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Abstract

One of the most fascinating processes in plantiplogy and agronomy is the
capability of legumes to associate symbioticallyhwhizobial bacteria and arbuscular
mycorrhizal (AM) fungi. The legumes supply photohates in exchange for nitrogen,
derived from biological Bl fixation, and soil nutrients mainly phosphate, aoted
from foraging of AM fungi from the soil. The rhizab and arbuscular mycorrhizal
symbioses each may use 4-16% of recently fixed gdyothates to maintain their
activity, growth and reserves, but in turn, may @ypl00% of the plant nutrient
requirements. The C costs of the symbioses aren adftgssumed to limit plant
productivity due to photosynthate competition betwdhe microsymbiont and the
host. In addition, the C costs are often used a®rary point to understand the
evolution of the symbioses.

It is intriguing that despite of the symbiotic Cst® plants associated with rhizobia
and/or AM fungi often produce more biomass and rgraithan fertilized plants.
Increases in plant growth are traditionally atttdzlito improved plant nutrition and
enhanced photosynthesis. This thesis gives evidémeteplants — and particularly
legumes — are able to overcome any putative Cdiroit associated with rhizobial and
AM fungal symbioses by increasing the rates of pbyrithesis due to sink stimulation,
over and above the expected nutritional benefdsfthe symbioses. Sink stimulation
of photosynthesis is a consequence of increasesh@udd from photosynthesis, which
increases the export of triose-P from chloroplasescycling more inorganic
phosphates and activating more photosynthetic eagyrim the thesis, | report a
literature study, which provides a framework foe tjuantification of sink stimulation
of photosynthesis. Apparently, sink stimulationpdfotosynthesis by symbioses just
equals the C costs, which in the long term is s@heficial for plant growth. Sink
stimulation of photosynthesis implies that plant&l aymbioses are not limited by
photosynthates, which means that the cost : betinefdries for symbioses need to be
re-conceptualized.

Photosynthesis is limited by three biochemical psses: rubisco activity, electron
transport, and triose-P export (often referredirads lamitation). In Chapter 3, | apply a
biochemical model expressing these three limitatiam CQ response curves of
soybean Glycine max[L.] Merrill) inoculated with rhizobial strains wh putative
different C costsBradyrhizobium japonicunr®PAC 390 or CPAC 7) or fertilized with
KNOg, to understand the effects of rhizobial symbiaseshe photosynthetic capacity.
Plants associated with putatively more expensivaing have higher photosynthetic
capacity than those associated with less ‘expenstvains’. The effect of sink



stimulation of photosynthesis is evident becausmtpl with higher triose-P export
rates consistently had higher rates of electronspart and rubisco activity. These
results suggest that the C costs of rhizobial sgsds generate feedbacks between the
rates of triose-P export with rubisco activity aléctron transport rates.

| also describe three subsequent experiments wibhdifferent soybean varieties
nodulated with two rhizobial strains or fertilizedth two doses of KN@ fertilizer.
Plants associated with rhizobial symbioses alwa liigher rates of photosynthesis
and accumulated less starch in the leaves thantiNzied plants throughout the whole
cycle. Furthermore, nodulated plants maintainethdrighlorophyll concentrations for
a longer period than N-fertilized plants. Both pisyinthesis and Nfixation were
synchronized over the plant cycle. One of the amiohs of Chapter 4 is that C costs
of rhizobial symbioses lead to sink stimulatiorpbbtosynthesis, which in turn, delays
leaf senescence. These mechanisms together alhg tikeontribute for increase in
plant productivity.

Overall, the thesis indicates that the C costsyoflsoses are not disadvantageous,
as usually thought. Higher activity of rhizobialdaAM fungal symbioses results in
sink stimulation of photosynthesis, which leads$igher plant growth over time. Sink
stimulation of photosynthesis implies that the ms&ymbionts and plants are not
limited by photosynthate. Increased rates of phaithesis in initial stages of plant
development delay the rates of leaf senescendeilater stages of plant development.
The C costs of symbioses bring advantages to thet'sladaptation under elevated
CO, concentration, because they remove the sink lmraof photosynthesis. It
means that effectiveness of the symbioses (thecitgpga supply nutrients) is more
important than the C costs or the efficiency withiatr photosynthates are used.

Key words: biochemical model of leaf photosynthesis; carbonk sstrength;
chlorophyll fluorescence; harvest index; leaf pirgteleaf senescence; legumes;
photosynthetic nutrient use efficiency; Pi recyglisource-sink regulation; ureides
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Chapter 1

General Introduction






General introduction

1.1. Carbon metabolism of mycorrhizal and rhizobialsymbioses

Plants have evolved in association with symbiotml smicroorganisms -
particularly, arbuscular mycorrhizal (AM) fungi amklizobial bacteria — to overcome
nutrient limitations for growth. Indeed, these syosles have common evolutionary
pathways, as they are commonly triggered by at leagen similar genes (Parniske,
2008). The AM fungi colonize the intraradical angreunding soil spaces, absorb soil
nutrients, particularly P, and transfer them toglants in exchange for photosynthates
(C). In the same way, rhizobial bacterial straissagiate with plants of the family
Fabaceae (Leguminosae) by inducing formation of rmmlules, fix atmospheric N
and exchange reduced N for C. Each symbiosis ltasnplex C metabolism and may
require 4-16% of the photosynthetic production frthrair hosts (e.g. Pang and Paul,
1980, Finke et al., 1982, Harris et al., 1985).

In the AM symbiosis, C as hexoses is unloaded timointraradical fungal hyphae
(more specifically through arbuscules), where tlag converted into trehalose,
glycogen and chitin (Fig. 1.1). Hexoses are alsmoagosed to trioses and aggregated
into triacylglycerols (TAG) surrounded by a phoslgid monolayer, in which
stabilizing proteins are inserted. These TAG aamdferred to extraradical hyphae,
used to support new hyphal growth, and in due tst@ed in spores and vesicles. An
intense C turnover throughout the hyphae maintaigsadient that allows a constant C
supply from the host cells to the fungi (Smith aReéad, 2008). In their turn,
extraradical hyphae absorb P and combine it widk&etons (arginine) to form poly-
P granules. These poly-P granules are transporedntraradical hyphae by
cytoplasmic streaming, where they are decomposddransferred to root cells with
the aid of P transporters (Fig. 1.1). Also othell satrients are absorbed by the
extraradical hyphae, but because of low P mobilitythe soil and its usual low
concentration, P is the most important exchangeabiigient in AM symbioses.
Furthermore, the rates of AM transfer of other ieutts (e.g. N) do not meet the plant
requirements (Smith and Read, 2008).

In rhizobial symbiosis, most of the C supplied bg plant to the nodule is utilized
to support the activity of the enzymatic complexdfogenase (E.C. 1.18.6.1), which
fixes N, and requires at least 4 moles of reductants anddlés of ATP per mol of N
fixed. The photosynthates unloaded into the cdriiedls of the nodule are rapidly
reduced to organic acids and transferred to rhadafglls where they are metabolized
to produce ATP and reductants (Fig. 1.2). Rhizokihbioses face an intriguing
paradox: on the one hand, nitrogenase requires Ergunts of energy, which is more
efficiently obtained by oxidative phosphorylatidiut on the other hand, it is destroyed
and/or inactivated in the presence of oxygen. phigdox is resolved because a thick
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Figure 1.1. Flows of carbon, nitrogen and phosphorus betwataradical and extraradical
mycorrhizal mycelia and the root cell in an AM syio#is. Redrawn from Bago et al. (2002).

layer of cortical cells in the outer side of thedake regulates the diffusion of oxygen,
while an enzyme called leghemoglobin reductase 1B2.6) supplies oxygen in low
concentrations but at high transport rates (Fig). 1.

The first product of M fixation is NH;, which is quickly protonated into NH
bound with C skeletons and assimilated into glutenand glutamate but finally into
amino acids, amides or ureides depending on therlegspecies (Fig. 1.2). Legumes
of the tribes Phaseoleae or Desmodieae transléigatk N as ureides (allantoin and
allantoic acid) whereas legumes of most of the rothbes (e.g. Vicieae, Trifolieae)
translocate fixed N as amides (asparagine) (GiléQ1). Ureides are more costly to
be synthesized and degraded in the leaves thareantidt carry more N per unit of C
(Minchin and Witty, 2005). Some rhizobial strairseuC more efficiently than others,
due to the presence and activity of two enzymessphoenolpyruvate carboxylase
(PEPC, E.C. 4.1.1.31), which can assimilate 30%hef CQ initially released by
nodule respiration (Marschner, 1995), and uptalddgenase (E.C. 1.12.99.6), which
recycles the H produced by nitrogenase to increase the produatio TP and
protects nitrogenase, which is intolerant gf(Minchin and Witty, 2005).

The activity of both AM and rhizobial symbiosesdiswn-regulated when there is
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Figure 1.2. Relationships between nitrogenase and relatedioeacin bacteroids and the
cytosol of the host in legume nodules. Adapted fhMarschner (1995).

an abundant supply of nutrients in the soil, whetlggests that plants regulate C
delivered to microsymbionts when grown in fertital ©r when fertilizers are applied

(Treseder and Allen, 2002; Kiers and Denison, 2008)is thesis focuses on the
implications of diverted C partitioning to AM anHbizobial symbioses compared with
fertilized plants. An intriguing question guidingig study is thus whether plants can
overcome symbiotic C consumption by increasing #éte of photosynthesis.

1.2. Are symbioses limited by photosynthate supply?

Several studies on the C metabolism in plants &ssacwith AM fungi and/or
rhizobia have demonstrated that each of these syselsi take up 4-16% of
photosynthates produced (e.g. Pang and Paul, F8ke et al., 1982; Harris et al.,
1985). These studies often refer to the C trarfsben the plant to the microsymbiont
as the C costs of the symbioses. These C cost®anterbalanced by the benefits of P
in the AM symbioses, and N in the rhizobial symemsThe cost : benefit theory
suggests that (i) AM and rhizobial symbioses woaitdly occur if plants are grown
under conditions of soil nutrient limitation, and plants should sanction symbioses
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Figure 1.3.Effects of plant and microsymbiont (rhizobia or Alhgi) nutrient limitation on
the microsymbiont biomass. At high soil nutrientgability, rhizobia and AM fungi will
receive little C from plants and will grow less. Idtver soil nutrient availability, rhizobia or
AM fungi will receive more C because plants are MPdimited. At (very) low soil nutrient
availability, rhizobia, AM fungi and plant shoulce N or P limited, and microsymbiont
biomass will be low regardless of C allocation bg plants. Inspired by Treseder and Allen
(2002).

