT OF ELEVATED pco, ON TRANSPIRATION RATE HAD
ASSOCIATED EFFECTS ON WHITE CLOVER NUTRITION

Our results showed that the reduction of leaf transpiration rate, in
response to elevated poo had other effects beside the generally reported
increase in water use efficiency (Morison, 1985; Woodward and Bazzaz, 1988).
We showed an evidence of an apparent reduction in the P long distance
transport rate from root to shoot. Most likely this reduction affected not anly P
but also the other nutrients in the solution of the xylem siream, as it would be
the case of N. However, plant growth was stimulated by pcoe (Table 1, page
19). Percentage N derived from symbiosis was not affected by peop {Fig. 4C,
page 42). As a result, the whole piant N concentration declined significantiy
under elevated peoe (Fig. BA, page 43) irrespective of P supply. Leal N
concentration also showed a decline under elevated as compared 1o ambient
pooe (Fig. 5B, page 43). This averaged decline of N concentration under
elevated pecor was, however, dependent from the P supply and varied with leaf
age. in contrast to the leaf Pi concentration {(Fig. 2, page 25), the N
concentration in the youngest leaf fraction was not affect by P supply or peos
(Fig. BA, next page); in the old leaf fraction, N concentration geclined under
elevated pooe and with increasing P supply (Fig. 8B). These abservations, which
result from the different nutrient availability to the plant {limitation of P in
contrast to non-limitation of Ny, indicate:

1) Plant N demand seems to decrease under elevated peee (@ higher
growth at a lower N concentration) as suggested by Conroy and Hocking
(1893};

2) As a response to elevated pooe white clover rather changed N

allocation than increase the percentage N derived from symbiosis;

3) The change of N allocation as a response of white clover to elevated

Dcoz, SeemMs complex:
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Figure 8. Leal N concentration (on the basis of structural DW? according to eaf
age (A - young; B - old; as described in chapter 1V) of white clover grown for 30
days (26 DAP to 55 DAP) at 35 Pa and 70 Pa poge sambined with four fevels of
P supply. Lines are response curves predicted by orthogonal polynomial
regressions (A and B, R%=0.82, n=64; + S.e. of predictions); symbols are
treatment means (n=4).

a} in young leaves, N appears to be allocated from Rubisco towards
ather proteins within the leat, since N concentration did not changed
under elevated peoz (Fig. 8A). This would agree with the suggestions
of Stitt (1991), Tissue et al. (1893} and Riviere-Relland et al. (1996);

b} in the old leaves the deciine of N (Fig. 8B) and the increase in dead
leaves at low P under elevated poee (Table 1, page 19) appears to
result from an N allocation towards other sinks.

These conclusions show that different compensation mechanisms of Pi and N
are operating to force the balance between the respective sources and sinks
under elevated peos. In relation to Pi, the compensation was attained by an
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apparent Enc:egse in P remobilization as suggested by the decrease in
struciural P concentration and by the increase of leaf senescing at low P (as
suggested by the increase ol dead leaves) under elevated pooz (Table 1, page
18). In contrast ta P, N assimilation was kept at higher levels irespective P
supply but a clear N re-ailocation was observed without any compensation by

the symbiotic N: fixation.

These rasults suggest that under elevated peos, nodutated white clover
adapt the balance between source and sinks. This suggestion would not apply
onty for C, as concluded by Stitt (19913, Long and Drake (1982) and by Paul
and Stitt (1993), but also for P and N, despite the different compensation
mechanisms of each nutrient. If this effect would be species-spegcific, this could
explain further the reperied difierences in the pooy response between white
clover and other grassland species (Zanetti et al. 1996; Hebeisen et al. 1997,
{ ischer et al. 1998). These results rise other guestions that glaim for further
investigation. In the following paragraphs we will present two direct questions

arising from these discussion of results.