when they are not effective. Since symbioses arendegulated under satisfactory
soil nutrient supply (Fig. 1.3), several authorsvéhaadvocated that AM fungal
colonization or nodulation in plants supplied widfatisfactory amounts of soil
nutrients indicate a parasitism-like relationshifpttte microsymbiont with the plant.
The dilemma of mutualistizersusparasitic behaviour implies that plants are lighite
by their C metabolism, and decreases in plant draesult from the competition of
plant and microsymbiont for C resources or from rosgmbiont cheating (e.g.
Johnson et al., 1997; Treseder and Allen, 2002pKéimos, 2003; Kiers and Denison,
2008). However, for a large range of plant speares experimental conditions, there
is evidence that plants can overcome potential i@patition with microsymbionts by
increasing the rate of photosynthesis (Fig. 1.4apiér 2), which suggests that
regulation of symbioses is determined by other rapigms than simply cost : benefit
ratios. In this thesis, | try to understand the hagisms by which photosynthesis is
increased in symbiotic plants (whether by nutristimulation or by carbohydrate
feedback), and the implications of such a physicklgesponse to plant productivity.
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Figure 1.4. Index of change in photosynthesis (on leaf aresishalue to AM fungi and
rhizobial symbioseslindexof change= (Synt+ Nonsym/(Synt+ Nonsymx100, where Sym
and NonSym are the rates of photosynthesis in symbiotic armeh-symbiotic plants,
respectively. Indices vary from —100 to +100: negaand positive values indicate inhibition
or stimulation of photosynthesis, respectively. Theex of change of this figure does not
correct for the effect of symbiotic nutrient acqtias, discussed in Chapter 2. Plant species:
F1, Allium porrum F2, Capsicum annunF3, Cucumis sativus4, Lactuca sativaG1, Avena nuda
G2, Cajanus cajanG3, Glycine max G4, Hordeum vulgare G5, Phaseolus vulgarjsG6, Pisum
sativum G7, Vicia fabg G8, Vigna unguiculataP1, Artemisia annuaP2, Catharanthus rosey$3,
Citrus aurantium P4, Citrus reticulatg P5, Citrus unshiy P6, Medicago sativaP7, Plantago
lanceolata P8, Psidium guajava P9, Trifolium repens S1, Solanum tuberosumrll, Bouteloua
gracilis; T2, Panicum coloratuniT3, Zea maysData compiled from 51 studies, whose references
are listed at the end of this thesis under theihgd@ddditional References on Figure 1.4.”
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1.3. Symbioses and their relationship with plant potosynthesis

On a whole plant basis, increased total ,Gf3similation can be attributed to
increased plant growth due to improved nutritionaf(sthner, 1995; Lambers et al.,
1998). On a leaf area basis, improved nutritionultesn a higher concentration of
chlorophyll, photosynthetic enzymes for €@&ssimilation, ATP and inorganic P;XP
(e.g. Hikosaka and Terashima, 1995; Lovelock et1897), which could stimulate
rates of photosynthesis. However, improved nutritimes not fully explain increased
rates of photosynthesis, probably because photossist is also regulated by the
source-sink relations of the plant (Herold, 198@ulPand Foyer, 2001). Because C
costs of symbioses increase the demand for phatestgs, | extend the concept of
sink regulation of photosynthesis (e.g. Paul angleF02001) to the interaction of
plants with AM and rhizobial symbioses. In this dise sink stimulation of
photosynthesis by AM fungal and rhizobial symbiosesonceptualized as a feedback
in which the C costs of symbioses stimulate thesraf photosynthesis over and above
nutritional effects due to increased C sink strengt process associated with faster
rates of phloem loading and triose-P export.

In fact, sink stimulation of photosynthesis occbhesause faster rates of triose-P
export inhibit starch accumulation in the leavebkldqooplasts), which has negative
effects on the enzymes of G@xation metabolism (Azcon-Bieto, 1983; Goldschinid
and Huber, 1992). As a matter of fact, there anerotvays by which AM and rhizobial
symbioses could affect plant physiology and thust@éynthesis [such as hormones
(Goicoechea et al., 1997) and improved water aiatiAugé, 2001)], however such
mechanisms are of less relevance in photosyntpétsiology when plants are well
supplied with water. Therefore, the theory of satiknulation can only be applied for
plants that are not limited by water.

1.4. Testing sink stimulation of photosynthesis

During photosynthesis, light energy is used by wpbyll to split HO and
generate electrons, which are transferred throngilectron gradient that supports the
production of ATP and NADPH. The energy capturedused by ribulose 1,5
biphosphate carboxylase/oxygenase (rubisco E.C1.39) in the chloroplasts to fix
atmospheric Cg which is converted into sugars. These sugardeaapidly exported
out of the leaves or temporarily stored in the ohitasts. The C costs of symbioses
affect the partitioning of recently fixed C and shaffect the overall functioning of the
photosynthetic metabolism.

Farquhar et al. (1980) developed a model of thehdtosynthesis, which includes
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symbols, as the minimum estimate of three resporstes given intercellular CO
concentration. The parameter values for the fittedlel wereVemax= 59.4 pmol CEm2 s

1 J=140.9 pmolem™?s™, Tp= 6.3 umol triose-P M s™. This model is applied in Chapter 3
to predict ‘sink removal’ or ‘sink stimulation’ gfhotosynthesis of nodulated soybean plants.

two main limiting processes of leaf G@ssimilation: (1) kinetics of rubisco activity
(Ac) and (2) electron transport rates and subsequegeneration of ribulose 1,5
phosphate (4. Later, this model was extended to include althimiting process: (3)
triose-P utilization or export (A (Sharkey, 1985; Harley et al., 1992; von Caemmere
2000; Sharkey et al., 2007), which depends on tren& strength of the plant. The
equations of this model are fitted to response esif photosynthesis to increasing
CO, concentrations (e.g. Fig. 1.5; von Caemmerer, R06en measured with the
open gas exchange system Li-6400 (LI-COR Inc., alimcNE, USA). Whereas A
and A limitations of photosynthesis are expressed aefo®O, concentrations, the-A
limitation is expressed at high G@oncentrations, particularly when associated with
high light intensities or low atmospheric @Fig. 1.5), due to a feedback of weak C
sink strength on the rates of photosynthesis (®yark985). In this thesis, | test the
hypothesis that the C sink strength of AM and rhiabsymbioses is large enough to
remove the Alimitation of photosynthesis.
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1.5. Objectives of the thesis

The objectives of the research described in tlasighwere to:

. Review the effects of AM and rhizobial symbiosestba rates of photosynthesis

and plant productivity, with emphasis on legumes;

. Distinguish the effects of improved nutrition of Adhd rhizobial symbioses from

the effects of increased C sink strength on thesraf photosynthesis;

Compare potential sink stimulation in AM and rhimlsymbioses;

Determine whether C costs of dual symbioses aratiaeldor synergistic (i.e.
interaction between symbioses is such that thé edfeect is greater than the sum of
the individual effects), and assess the degreakfssimulation in single and dual
symbioses;

. Assess possible consequences of diverted C pamigjoand sink stimulation of

photosynthesis by AM and rhizobial symbioses ori smescence, plant growth
and grain yield. (It has been suggested that isexghotosynthesis prior to the
early phase of senescence could lead to a longaopnthetically-active life of
leaves [Paul and Peliny, 2003] );

. Implement the effect of sink stimulation of photo#yesis by AM and rhizobial

symbioses in a conceptual mechanistic plant/crop/tir model.

1.6. Hypotheses

10

| formulated five main hypotheses:

. AM and rhizobial symbioses stimulate the rateshadtpsynthesis beyond a simple

effect caused by the nutritional benefits.

. Increases in the rates of photosynthesis in symehpd@nts are proportional to the

C costs of the symbioses.

. AM and rhizobial symbioses are not limited by pl@navailability.

Plant growth is not decreased proportionally to @heosts of symbioses because
the rates of photosynthesis are increased.

. Symbiotic plants have higher rates of photosynthdmcause the C costs of

symbioses remove the limitation of triose-P uttiiga. If removal of sink
limitation of photosynthesis does not explain ias@s in photosynthesis, then,
photosynthesis is increased due to internal feddbbetween the rates of triose-P
utilization, rubisco activity and electron transp@tes.
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1.7. Outline of the thesis

Presumably sink stimulation of photosynthesis ogdar a wide range of plant
species, with different life cycles (e.g. Fig. 1.#owever, | perform most of the
analyses on legumes, because they allow for atdum@oparison between AM and
rhizobial symbioses. Legumes were also chosen becthey play essential roles,
particularly in tropical agro-ecosystems, as hurfeod, fodder, green manure and,
more recently, as a source of biofuel. In additipimysiology of one legume species,
soybean Glycine maxL.) Merrill), has been intensively studied oveetlast decades,
and that is important for cross-checking and uritdading overall physiological
patterns. Furthermore, although the C costs gffikation and nitrate uptake were
analysed in detail during the 1970s and 1980sntained undecided whether the C
costs of N fixation compromise the productivity of symbiotegumes. If the C costs
of N, fixation are indeed compensated by sink stimufaid photosynthesis, it is
interesting to know what the constraints are. Tosild allow us to maximize further
increases of productivity of legumes solely relyorgN, fixation.

In Chapter 2, | review the effects of AM and rhimbsymbioses on leaf
photosynthesis and leaf nutrition, considering aaramalysis with data gathered from
published studies as available in the SCOPUS amiitbb of Science data-bases. The
main key-words for this review were ‘photosynthgsisiycorrhiza’, ‘rhizobia’ and
‘legumes’. Photosynthesis can be measured at aewslaht basis and on a leaf area
basis; my focus was on leaf area basis, and whaitahie, on leaf mass basis. The
response patterns obtained in this analysis wemssarhecked with current
understanding in photosynthesis physiology.

In Chapter 3, | describe a glasshouse experimetiit soybean inoculated with
rhizobia or fertilized with nitrate, in which thesponse curves of photosynthesis and
several leaf metabolites (starch, sugars, chlorgphyeides, total nitrogen) were
measured. Comparisons between nodulated andZediplants were based on plants
with similar shoot weight and leaf nutrient concatibns. | apply a biochemical
model of leaf photosynthesis to measured respomse€ of photosynthesis in order
to test the hypotheses of removal of sink limitatieersus sink stimulation of
photosynthesis in plants reliant on, fixation (e.g. Fig. 1.5). | also attempted to
perform similar experiments with AM fungi, but tkewere several methodological
problems, including Mn toxicity and AM contaminatian non-inoculated treatments,
which | briefly comment upon in Appendix 1.

In Chapter 4, | discuss the role of sink stimulatod photosynthesis on the delay of
leaf senescence based on two glasshouse experimghtssoybean, in which |
measured instantaneous rates of photosynthesiseahanetabolites (starch, sugars,

11
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chlorophyll, soluble proteins, ureides, total mnifem) at four stages of plant
development.

In Chapter 5 (General Discussion), | use the kndgdeacquired in the previous
chapters to analyse possible consequences of testatl C partitioning and sink
stimulation of photosynthesis by AM and rhizobighioses on plant growth and
grain yield of grain legumes. | also discuss thelioation of sink stimulation of
photosynthesis on the regulation of AM and rhizblsgmbioses during plant
development, and | identify gaps in our understagmdn photosynthetic feedbacks,
which have prevented an adequate inclusion of sinkulation in crop models.

12



Chapter 2

Are the rates of photosynthesis stimulated by theactbon sink
strength of rhizobial and arbuscular mycorrhizal symbioses?

T This chapter is published as:

Kaschuk, G., Kuyper, T.W, Leffelaar, P.A., HungrM,, Giller, K.E., 2009. Are the rates of photodyedis

stimulated by the carbon sink strength of rhizolziatl arbuscular mycorrhizal symbioses? Soil Biol&gy
Biochemistry 41, 1233-1244.



Chapter 2

Abstract

Rhizobial and arbuscular mycorrhizal (AM) symbiogash may consume 4-16%
of recently photosynthetically-fixed carbon to ntain their growth, activity and
reserves. Rhizobia and AM fungi improve plant pkgtdhesis through N and P
acquisition, but increased nutrient uptake by th@gabionts does not fully explain
observed increases in the rate of photosynthessgrabiotic plants. In this paper, we
test the hypothesis that carbon sink strength iabldial and AM symbioses stimulates
the rates of photosynthesis. Nutrient-independdiices of rhizobial and AM
symbioses result in direct compensation of C casthe source. We calculated the
response ratios of photosynthesis and nutrient rirasgon in the leaves of legumes
inoculated with rhizobial and/or AM fungi relativi® non-inoculated plants in a
number of published studies. On average, photostintirates were significantly
increased by 28 and 14% due to rhizobial and AMIsgees, respectively, and 51%
due to dual symbiosis. The leaf P mass fraction weseased significantly by 13%
due to rhizobial symbioses. Although the increase=e not significant, AM
symbioses increased leaf P mass fraction by 6%daablsymbioses by 41%. The leaf
N mass fraction was not significantly affected lmy &f the rhizobial, AM and dual
symbioses. The rate of photosynthesis increasestanifally more than the C costs of
the rhizobial and AM symbioses. The inoculatiorlegfumes with rhizobia and/or AM
fungi, which resulted in sink stimulation of phojoghesis, improved the
photosynthetic nutrient use efficiency and the prapn of seed yield in relation to
the total plant biomass (harvest index). Sink skation represent an adaptation
mechanism that allows legumes to take advantagautient supply from their
microsymbionts without compromising the total amioah photosynthates available
for plant growth.

Key words: source-sink regulation, sink stimulation of phgtatsesis, legume,
harvest index, photosynthetic nutrient use efficigrPi recycling , sucrose, starch
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2.1. Introduction

Legumes associated with rhizobia and arbuscularomiyizal (AM) fungi show
improved performance and higher yields than nonksgtic plants. These positive
effects of rhizobial and AM symbioses have beenbaited to an improved nutritional
state (due to N supplied by rhizobia and P by AMdgi), which in turn leads to
increased photosynthetic rates and improved pleowt). Simultaneously, there is a
cost to the legume of rhizobial and AM symbioseseach may consume as much as
4-16% of recently fixed photosynthetic carbon tointan their activity (Table 2.1).
The photosynthate (C) derived from photosynthesisnaintain the performance of
these symbioses is often referred to as the “casi, the nutrients obtained through
the symbioses are often referred to as the “béradfithe symbiont (Koide and Elliot,
1989; Fitter, 1991). The N and P acquired are theebts from rhizobia and AM
fungi, respectively, and the C costs are expresséstms of g Cg N and g C g P.
There is evidence that AM fungi also play a role the uptake of nitrate and
ammonium (e.g. Olsson et al., 2005; Smith and R2@@g) which are assimilated and
transported within the mycelium as arginine, buhpared with ectomycorrhizas, rates
of N uptake by AM hyphae are too small to contrébwubstantially to plant N
nutrition (Smith and Read, 2008).

The C costs of N acquisition by,Nixation are compared with N acquisition by
NO;  uptake, based on several methods in Table 2.2.CThests of N fixation are
almost exclusively incurred in the biochemical teats of N fixation (Witty et al.,
1983; Ryle et al., 1984; Voisin et al., 2003). Otheoretical basis, the C costs of N
fixation should range between 3.3 and 6.6 g €N, depending on the legume-
rhizobia combination, whereas NOreduction should not exceed 2.5 g C &
(Atkins, 1984, Minchin and Witty, 2005). Except foea Pisum sativunt..) (Minchin
and Pate, 1973), the costs of N acquisition thralggobia are always higher than by
NO; uptake (Table 2.2). The differences in C costs aysmall and not always
statistically significant, but when integrated ottee whole growth cycle the costs may
be substantial.

Literature on the C costs of P uptake via AM symsb® is less abundant. By
analyzing the radio-labelledCO, allocation patterns, Harris et al. (1985) deteedin
that mycorrhizal roots spent 199 g C § whereas non-mycorrhizal roots receiving N
fertilizer or inoculated with rhizobia spent 129dah27 g C g P, respectively. The
carbon costs of P uptake by roots only was 130duredto mycorrhizal hyphae was
twice as large (267 g C'gP) (Harris et al., 1985). Smith and Read (2008yarthat C
costs based on length are less for mycorrhizal &agdiecause they are much thinner
than roots and can exploit larger soil volumestha same amount of C. The C costs
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of AM symbioses are mainly determined by the growatid maintenance of both
intraradical structures (vesicles, arbuscules,esdryphae) and extraradical mycelium
(plus spores) (e.g. Peng et al., 1993; Johnsoh, &082), as effective AM symbioses
require an extensive hyphal network. There haven e measurements of the C
costs of mycorrhizal fungi (e.g. Bryla and Eissafs2005) but most relate the C costs
directly to a proportion of the rates of photoswsils (Table 2.1). The fraction of
fungal tissue in the mycorrhizal root biomass ranfi@m 2 to 13% in soybean
(Glycine max(L.) Merr.) (Bethlenfalvay et al., 1982a; 1982barrs et al., 1985;
Pacovsky and Fuller, 1988), 5 to 14% @entrosema pubescerienth. (Hepper,
1977), 6 to 7% in subterranean clovdirifolium subterraneuni. ) (Olsson and
Johansen, 2000) and 0.5 to 5% in faba be¥itsa(fabal.) (Kucey and Paul, 1982a)
depending on the mycorrhizal fungal species, ptievelopment, soil P supply and
growth conditions. Theoretical costs of fungal gitowould be calculated considering
a quantitative assessment of fungal compositioropgrtions of carbohydrates, lipids,
proteins, nucleic acids and mineral nutrients —tipliedd by the glucose requirements
for their synthesis and maintenance (cf. Penningries et al., 1974).

However, there is much uncertainty about the exachposition of AM fungi,
although Bago et al. (2003) and others have inditathat C metabolism in
mycorrhizal hyphae is driven by constant synthesisl degradation of lipids. In
addition, the energy demand associated with lipetaimolism would increase the C
costs of AM symbioses. Few studies have reporteahtifative assessments (Table
2.3), but even if we take the largest estimates stim of the components is not more
than half of the total dry weight. Table 2.4 givsgothetical fungal compositions of 5
to 30% of carbohydrates, 20 to 60% of lipids andd.60% of N compounds. These
estimates suggest that the C costs of growth angafurespiration vary from 400 to
1500 mg C @ fungal tissue (Table 2.4).

Furthermore, there is evidence that C costs of lbbttobia and AM fungi are
additive (e.g. Harris et al., 1985). Dual symbioass likely to have a additive effect
on the C costs if AM symbioses alleviate deficiermfyP and micronutrients, and
indirectly stimulate the rate of Nixation, or if the enhanced N status of fixing
legumes creates more demand for P (Smith and R688).

If the C invested in the symbioses is not, or ifistgntly, compensated by
enhanced nutrient acquisition, growth of symbiptents will be less than that of non-
symbiotic plants. However, there is evidence foru&rient-independent effect of the
symbioses, in which the C costs are compensatedtijirat the source by increased
photosynthetic rates (Table 2.1). In fact, phottisgsis may increase due to the C sink
strength of the symbioses (Pang and Paul, 1980jdHar al., 1985; Wright et al.,
1998a; 1998b; Mortimer et al., 2008), and as comsece, more C is fixed per time

17



Chapter 2

Apnis ay) Ul paulwIal1ap 10U alam uononpapf| Jo S1S09 D 1.yl suealw gN

(06.6T) ‘Te 19 9|AY sigApreldsay/aouereq N:O an 89 95/ 92 pue 608T 92 ere[noinbun ‘A
(086T) ‘[e 10 uppou  sisAjeue uolrelldsay/eoueleq N:D L'E RA 95/, 9D erenainbun eubip
(06L6T) ‘Te19 9lky  wwIBAyonesdsay/eoueleq N:D an 99 96,90 pue 608T9D  Suadas wnijojuL
(€/6T) ared puaumpy| sisAjeue uonelidsay/eouereq N:D 29 6'G 002 A WnAIFes wnsid
(6.6T) ‘lea@ a1  sisAfeue uonesdsay/eouereq N:O 18 20T G2 N snqgje snuidn-
(z86T) "le 18 ajul4 I1sAjgue uonesdsay/souereq N:O ey 1L T,9TIE VASN Xew ‘9
(£86T) Bunoquiarepn uoneoojie N, SNSIeA {02, an 9',01G¢C €9 vasn Xew ‘9
Amwm._”v anyeT] pue uosianed co_mwmk_mo‘_ NI\<W_<m:w._w>®U anN 8'q paliuspl Jou Xew ‘9
(a6.6T) ‘Te 19 9|AY siefpryelidsay/aouereq N:O an €9 95/ gD pue 608T 92 Xew auioA|9
(¥86T) "Te 18 oey |84 uonelidsay/eoueleq N:D an SYT010'G 6ST Hdl uefes snueled

(N6 D B) (N6 D B)

CRIVIEIISIIC )| oIS

uononpal EON

urens wniqoziyy saloads jue|d

uonexy N

awnBa| pazi|iJaj-’ pale|npou Ul uonisinboe N 1o} pawnsuod uogqred "z a|qel

18



Sink stimulation of photosynthesis by symbioses?