2. DOES ELEVATED pco:z INDUCE A REDUCTION OF FLOWS IN THE
LONG DISTANCE TRANSPORT?

The primary effect of elevated poge on white ciover was a decrease in stomatal
conductivity and a concomitant reduction of leaf transpiration rate. This
response would cause a decline in the lang-distance flow from root to shoot. In
addition, except at very high P supply, the afternoon values of leaf
photosynthesis, under elevated pees, lost the moming stimulation ({Table 3,
page 22). In the discussion {page 31) one open question remained about a
possible limitation in the expert of photosynthates from the leal. Taking these
results together, cne possible view is that the apparent reduction in the
transport flow does not malch with the increased demand of photosynthate
export from the leaf. For a better understanding of this mechanism further

investigations are necessary:

1) To assess directly the transport flows. This could be achieved by the use of
isotopes, i.e. **P or ¥P and "*C, in relation to a non-mobile nutrient, Extensive
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studies in the transport of solutes were presented by Pate et al. (1879), Cakmak
et al. (1994a), Cakmak et al. (1994h), Jeschke et al. (1986) and Jeschke et al.
(1997)

2) To assess the effect of the K supply level on the diurnal rate of CO; uptake
associated with export rates of photosynthates from the icaf. We assume that,
beside other factors, K is an important factor for phloem transport flow {Cakmak
et al. 1994a; 1994b). The effect of K in the transport, photosynthesis and

osmoregulation was extensively reviewed by Marschner (1995).

The results of these investigations are important for further
understanding the response of white clover to elevated proz. The interactive
effect of K supply and pcoz. was never reported, The results of these studies
may be particularly relevant at the field levei because of the limited K availability
in many soils, its rote in plant nutrition, particufarly in the transport process, and
its interaction with other nutrients.

3. DOES ELEVATED Pcoz AFFECTS LEAF SENESCENCE?

3.1. Leaf physiological age

Under efevated poog, Pi and N concentrations were strongly reduced particulary
in the old leaf fractions. This effect was also reported for cther Trifolium species
in relation to P (Morin et al. 1992; Duchein et al. 1993} in refation to N
compounds, the decrease of Rubisco concentration under elevated pogs 1S a
general {eature reported for severat species and mainly under conditions of
nutrient limitation (reviewed by Bowes, 1991). We discussed the reduction of N
and P leaf concentrations in view of a compensation for the reduced transport
fiows. However, in an earlier study, Omer and Horvath (1983) reporied a
reduction in the cycle length of several annual species under elevated peos, and
suggested that ihis effect would result from earlier plant senescence under
elevated poop. Beside, it was reported that the decrease of Rubisco under
elevated pooo was stronger with increasing leaf and plant development (Nie et
al. 1995; Hibherd et al. 1996). In addition to this decrease of Rubisco during leaf
development, thylakoid proteins were reduced under elevated poep in the fully
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mature leaves (Van Qosten and Besford 1995). Indeed, these results are

indicative of sarlier leaf senescence under elevaled poox (Nie et al. 1995).

The Pi and N old leaf concentrations couid agree with this suggestion.
Therefore, this etfect claims for further investigation. Under field conditions this
sffect may have particuiar importance, so we will develop further this view in the

next paragraph.

3.2. Fieid research

At P deficiency we reported an increase of dead leaves under elevated
Deos, representing 43% of tolal leat dry mass in the end of 30 days of growth
(Table 1, page 19). Under field conditions, such an increase in death tissue may
pe relevant because it ray represent an important loss of harvesiabie biomass
in terms of quantity and quality, since leaves are the most valuable fraction. In
addition, the effects of P partitioning on root acid phosphatase activity may be
important in conditicns of limited soil P availabifity. Thersefore, these effects
need to be evaluated under field conditions and perhaps it would allow to
sxplain some of the different responses to elevated proe between "nutrient rich”
vs "nutrient poor’ grassland ecosystems (Zanetti et al. 1996; Hebeisen at al.
1997; Stocklin et al. 1998),

The results of this investigation are relevant ai the field level and they
would contrbute to the increase of our understanding about the impact of

elevated pra. On grassland ecosystams.
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