"S9[OISAA papN|aul Yaiym ‘aeydigp0T pue salods ul 9506 sem ybiam Aip jo uoudbalyl ‘(000g) uasueyor pue uoss|O Jo Apmis ayi u|'T

(666T) ‘Te 10 uewre|oS G2 (d-Alod s! %0T) areydsoyd elreblew ‘9 edad 'y

(816T) ‘Te 10 moj[eD 8'¢c (d-Alod st %0¥) ereydsoyd aeassow ‘9 edad wni||y

(666T) '[e 12 uloyang 20 (eeydAy) proe alIgjoNN  @BASSOW SNWO|D SNIRIN2IUI0D SN0

(T66T) ‘12 18 pJedsgd 90 9S02N|9 + 8sojeyal L winyeoIun}e ‘9 uaAIb jou

(T66T) ‘Ie 18 ptedsgd €97 9S02N|9 + 8sojeyal L saolpeJsenul ‘9 uaAIb jou

(T66T) "Ie 10 pJedag 991 9s09N|9 + asojeyal] ewebrew eiodsebio uanib 10u

(966T) ‘e 12 Wbupn 02T UI910J4UNTRIIUNIS SNWO|D asuauepns 'S + shew "7

(966T) "Ie 19 Wbupn 0.1 ulRIold  Sadlpelenul ‘9 asuauepns 'S + shew "7

(966T) "Ie 19 Wbupn 012 ulRIold  Sadlpelenul ‘9 asuauepns 'S + shew "7

(966T) ‘Ie 18 Wb 062 uiBlold  Sadlpelenul ‘9 asuauepns 'S + shew "7

(966T) 'Te 19 yBUAA 009 uIg)0ld easol eiodsebls  asusuepns wnybios + sAkew eaz

(966T) 'Te 19 yBUAA 0°€9 uia10.d eajuelib eiodsebio asuaeld "]

(¥66T) ‘Te 19 Aai4 628 (Irem [199) umyo saolpelenul ‘9 asuareld wnijopu L

(ez86T) ‘[e 10 Aenjejuajyiag G'88 (Irem 1192) unyo wnye|nolose)} "9 Xew ‘9

(0002) uasueyor pue uoss|O 26T (9eydAy) spidig soolpeenul ‘9 SNANES sIWwnangd

(886T) 19[|n4 pue Asnoded G582 (seydAy) spidiunienoiose] snwojo Xew auIdA|D

(000Z) uasueyor pue uoss|O 0002 (sa10ds) spidi] seoiperenul sNWoIH ShAleS "D

(¥86T) ‘[e 18 aleH-feqer 0'28S (s8|o188A) SpidiT ‘ddsnwo|o wnuiod wnijiy
(ybram Aip ebuny -6 Bu)

ERIVEIEIEN SoreWSS T punodwo) soloads JAV salnads 1ue|d

sal0ads jue|d pJey I6UN) [2ZIYLI00AW JBINdSNCJe [RIBASS JO UONISOdWOoI [ealwsayodolg "£°Z ajqel

19



Chapter 2

Table 2.4. Likely fraction of compounds of dry weight ofoaiscular mycorrhizal mycelium
and the theoretical C costs for biosynthesis ofj@ditissue for a mature symbiosis.
Compound g compound g compound mg C required g CO,released mg C released
[g fungal tissue] [g glucose]™ [g fungal tissue]™ [g glucose]* [g fungal tissue]™

(A) (B) (©) (D) (E)*

Carbohydrates 0.051t00.30 0.87 23.0to 137.9 0.057 09to5.4
Lipids 0.20t0 0.60 0.36 222.21t0 666.7 0.471 71.4to 214.
N compounds 0.10to0 0.50 0.48 83.31t0416.7 0.249 14.1to 70.
Nucleic Acids 0.01to 0.05 0.57 7.0to0 35.1 0.043 0.2t0 1.0
Mineral uptake 0.05t00.10 20.0C 1.0t0 2.0 — —
Total C costs — 336.5t01258.4 86.6 to 291.

1.(A) are hypothetical values.

2.(B) and (D) are values extracted from Penning desvet al. (1974), assuming that AMF takes up;Nor its
own growth.

3.(C)=(A)/(B)x*(12/30)x1000, where 12/30 converts gise into C.
4.(E)=(A)x(D)/(B) x(12/44)x1000, where 12/44 conve@, into C.

and per unit of nutrient, resulting in higher plsyothetic nutrient use efficiency
(Brown and Bethlenfalvay, 1988; Fay et al., 1996).

In this review, we consider the potential effedtshozobial and AM symbioses on
the rates of photosynthesis, using the followingggions to guide our literature
analysis:

a) Are the rates of photosynthesis stimulated leycdwrbon sink strength of rhizobial
and AM symbioses?

b) What is the evidence of sink stimulation undenkiotic conditions?

c) Is the magnitude of sink stimulation by rhizoarad AM symbioses similar?

d) Does sink stimulation of photosynthesis by syoabs increase yield?

e) Is sink stimulation by rhizobia and AM symbiosgmntifiable, or does it remain a
theoretical concept?

2.2. Are the rates of photosynthesis stimulated byhe carbon sink
strength of rhizobial and AM symbioses?

2.2.1. Limiting processes of photosynthesis

Plant photosynthesis can be expressed on a leafnass basis or on a whole plant
basis, and it is important to realize that différereasuring approaches may lead to
different conclusions. The general assumption & thizobial and AM symbioses
affect the whole plant photosynthesis because ithpyove plant nutrition and growth
(by increasing total leaf area), but there is @smlence that rates of photosynthesis
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Figure 2.1. Conceptual model depicting the effects of rhizbliad AM symbioses on the
photosynthesis of a leaf being affected by the bwitsm of the whole plant. Symbols follow
the Forrester notation (Forrester, 1961). The &fexf nutrient and sink stimulation are
highlighted.

per unit of leaf area may be increased.

We describe some of the processes that regulatogpmihesis when a leaf is
affected by the metabolism of the whole plant ig.R.1. Photosynthesis produces
assimilates which are loaded into the phloem tophditioned over the different
tissues acting as sinks, and respiratory procégssgsYin and van Laar, 2005). Here,
the C sink strength of the symbioses is a fractbphotosynthates loaded into the
phloem to support either rhizobial or AM symbioséutrient fertilization will
increase the growth rates of shoots and increaseldnt size. Leaf photosynthesis
will remain at its steady state, but the overathsSimilation will increase on a whole
plant basis, because of an increase in total lead® &.g9. Lambers et al., 1998).
However, if plants are dependent on rhizobial arld symbioses, they will have
additional C costs, which will increase the ratépldoem loading (Fig. 2.1). The C
costs of rhizobia symbiosis will increase accordinghe nitrogenase activity, nodule
biomass, protein turnover and N assimilation, drel € costs of AM symbiosis will
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increase according to the formation of fungal biesyautrient uptake and possibly by
nutrient assimilation (see also Section 2.4). Oa time hand, rhizobia and AM
symbioses increase the nutrient mass fractionavele (namely N and P) and therefore
may stimulate the rate of photosynthesis — nutrgtimulation (Section 2.2). On the
other hand, the C costs of rhizobial and AM symésosicrease the rate of phloem
loading, and therefore, stimulate the rate of péynthesis — sink stimulation (Section
2.3)

Our current understanding is that leaf photosynshas limited by three
biochemical processes: rubisco (ribulose 1,5 biphate carboxylase/oxygenase, E.C.
4.1.1.39) activity, electron transport rates andseguent ribulose-1,5-biphosphate
regeneration (Farquhar et al., 1980), and triosgHization (Sharkey, 1985). Water
availability, temperature and nutrients, particiyléd, P, and enzyme components and
co-factors (i.e. Mg, Fe, Cu, Mn) are important tbhe proper functioning of these
photosynthetic processes (Lambers et al.,, 1998;m@kk and Engels, 1999).
Additionally, rubisco activity is limited by atmolkpric CQ concentration, the
electron transport rate is limited by light availdy, and the triose-P utilization is
limited by the plant C sink strength (Farquhar &f 4980; Sharkey, 1985; von
Caemmerer, 2000). Therefore, we assume that rlaizabd AM symbioses affect
photosynthesis by removing the limitation of rubbisactivity and electron transport
rates through increases in leaf N and P mass dracfidditionally, rhizobia and AM
symbioses and its related C costs increase phdtessia by removing the triose-P
export limitation of photosynthesis.

2.2.2. Role of N and P acquisition

In rhizobial symbioses, the bacterial enzymatic plex nitrogenase (E.C.
1.18.6.1) breaks the highly-stable triple bond of &hd reduces it to NH If a
successful symbiosis is established, biologicafikation can supply the majority of
the N required by legumes (Zapata et al., 1987;gdanet al., 2005). Nitrogen is
essential for the synthesis of rubisco and for #iyathesis of light-harvesting
chlorophyll (Evans, 1989; Hikosaka and Terashin@95). As N fixation enhances
leaf N mass fraction, it should stimulate the ratdeaf photosynthesis by increasing
rubisco activity and electron transport rates (Blayley et al., 1992).

The relationship between N mass fraction in thevdeaand the rates of
photosynthesis of £ plants is not consistently linear. In fact, theingan
photosynthesis decreases gradually with increasesghisco content (Méarchler et al.
1988; Hikosaka and Terashima, 1995; Nelson and €084), and N partitioning in
the leaves changes according to the light enviraniifiétkosaka and Terahima, 1995),
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and/or photosynthate partitioning (Ono et al., 2J0®hotosynthesis may not increase
above a threshold of leaf N sufficiency (~2% on dmight basis) (e.g. Yin and van
Laar 2005).

The AM symbioses improve P acquisition by plantzdose the extraradical
mycelium grows beyond the nutrient depletion zoh¢he root system (Khaliq and
Sanders, 2000; Smith et al., 2003; Grimoldi et2005; Cardoso and Kuyper, 2006).
Some plants are dependent on the P supply fromAMesymbioses to grow well
(Smith and Read 2008). In photosynthesis, P is dsednergy supply (ATP and
NADPH), participates in the regeneration of the,CG@ceptor ribulose biphosphate
(RUBP), and regulates the ratio of starch : suclnesynthesis (Cakmak and Engels,
1999; de Groot et al., 2003; Rychter and Rao, 20850 the effect of P acquisition on
photosynthesis has been established only when PBlyswpas strongly deficient
(Sawada et al., 1992; Fay et al., 1996; Black.e2abD0).

Both P addition and AMF colonization increase leada per unit of plant biomass
and thus also plant C assimilation on a whole pbasis (Lambers et al., 1998; Jia et
al., 2004; Grimoldi et al., 2005). When plants gmwn under conditions of P
sufficiency or mild deficiency, leaf photosynthegsnot limited by ATP availability
or rubisco activation. Then, the increase of sinffaas stimulates the rate of triose
phosphate export, which recycles orthophospha)ebéek into the chloroplasts and
triggers the enzymes that regulate photosynth&sis 2.2) (Fligge, 1995; Pieters et
al., 2001; Rychter and Rao, 2005). Under extrermiation, rates of photosynthesis
are reduced due to limitation in activation of tBelvin Cycle (lack of ATP and/or
substrate). Low Calvin cycle activation resultdow carbohydrate production in the
leaves (such as of tomatioycopersicon esculentuMill.) (de Groot et al., 2001). De
Groot et al. (2003) subsequently demonstrated thatdeprivation limits the
carboxylation capacity, whereas N deprivation lgrtihe rate of light harvesting and
electron transport activity. Although rates of pisyinthesis decrease under N and P
limitation, plants may adapt to nutrient stress taintaining a proportional
relationship between photosystem Il and photosyst@a Groot et al., 2003).

2.2.3. Carbon sink strength regulation

Stimulation of photosynthesis has classically ba#rbuted to the increase in
nutrient supply, such as N and P and other nusi@r@ambers et al., 1998), although it
has often been suggested that there is a limitisaricrease (Yin and van Laar, 2005).
A plant may achieve its potential rate of photobgsis when the environmental
conditions are optimal and the limitation reliesiotrinsic physiological factors, such
as the carboxylation rates limited by rubisco atyivand by electron transport
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Figure 2.2. Mechanisms of sucrose and triose-phosphate eiont the chloroplast to the
cytosol (after Fliigge, 1995). The activation ofisgb leads to fixation of C£to ribulose 1,5
biphosphate, which is split into two molecules agbde phosphate. While molecules of
ribulose are regenerated in further steps of th&viCaCycle, triose phosphates can be
converted either into starch (in the chloroplastsocrose (in the cytosol). The synthesis of
sucrose allows loading the phloem with photosymthahat are distributed over the sink
organs; synthesis of starch occurs within the dplasts as a temporary strategy of energy
reserve. With an increase in the sink strengthetolange rates of triose for Pi increases and
stimulates the rate of photosynthesis. Starch dtdteging the day in the chloroplasts can be
hydrolyzed during the night but the process lagkirzk and cannot stimulate the actual
photosynthesis.

(Farquhar et al.,, 1980; Yin et al., 2004; Yin anahviaar, 2005). However, the
qualifier “potential” is at best conceptually impige and actually confusing because
the upper limit is obtained from averaging obseraetial maximum rates.

Once the potential rate of photosynthesis in argsituation is achieved, the rates
of photosynthesis are assumed to become steady tower The increase in
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photosynthates over the season is then attribuiety <o increased leaf area (Yin and
van Laar, 2005). Contrary to this steady-state rmpsion, it has been demonstrated
that specific rates of photosynthesis are downledgd during periods of low sink
activity, for example, after girdling, defruitingnd sink removal, because of both
carbohydrate accumulation in the leaf and end-prbdohibition feedback in the
Calvin Cycle (Lawn and Brun, 1974; Mondal et al978&; Ascon-Bieto, 1983;
Goldschmidt and Huber, 1992; Iglesias et al.,, 2083chter and Rao, 2005;
McCormick et al., 2006; Dingkuhn et al., 2007).e&hatively, an increased C demand
stimulates photosynthetic activity, for exampleidgrthe onset of flowering because
reproductive organs are being formed (e.g. LawnBinoh, 1974). The reason is that
the strength of the new C sink speeds up the atiiim of triose phosphate for sucrose
synthesis and the export towards the phloem, isargathe Pi recycling rate when
releasing Pi back to the chloroplast (Paul and Fo$€01) and activating the
regeneration of RUBP in the Calvin Cycle (Fig. 2 2yrthermore, photosynthesis is
stimulated by increased triose export becauserthareeed Pavailability increases the
activity of the electron transport chain for theofphosphorylation of ATP and
reductants, and prevents over-reduction of photesysl (Bukhov, 2004). An
increased ATP : ADP ratio enhances the activatidherubisco provided that there is
a high C demand from the sinks (Paul and Foyer]1 200

2.2.4. What isthe evidence for sink stimulation under symbiotic conditions?

One way to determine quantitatively sink stimulatf photosynthesis in plants
that have been colonized by rhizobia and AM fursgby comparing the changes in
photosynthesis and nutrient acquisition of symbigblants to those from non-
symbiotic plants. It is possible to assess the sizsuch change by calculating a
response ratio, an dimensionless ratio betweenvéhees of a parameter of the
experimental treatment including symbiosis and tentrol treatment without
symbiosis (Gurevitch and Hedges, 2001). Sink s@tnoh would be supported when
the response ratio of photosynthesis is higher ttenresponse ratio of nutrient
acquisition by symbioses. To test this hypothesesgathered data on any study which
reported both photosynthesis and leaf nutrient nrassions as affected by rhizobial
and/or AM symbioses, and calculated the responsesré@lrables 2.5, 2.6 and 2.7).
When interpreting the output of this meta-analy&srevitch and Hedges, 2001), one
should regard the response ratio significantly pasiif the lower limit of the 95%
confidence intervals (Cl) is larger than 1, andaieeg if the upper limit of the 95% CI
is smaller than 1. If the lower confidence intervallower than 1 and the upper
confidence interval higher than 1, the responge rainot significantly different from

25



Chapter 2

1. There are significant differences between tlspaase ratios of photosynthesis and
nutrient acquisition when the values of the conike intervals of the two different
response ratios do not overlap.

Table 2.5 and 2.6 give the response ratios of bwtcand AM legume plants,
respectively. Brown and Bethlenfalvay (1987) dentiated that neither rhizobia nor
AM fungi caused an increase in the nutrient masstivns in the leaves of soybean,
but they increased the rate of photosynthesis bsn8 17%, respectively. The
differences between the response ratios of photbegis and nutrient mass fractions
in the leaves were significari®€0.05; Table 5 and 6). In a comparable study, Brown
and Bethlenfalvay (1988) demonstrated that thenk sirength of rhizobia and AMF
led to an increased photosynthetic nutrient usieiefficy. We hypothesize that the C
sink strength of the symbioses led to a higher@ateose-P export, a higher rate qf P
recycling, and, as a consequence, to a higheradictivstate of the Calvin cycle, which
implies a higher rate of CCfixation in the leaves. As the entry of €@hrough
stomata was larger, there was a lower nutrientireopent for the formation of
photosynthetic proteins and reductants (e.g. rob&ud ATP). Therefore, increased
photosynthetic nutrient use efficiency by a symbitégume is an expression of sink
stimulation of photosynthesis.

Analysis of the data from the study by Harris et(3085) demonstrated (although
with low statistical significance) that a soybeambiosis with rhizobia (Table 2.5)
and with a combination of rhizobia and AM fungi Pla 7) resulted in higher response
ratios of photosynthesis than the response ratioubfient acquisition. Harris et al.
(1985) pointed out that C costs of N and P acdqarsitvere higher in soybeans
associated with rhizobia than in soybeans fertlizeth N, but the total biomass of
symbiotic and non-symbiotic soybean was similathat end of the study (9 weeks).
Higher costs of nutrient acquisition would implywler biomass if the rate of
photosynthesis would not have been increased. thdéaris et al. (1985) suggested
that C sink strength of symbioses stimulated tie odphotosynthesis.

The study of Jia et al. (2004) allowed a comparigbthe effects of rhizobial and
AM colonization on faba beans under low and higkrieat conditions. The rate of
photosynthesis increased considerably due to rfazmbAM fungi under low nutrient
conditions. Under low nutrient conditions, bothzdhia and AM fungi individually
(Table 2.6) or combined (Table 2.7) resulted in hkig response ratios of
photosynthesis than response ratios of nutrientlisitign (significant in the case of
rhizobial plants). The poor response of photosyighe the inoculation of rhizobia
and AM fungi under high nutrient conditions canéxglained by down-regulation of
the symbioses (Schulze, 2004; Bittman et al., 2006)

Wright et al. (1998b) demonstrated a consistentreese in the rate of
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photosynthesis of mycorrhizal white clovdirifolium repensL.) compared with non-
mycorrhizal plants, in both nutrient-poor and rentramended conditions, during at
least 55 days. Two data points from Wright et 4b98b), from a series of eight
observations, allow direct comparison of the nuatrienass fraction in the leaves
between the two main treatments. The responsesraifo photosynthesis were
significantly larger than the response ratios dfieant mass fractions in the symbioses
at the later stage of plant development (Table. Z.6¢ authors emphasized the effects
of C sink strength by AM associations on the phgttisetic metabolism of the plants.
At the 14th day of the experiment, the rates oftpéynthesis were more than 3.2
times higher in the mycorrhizal plants than in tfen-mycorrhizal plants (Wright et
al., 1998b). Further investigation revealed that timcrease in the rates of
photosynthesis was correlated with an increasedesgn of the enzymes cell wall
invertase (E.C. 3.2.1.26) and sucrose synthase. (E.£1.13) in the roots of
mycorrhizal white clover, which reflected increasasthe C sink strength of the
mycorrhizal symbiosis (Wright et al., 1998a).

Also Mortimer et al. (2008) demonstrated that tlaerof photosynthesis of
common beangPhaseolus vulgarig.) was increased due to increased C sink strength
of the AM symbioses (higher below-ground respimjowhile there was little
evidence of changes in nutrient mass fraction & ldaves. Table 2.6 presents the
response ratios of the rate of photosynthesis ardnutrient accumulation in the
leaves of common beans from that experiment. Aljhothe statistical significance
was not strong, there was a higher increase irédtee of photosynthesis than in the
leaf nutrients, especially at low P supply.

Considering all data in a meta-analysis, photostithrates were significantly
increased by 28 and 14% due to rhizobial and AMIsgses, respectively, and 51%
due to dual symbiosis (Tables 2.5, 2.6 and 2.7¢.[€af P mass fraction was increased
significantly by 13% due to rhizobial symbiosesth®lugh the increases were not
significant when the confidence intervals are cdbesd, the leaf P mass fraction
increased by 6% by AM symbioses and 41% due to sigrabioses. The leaf N mass
fraction increased by 13% due to rhizobial symiscmed 23% by dual symbioses.

It is important to note that the studies analysedhis paper were not originally
designed to test sink stimulation, but they prodigavidence that sink stimulation
occurred to compensate the C costs of the extraemitacquired through the
symbioses. In the studies listed in Tables 2.5,a2@ 2.7, photosynthesis rates were
expressed on a leaf area basis whereas nutrienésexpressed on a dry weight basis.
One implication is that photosynthesis expressea any weight basis would differ
slightly from that expressed on a leaf area basts Harris et al., 1985). For example,
AM symbiosis increased photosynthesis by 9 and 6% teaf area basis (Table 2.5),
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whereas it increased by 23 and 6% on a dry weigbish(Table 2.1) in the sixth and
ninth week, respectively. However, we believe thariation will exist in the
magnitude of the photosynthetic responses depenaimghe unit of measurement
considered, but that the trends are similar.

We calculated the additive effects by summing #sponses of only nodulated or
only AM plants as compared to non-inoculated platttbtain an estimation of dual
symbioses on the rate of photosynthesis (Table ™8en comparing the calculated
rates with the observed rates, we conclude thatafgbhotosynthesis is increased in an
additive way when plants form combined symbiosému®l sink stimulation turn out
to be less than additive, combined symbioses woaldpromise plant performance
and productivity in order to maintain their own @ply, unless negative interactions
between the symbionts would dominate during a ptémsn both are well-established.

2.2.5. I sthe magnitude of sink stimulation by rhizobia and AM symbioses the same?

The magnitude of sink stimulation of photosynthesi$ depend on the intrinsic
regulation of the symbioses, according to plantrinomal demands and the
developmental stage of the plant.

2.2.5.1. Ontogeny of C sink strength of rhizobial symbiosis

Sink stimulation of photosynthesis is likely to ltal the increase in the C sink
strength of symbioses. The C sink strength in thiedocassociations is determined to a
large extent by the rate of,Nixation. The reason is that,Nixation requires a large
amount of energy provided by intense oxidative phosylation by bacteroids
(Minchin et al., 1981; Atkins, 1984; Minchin and tyi 2005) whereas the costs for
growth and maintenance of nodule biomass varye litiroughout the plant cycle
(Witty et al, 1983; Ryle et al., 1984; Voisin et, &003).

Nodule development and,Nixation are regulated throughout plant developthen
such that the highest rates of-fikation in various crops take place in the perfoam
flowering to early pod filling when N demand is gtest (Lawn and Brun, 1974,
Bethlenfalvay and Phillips, 1977; Ryle et al., 198farembourg and Fernandez,
1985; Hungria and Neves, 1986; Senaratne and Raghes 1993). Zapata et al.
(1987) suggested that plants may meet N demand thiensoil or from N fertilizer in
the beginning because the demand is low and N ep&kffective, but they have to
rely on N-fixation after flowering. During these periods,fiegent nodulation is
essential and sink stimulation of photosynthesisucc As rates of Nfixation are
maintained at high energetic costs, C limitationuldorepresent a threat for the
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success of rhizobial symbioses. High-yielding vsgassociated with highly efficient
N,-fixing rhizobial strains have a relatively high tiaty of nodule
phosphoenolpyruvate carboxylase (PEPC; E.C. 41).1&kins, 1984), which might
indicate a need for increasing the C uptake. Wihiée presence of enzymes such as
uptake hydrogenase (E.C. 1.12.7.2; Hungria et1889) and PEPC (Atkins, 1984),
which recycle energy in the nodule, overcomes sofrtbe problems, C limitation is
mainly resolved through an increased rate of plyotbesis.

High N availability in soil may lead to down-regtitm of the nitrogenase activity
and nodule viability (Schulze, 2004). The N-feedbatechanism presumes that N
compounds in the phloem sap moving into nodulesiladg the rate of Nfixation
(Parsons et al., 1993). Hartwig (1998) reasonedsyrabiotic N-fixation is regulated
by the plant’'s N sink demand and suggested thedgahase activity is modulated by
sensing the plant N : C ratio, possibly throughopht translocatable compounds. A
reduced catabolism in the leaves also resulted im@eased concentration of ureides
and amino acids, and therefore resulted in redadeshenase activity and Mixation
(King and Purcell, 2005). A way of achieving sudgulation may be related to a
complex amino-acid cycling mechanism both deterohioy the plant and the rhizobia
(Lodwig et al., 2003). Therefore, as sink stimuatis related to the process 0$-N
fixation, down-regulation of Mfixation in the nodules would result in down-
regulation of photosynthesis.

2.2.5.2. Ontogeny of C sink strength of AM symbiosis

The C sink strength of AM fungi is to a large extdatermined by the growth and
maintenance of both the intra- and extraradical ehym (Johnson et al., 2002),
particularly because mycelia accumulate a largeusatnof lipids, the synthesis of
which is among the most energy-demanding of orgaampounds (Table 2.3). The
costs of P uptake through membranes are estimatbd similar in both hyphae and
root tips, even though the P uptake system of ANgiinas a higher affinity than that
of plants (Smith and Read, 2008). In annual crepsh as soybean and faba bean, the
biomass of AM fungi follows a logistic growth curvevhich increases up to plant
flowering (Bethlenfalvay et al., 1982a, 1982b; Kuycand Paul, 1982a). After
flowering, the fungi stop growing and require Cyombr maintenance (Kucey and
Paul, 1982a), although they can continue to accatmadipids (Bago et al., 2003).
However, the relative costs of AM symbiosis aregyéarearly in plant development
when AM fungal colonization is indispensable foamts because the root system is
still small and hyphae are more efficient in reaghiP, which is poorly-mobile in soil
(Grant et al., 2005; Bittman et al., 2006).
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Root AM fungal colonization and photosynthate sypmle correlated with the P
concentration in the external growth medium (Pehgle 1993, Olsson et al., 2002;
Valentine and Kleinert, 2007), but there are ncedireffects of the medium P
concentration on the metabolism of extraradicalhagp(Olsson et al., 2002). In fact,
photosynthate supply to AM mycelia is proportiot@aplant demand for P, with feed-
backs in short-term alleviation of P stress (Vateniand Kleinert, 2007). Therefore,
plants with a higher leaf P mass fraction down-laguthe carbohydrate supply to the
AM mycelia (Menge et al., 1978), comparable withe teffects of phloem N
concentration on nodulation. Under severe P linoitain the soil, increasing P supply
by fertilization may favour the AM fungal colonizat until the deficiency is
alleviated (Bolan et al., 1984) because severefieielgcy limits photosynthesis, but
AM fungal colonization will be reduced if P supply further increased and plant
growth is no longer limited by P (Peng et al., 19BBtman et al., 2006).

2.2.6. Does sink stimulation of leaf photosynthesis by symbiosesincrease yield?

Sink stimulation of leaf photosynthesis could imge yield if increased
photosynthesis is productively used. There is exadehat both rhizobia and AM lead
to changes in dry matter partitioning that afféwt harvest index, the ratio seed yield :
total plant dry weight. If an inoculated plant povogs more seeds than the non-
inoculated counterpart, and the harvest indexghdi as well, it follows that less leaf
area was made available to produce grains whileCthmosts with symbioses were
compensated by the photosynthesis. It is importannote that, although large
amounts of C in rhizobial symbioses are transfetoetthe nodule, 21 to 52% of the C
first allocated to the nodules may be returnedivgaxylem as incorporated organic N,
ureides or amides (Minchin et al., 1981). The ayglof amides and ureides to form
proteins and other plant compounds in nodulatedtplmay save a part of the newly
assimilated C, which in turn supports the formavbextra plant biomass.

Conversely, AM fungi use the C allocated to builtkit own biomass, and
consume more C in maintenance respiration thandotent uptake. In that case, sink
stimulation by the carbon sink strength of AM syogss may not result in higher
plant biomass, because higher photosynthesis magcdmmpanied by increased root
symbiont respiration (Paul and Kucey, 1981; Haagtial., 1985; Johnson et al., 2002;
Valentine and Kleinert, 2007; Mortimer et al., 2D0Burthermore, the P is taken up by
hyphae, converted to polyphosphates, and transport@otile vacuoles until P can be
transferred to the root vessels with the aid ofdperter proteins (Smith and Read,
2008). That suggests that P transfer from fungphhg to the plant does not result in
increased C availability for plant growth.
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There is evidence that rhizobial symbiosis increakgume grain yields by
increasing the harvest index. Kantar et al. (2008jed that the largest values of
harvest index were well correlated with greater bara of nodules and Xavier and
Germida (2002; 2003) demonstrated that larger lsanvelices were correlated with
increased total N content in the shoot, which mehatplants performed better under
symbiotic conditions.

Positive effects of an AM association on yield &agvest index seem to depend on
the plant-AM fungal association. In experimentstmgbybean (Ross, 1971; Kuo and
Huang, 1982), all AM fungal species stimulatedrarease in yield and harvest index,
but in experiments with lentiLéns culinarisMedikus) and pea (Xavier and Germida,
2002; 2003) positive effects of AM colonization wenot always evident. In fact,
certain plant-AM fungal combinations are more sgesbd than others in promoting
plant growth (Smith and Read, 2008). Although salether factors are important for
plant productivity (water, nutrients, soil physicatoperties, etc.), changes in the
harvest index suggest that sink stimulation of peghthesis by symbioses, in addition
to the effects of improved plant nutrition, coulaMe consequences for crop yields.

Furthermore, sink stimulation of photosynthesisldg@ossibly lead to an increased
period of leaf activity or delayed senescence (Raa Peliny, 2003), which in turn
could increase the potential period for plant gloand grain filling. Paul and Peliny
(2003) stated that higher photosynthesis priorhto ¢arly phase of senescence may
actually lead to a longer photosynthetically-actife of leaves. Indeed, Ono et al.
(2001) showed that when the demand for carbohysliateveak, leaves accumulate
sugars and start to senesce. Conversely, low legdrsconcentration leads to an
increase in photosynthesis or to delayed leaf senes. In soybeans, the synergistic
effects of prolonged N acquisition and the stimolatof photosynthesis by the
rhizobial symbioses postponed the degradation aif peotein and chlorophyll (Abu-
Shakra et al., 1978), which could result in largetds. The effects of AM symbiosis
on leaf senescence await more detailed investigatio

2.2.7. Is sink stimulation by rhizobia and AM symbioses quantifiable, or does it
remain a theoretical concept?

The patterns of the Tables 2.5, 2.6 and 2.7 giasareable evidence for an strong
effect of rhizobial and mycorrhizal symbioses oe thates of photosynthesis, which
goes beyond the influence of nutrient acquisitidowever, given the low number of
published studies, containing comparable measursmanphotosynthesis and leaf
nutrients, further experimental testing is cleadyguired. Sink stimulation has been
identified as one possible explanation for theeddhces in responses between nutrient
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fertilized plants and symbiotic plants by many awush(e.g. Pang and Paul, 1980;
Harris et al., 1985; Wright et al., 1998a; 1998lmrivner et al., 2008), but the order of
magnitude of this phenomenon has not been measwgedately. We realize that
testing sink stimulation of photosynthesis by tlabon sink strength of symbioses
raises several difficulties, particularly becausesidifficult to determine the linear

relationships between C costs and the sink stinomatf photosynthesis. In fact, to
test sink stimulation, we should ensure symbiatid gertilized plants with similar size

at same developmental stage. Additionally, we ghdod aware of changes in the
nutrient metabolism of symbiotic and fertilized mis and the root mass and activity.
In the case of mycorrhizal symbioses, under stoesglitions other than nutrient

limitations (i.e. drought, heavy metals, etc.),dJumay also play a protective role in
plant physiology, although their relative costenéfits are difficult to measure (Fitter,
1991).

One way to test sink stimulation of photosynthésisy measuring response curves
of photosynthesis of nutrient-fertilized and synilmiglants and identifying accurately
the physiological mechanisms (von Caemmerer, 2G08) regulate the rates of
photosynthesis under symbiotic conditions. Hopgfullhose measurements will
strengthen our understanding of how much sink datran is relevant throughout the
plant cycle. If the C sink strength would be quizabie, it should be expressed in
terms of photosynthesis limitation due to triosexport from the chloroplasts (e.g.
Sharkey, 1985; Harley and Sharkey, 1991; Harleyl.e1992; von Caemmerer, 2000).

2.2.8. Towards better models of photosynthesis by including sink stimulation

If the phenomenon of sink stimulation is included simulation models of
photosynthesis, we could analyse to what extentgsiyathesis can be increased to
compensate for C costs of symbioses and we codésaspossible changes in the
harvest index of crops due to symbiotic associatidn natural ecosystems, sink
stimulation of photosynthesis by rhizobial and AMmbioses is most likely to be
observed in well-irradiated environments, such assnas, grasslands or forests of
pioneer plant species rather than in closed deosssts, because sink stimulation
requires that photosynthesis is not primarily ledity light, water and COCropping
systems, specialized systems subjected to differamiagement which may affect the
symbioses (Hungria et al., 2005; Cardoso and Kyyp@06), may take advantage of
the sink stimulation effect because it may improjelds in an efficient way.
However, estimating the magnitude of sink stimolatunder field conditions will
remain a hard task. It is therefore necessary tprame models to assess the
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possibilities of manipulating sink stimulation ohqtosynthesis in favour of higher
yields.

2.3. Conclusions

Whereas sink stimulation of photosynthesis as atfon of strong sinks in the
plants (i.e. fruits, storage organs and seeds)bkas described previously (Herold,
1980; Paul and Foyer, 2001), in this paper we eddnthe concept to the C sink
strength of root symbioses on the rates of photbggms. The C sink strength of
rhizobial symbioses is mainly related to the resppn associated with rates of, N
fixation, whereas the C sink strength of AM symke®ss mostly associated with the
growth respiration of mycelium. The C sink strengthboth symbioses is regulated
according to the nutritional demand of the plante WMentified three potential
manifestations of sink stimulation of photosyntkdsy the C sink strength of rhizobial
and AM symbioses: increased photosynthetic nutreffitiency, increased harvest
index and delayed leaf senescence. Increased mu#cguisition through rhizobial
and AM symbioses does not fully explain the inceeiasthe rates of photosynthesis of
symbiotic legumes. Increased photosynthetic nutregfficiency and harvest index
seem to be equally important in the two symbiogdgereas delayed leaf senescence
has not been observed in AM symbiosis.
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Towards understanding of photosynthesis in soybean
inoculated with different Bradyrhizobium japonicum strains or
fertilized with nitrate '

T This chapter will be submitted with minor modificms as:
Kaschuk, G., Yin, X., Hungria, M., Leffelaar, P./&jller, K.E. Kuyper, T.W., 2009. Towards understang of
photosynthesis in soybean inoculated with diffenadyrhizobium japonicuratrains or fertilized with nitrate.
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Abstract

Legumes associated with rhizobia spend large amsafmphotosynthate in symbiotic
N, fixation, but still produce more biomass than tlegimparative N-fertilized plants.
An explanation could be that legumes improve thghotosynthetic capacity to
compensate the carbon costs of rhizobial symbidsesassessed photosynthesis and
the chlorophyll fluorescence in soybedalycine max plants inoculated with two
different strains oBradyrhizobium japonicuriCPAC 390 or CPAC 7), varying in the
effectiveness to fix B or fertilized with NQ". Nodulated plants had 14-31% higher
rates of photosynthesis and accumulated less starthe leaves than N-fertilized
plants. There was evidence tlBatjaponicumCPAC 390 had higher carbon costs ef N
fixation compared with CPAC 7, but the increasesarbon costs were accompanied
by higher rates of photosynthesis. By applying @achemical model of leaf
photosynthesis, including the limitations of rulmsactivity, electron transport rates
and triose-P utilization, we show that soybean tglamdapt their photosynthetic
capacity to support the stronger carbon sink cdeéte faster rates of Nfixation
through two likely mechanisms: removal of sink liation and direct sink stimulation.
The adaptation of the photosynthetic capacity idutated soybeans suggests that the
photosynthate use efficiency of rhizobial symbiogaganing lower C costs) is less
important for plant growth than effectiveness forfiXation.

Key words: biochemical model of leaf photosynthesis, carbamk sstrength,
chlorophyll fluorescence, legumes, rhizobia
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3.1. Introduction

Biological N, fixation is a costly biochemical process, whichfeafs the
partitioning of photosynthates (C) and the nitrog®&) metabolism of nodulated
legumes. Soybears(ycine maxL.) Merrill) relying on rhizobial symbioses ext8-
12% of current photosynthate irp lixation (Harris et al., 1985), but acquire more N
and yield more than N-fertilized plants under fielahditions (Hungria et al., 2006).
There is evidence that legumes support the higlostsoof N fixation by increasing
the rate of photosynthesis (Harris et al., 198%vBr and Bethlenfalvay, 1987; Zhou
et al, 2006), but these increases are not explainethsxely by increased leaf N.
Brown and Bethlenfalvay (1987) and de Veau e{(¥390) observed higher rates of
photosynthesis in nodulated soybean plants compaitbd\-fertilized plants, despite
the nodulated plants having a lower leaf N coneioin. Zhou et al. (2006) showed
that an excessive and unbalanced nutrition of MhiEars in soybeans severely
reduces photosynthetic rates.

It has been often suggested that rates of photossist of nodulated legumes are
stimulated by the C sink strength of nodule adtiyiiarris et al., 1985; Brown and
Bethlenfalvay, 1987; Ainsworth et al., 2004; Zhdwak, 2006). In fact, one of the first
products of photosynthesis is triose-P, which cancbnverted to starch and stored
temporarily in the chloroplast, or, to sucrose whi€ transported through the phloem
to non-photosynthetic organelles. Sucrose and rIstayntheses are competing
reactions and depend on the C sink strength gbldngs. Plants with a stronger C sink
from nodule activity tend to accumulate less starcthe leaves (Huber and lIsrael,
1982) and unload more sucrose into the phloem, lwlmc turn, accelerates the
exchange rate of triose phosphate per orthophos@imat triggers the enzymes related
to CO; fixation (Paul and Foyer, 2001).

In this study, we combined modelling and glasshoagperiments, including
measurements of GOresponse curves of photosynthesis, to understdned t
mechanisms by which photosynthesis of nodulatedtpls increased compared with
N-fertilized plants. To this end, we selected twozobial strains varying in their
effectiveness of N fixation. A widely used biochemical model, in whic
photosynthesis is calculated to be limited by thpbgsiological processes: Rubisco
activity, electron transport rates (Farqguhar etl#180) and triose phosphate utilization
(TPU) (Sharkey, 1985), was applied. The third, TiPtitation is commonly observed
if photosynthetic assimilates cannot be fully a#lil by sinks, as commonly occurred
under high light or high COconditions. Our hypothesis was that nodulated tplan
have higher photosynthetic rates, at least partlg tb an indirect effect, namely
removal of the TPU limitation by nodule activitylaRts supporting higher rates of N
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fixation should result in higher rates of photosydis. Therefore, we expected that
photosynthesis of nodulated plants could be predigtith a reduced model in which
the TPU-limitation is removed, using parametersatssl to Rubisco activity and
electron transport derived from fitting of G@sponse curves of photosynthesis in N-
fertilized plants. However, if simulations would thehow convergence between
observed and predicted photosynthesis of nodulateds, then this would support an
alternative explanation that photosynthesis iseased not only by removal of TPU
limitation but also due to direct C sink stimulatio

3.2. Material and Methods
3.2.1. Experiment setup

Soybean (cv. BRS 154, of determinate growth) wascutated with two
Bradyrhizobium japonicunstrains or fertilized with a nutrient solution ¢aiming
KNO;. The Bradyrhizobiumstrains were CPAC 390 and CPAC 7 (=SEMIA 5080,
both natural variants of SEMIA 586 = CB 1809). Réawere cultivated in 2.5 kg
capacity plastic pots filled with a mixture of skieged sand and vermiculite (1:1).
Seeds were surface-sterilized according to Vin¢ga70) before sowing. All plants
received sterilized N-free solution (Broughton abdworth, 1971) with the pH
adjusted to 6.8. Development stages were definedrding to Fehr et al. (1971). The
non-inoculated plants received a KN@0.8 mM nutrient solution three times at
vegetative stage (emergence, V4, and V5, which smiéaur and five nodes on the
main stem beginning with the unifoliate node, respely) and one time at
reproductive stage (R1, one flower at any node)otal, an amount of 210 mg N per
plant. Rhizobia were grown in yeast mannitol (YMdium according to Vincent
(1970) up to the density of 1@ells m™; and 1 ml of the suspension was added per
seed of the inoculated treatments at sowing. Seeeds were sown in each pot, and
plants were thinned to one plant per pot at V1es{&gd). We started to measure leaf
gas exchange at stage R2 (35 d, flower at node diatedy below the uppermost
nodes with a completely unrolled leaf) and finisimeelasurements before the stage R4
(40 d, pod 2 cm long at one of the four uppermastes with a completely unrolled
leaf).

The experimental station is located at LondrinaaRarState, Brazil, where the
length of visible light was 13 h 34 min on 18/0238Q(planting) and 11 h 34 min on
02/04/2008 (harvest). Maximum photosynthetic actiraiation (PAR) in the
glasshouse averaged 600 pmol quantasm during the growth period. Temperatures
in the glasshouse during the period of the experiraeeraged 33/22 °C (day/night).
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3.2.2. Gas exchange and chlorophyll fluorescence measurements

The measurements of responses of photosyntha&ksito (increasing intercellular
CO, concentrations ) —-A/C curves— and the chlorophyll fluorescence were
performed simultaneously on the youngest fully exjeal leaf, using the open gas
exchange system Li-6400 (LI-COR Inc., Lincoln, NBSA) with an integrated
fluorescence chamber head Li-6400-40 (LI-COR In&/¢ randomly chose one leaf of
each treatment per day, and, started the measutrem@eout 11:00 h and stopped no
later than 16:30 h. A full response curve took 50 to 1 h to be completed. During
the measurements, the air temperature in the glasshvaried from 33 to 36 °C. An
area of 2 crhof leaf was enclosed in a broadleaf chamber (8,cwhich received a
steady flow rate of 500 pmol air'swith different air CQ concentrations (Cumol
CO, mol™ air) for each step. The first step consisted ofri#® of dark adaptation, and
C, of 350 pmol mot' to ensure a steady-state activation of RubiscanglLand
Bernacchi, 2003). The second step consisted oflaptation of leaf to actinic light for
0.1 min. Then, the Cwas decreased to 50 pmol mpland then increased
progressively to 100, 150, 200, 250, 350, 500, 8800, 1500 and 200@mol mol™.
The parameters of chlorophyll fluorescence wereswmesl at each C{xoncentration.
The different Gwere obtained automatically with a €@jector System (Li-cor 6400-
01), which mixed C@free air and high pressure pure liquefied,Cthe leaf chamber
ambient air composition was adjusted to maintaieady-state of ambient ,O
concentration (210 mmol md), PAR of 1000 umol quanta nf s* and leaf
temperature of 32 °C. The leaf-to-air vapour presslifference varied from 1.5 to 3.0
kPa. All of CQ exchange data were corrected for leakage of i60 and out the leaf
cuvette, using thermally killed leaves according Ftexas et al. (2007). The
fluorescence parameters quantum efficiency of tineansport through PSlid{g,
mol € mol™ quanta) and photochemical quenchim,(unitless) were determined
with the Li-6400 by exposing the leaves to varibgist treatments.

3.2.3. Shoot sampling

The leaves used for photosynthesis measurements lalelled and, when all the
measurements of G@esponse curves were finished (stage R3/R4), heneested in
the afternoon (16.30 h), frozen in liquid nitrogamd stored at —80 °C for sugar and
starch analyses. The remaining shoots were dric@DatC for 48 h and weighed.
Leaves were ground for total N and ureide-N analy$eoots and nodules were
thoroughly but gently washed with tap water aneédirat 60 °C for 48 h. After that,
nodules were detached, counted and weighed.

43



Chapter 3

3.2.4. Leaf chemical analyses

Soluble sugars and starch were extracted by etl{&tuvigria, 1994). The soluble
sugars (hexoses and their methylated derivativesg wetermined based on Dubois et
al. (1956). The total starch was analyzed accordimghe enzymatic method of
McClearly et al. (1997) using a commercial assay -TSTA, Megazyme
International Ireland Ltd, Bray, Republic of Irethn Total ureide content was
extracted according to Hungria (1994) and deterchingh the method of Vogels and
van der Drift (1970). Total N was extracted fromD1fig of dry ground leaves with a
sulfuric acid digestion according to the Kjeldaldthod. The obtained leaf N was then
converted to leaf N content (g N fhusing specific leaf area. Chlorophyll content was
determined with the chlorophylimeter SPAD 502 (Km@niMinolta Sensing, Inc.,
Osaka, Japan). Each replicate consisted of angeefahree SPAD values, measured
at different points of the leaf. The average SPAlugs were converted to chlorophyll
content (mg chlorophyll M leaf) based on a preliminary calibration. The hraliion
consisted of measuring SPAD values in three spb30odifferent soybean leaves.
From each spot, a leaf disc (3.67%mvas punched. Leaf disks were submerged in 25
ml of 80 % acetone and the flasks were covered alitminium film and incubated in
the dark at 10 °C for 72 h. Then, the absorbant#seosamples were read at 645 nm
and 663 nm as recommended by Linder (1974). Theraphyll content was
calculated with the equation provided by Arnon @R4ising the coefficients derived
by McKinney (1941).

3.2.5. Biochemical Model of Leaf Photosynthesis

We used the model of Farquhar et al. (1980), lawedified by Sharkey (1985), for
C; photosynthesis to analyze photosynthetic regulatiof our experimental plants.
The model assumes that (umol CQ m? s is determined by three limiting
processes: carboxylation limited by Rubisco actiVAc), by electron transporty),
and by TPU Ap) according to the equation:

A=min(As, Ay, A)

For simplicity of our model analysis we assumed significant mesophyll
resistance, as our aim is to use a simple modela asieans to understand
photosynthesis differences in inoculated and Niisetl soybean plants. With this
assumption, the first two limiting processég,[A; (based on the NADPH demand)]
can be described as follows:
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Vemax [(C —T7)
C +Kpc 0+ 0/Kppo)
where,Vemax IS the maximum rate of Rubisco carboxylati®y,is the mitochondrial
respiration in the light (umol COM 2 s%), assumed to be directly related\Vigax at
25°C (Watanabe et al., 1994) &; = 0.0089V,.,..,; and,I'* is the CQ compensation
point in the absence oRy estimated asi* =050, (K, /K. o)Momax!Vemax)
(Fargquhar et al., 1980).

A=IB 2R,
ALC, +8[T *

where,J is the rate of linear electron transport at tightlilevel of measurement (i.e.
1000umol m2stin our case).

Net CG assimilation, determined by the third limiting pess, is simply:

A = ~Ry

A =30 - Ry,

where, Tp is the rate of triose phosphate export. It is idtiplied by 3 because three
mol of CO, can be fixed for every mol of triose-P made avdda(Harley and
Sharkey, 1991).

To account for small fluctuations in leaf temperatuluring measurements, we
included temperature response functions in the madalysis. The temperature
dependent kinetics for the calculation\.. Kme, Kmo andRy was described by an
Arrhenius function normalized with respect to 2%%6n Caemmerer, 2000):

ParameterT) = Parameter@5°C)el( 2 Beuaneer (298R(273:T )]

whereparametercan beVemax Ra, Kmc Or Ko, Ty is the leaf temperature (°Cg;is the
energy activation energy an@ is the universal gas constant. The temperature
dependent kinetics for the calculationJodnd T with respect to 25°C was described
by Medlyn et al. (2002):

EParameter(Tl -25 )

1+ €'
_ o) o 298R(273+T))

zgssParameter_DParameter)/( 298R)

where parameter ig or Tp, S is the entropy termf and D are the energies of
activation and deactivation, respectively. Inputuea for parameters related to the
above temperature response are given in Tablenfally based on Bernacchi et al.
(2001), who also assumed a negligible mesophyllssibn resistance of CQransfer.
Similarly, parameters for the temperature respafsine VomadVemax ratio, required
for calculatinglx, were also based on Bernacchi et al. (2001).
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To predict A for the nodulated plants using parameters estoné&be the N-
fertilized plants, the effects of different leafcdntents in these plants on g, and
J were accounted for by applying a linear relatiomsh

Vemax =Ve max (fert) + 6O-O[N(nod) -N (fert)]
J= ‘J(fert) + 98-:{N(nod) - N(fert)]’

where N and Ny are the leaf N content (g N‘?‘nleaf) in nodulated and N-
fertilized plants, respectively. The coefficient3.® and 98.1 were obtained from the
observations by Harley et al. (1992), since it basn shown that they were quite
conservative within certain range of leaf N values.

3.2.6. Statistical analyses

Data were tested for homogeneity with Levene’s eéstquality of error variances
and normality was checked for normal distributioasd then submitted to one-way
ANOVA with SPSS 15.0.1 for windows (SPSS Inc., 1228®6). The model-fitting of
the A vs. C; response curves was programmed with the non-liheast-squares
regression of the Gauss method in the PROC NLINhef SAS 9.1.3 Software for
Windows (SAS Institute Inc., Cary, NC, USA). Theut values used are presented in
Table 3.1.

3.3. Results
3.3.1. Photosynthesis, chlorophyll fluorescence and leaf chemical analyses

Net rates of photosynthesis at saturateg €@centrations were 35 umolns*
and 28 umol nf s in plants nodulated witB. japonicumCPAC 390 and CPAC 7,
respectively, which was 31 and 14% more than inefilized plants. At an
atmospheric concentration of 350 umol MoCO, net photosynthesis of plants
nodulated wittB. japonicumCPAC 390 was 23% higher than in plants nodulatiga w
B. japonicumCPAC 7 or fertilized with N (Fig. 3.1a). Photodslyesis related well with
®pg) and the photochemical quenchirglP)] as assessed by chlorophyll fluorescence
measurements. Th®pg, provides an estimate of the quantum yield of lingactron
flux through PSII, and thgP gives indication of the excitation energy witli8lI to
drive electron transport. Botlbpg, and gP were consistently higher in nodulated
plants, particularly those nodulated with CPAC 3®@n in N-fertilized plants.

Plants of the three treatments grew well undessihouse conditions, and despite
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Table 3.1.Parameters used in the photosynthesis model ostiindky.

Symbol Description Input value Reference

Knc2s Michaelis-Menten constant for G@t 25°C 405 umol mdl  Bernacchi et al. (2001)
K o025 Michaelis-Menten constant for,@t 25°C 278 mmol mdl Bernacchi et al. (2001)

Exme Activation energy foKyc 79,430 J mot Bernacchi et al. (2001)
Exmo Activation energy foKo 36,380 J mot Bernacchi et al. (2001)
E/ max  Activation energy foNcmax 65,330 J mot Bernacchi et al. (2001)
E, Activation energy fod 37,000 J met Farquhar et al. (1980)
Erp Activation energy foilp 53,100 J met Harley et al. (1992)
Erg Activation energy foRy 46,390 J ma! Bernacchi et al. (2001)
D, Deactivation energy far 200,000 mdl  Medlyn et al. (2002)
D:p Deactivation energy forp 201,800 I mal  Harley et al. (1992)
S, Entropy term for 650 J K'mol*  Harley et al. (1992)
S Entropy term foiTp 650 J K'mol*  Harley et al. (1992)
R Universal gas constant 8.314 Jiol" Farquhar et al. (1980)

of differences in leaf photosynthesis, all treattagaroduced similar amounts of shoot
biomass (Table 3.2). Inoculated plants supportedjaate nodule biomass at stage R2
regardless oBradyrhizobiumstrain, whereas N-fertilized plants were void oflales.
Differences in photosynthesis could not be explhitgy leaf N concentration —
although plants nodulated with CPAC 390 had shightgher (but not significant) leaf
N concentrations than plants nodulated with CPA®r7fertilized with N. The
chlorophyll and N concentration in the leaves dat differ significantly between
treatments (Table 3.2).

Higher rates of photosynthesis at saturated, C@hcentrations were associated
with lower accumulation of starch in the leavesfelilized plants accumulated 1.9
and 2.4 times more starch than plants nodulatetd WPAC 7 and CPAC 390,
respectively (Table 3.2). Soluble sugars did nfiedbetween the three treatments. As
a result, the starch to sugar ratios decreased mtleases in photosynthesis at
saturated C@ concentrations. N-fertilized plants had the lowesites of
photosynthesis and had the highest starch to satiar whereas plants nodulated with
CPAC 390 had the highest rates of photosynthesigtalowest starch to sugar ratio.
Higher rates of photosynthesis were also assocvaitidhigher N : starch ratio. Plants
nodulated with CPAC 390 had the highest rates aftgdynthesis and higher N :
starch ratios than N-fertilized plants. Plants ratkd with CPAC 7 had intermediate
rates of photosynthesis and also an intermediatestdrch ratio in the leaves (Table
3.2).

Although leaf N concentration and N : starch ragaded to be higher, and the
concentration of ureide-N was lower in plants nated by CPAC 390 compared with
those nodulated by CPAC 7, no significant differesiavere found when only
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Table 3.2.Shoot and nodule dry weight, contents of N, clpbsdl, ureide-N, starch and sugar in the
leaves of soybeans (cv. BRS 154) inoculated withBwadyrhizobium japonicurstrains (CPAC 7 or
CPAC 390) or fertilized with N. Mean + Standard [wn; n=4 for shoot, n=3, otherwise.

Parameter CPAC 390 CPAC 7 N-fertilized P-value
Shoot* (g DW plant?) 24+1.0 2.7+ 0.3 25+0.1 ns
Nodule (g plant?) 0.5+0.1 0.6 +0.0 0.0

Leaf N (mg N g'DW) 36.2+1.4 32.3+£6.7 29.9+10.4 ns
Chlorophyll (g n?) 1426 +1.0 153.5+11.8 154.1+£9.5 ns
Ureide-N (pmol gl DW) 298.8+48.0 ab 341.4+95.0a 170.8 +£29.7b .039
Starch (mg g'DW) 32.8+16.7b 42.3+12.7b 799+75a 0.012
Sugar (mg g'DW) 48.6 £5.3 43.5+16.2 48.6 £5.3 ns
Starch : Sugar ratio 0.7£0.3b 1.0+0.2ab 16+04a 0.023
N : starch ratio 1.3+05a 0.8+0.2ab 04+0.1b 0.041

*Shoot biomass was measured in a second trialatedeunder the same conditions up to the same
developmental stage. Different letters indicaféedences aP >0.05 by the Tukey test.

nodulated treatments were compared.
3.3.2. Model analysis of leaf photosynthesis

Application of full biochemical model of leaf phatynthesis tAA vs. C; response
curves allowed us to estimate the three parameldgsmol € m? s™7), Vomax (MmOl
CO, m? s?) andTe (umol triose-P nf s7). Plants nodulated with CPAC 390 strain
had significant higher values ©f andVcnax than plants nodulated with CPAC 7 strain
or fertilized with N (Fig. 3.2). There was more adnility in the estimated of N-
fertilized plants than of nodulated plants and ¢fene, the ratd in N-fertilized plants
was similar taJ of plants nodulated with CPAC 7. The estimaled plants nodulated
with CPAC 390 was significantly higher than of gnodulated with CPAC 7.

To test the hypotheses on sink limitation remoakus direct sink stimulation of
photosynthesis, we parameterized the full modeleaf photosynthesis with the N-
fertilized plants, and then used these parametema®s to predict the rates of
photosynthesis of nodulated plants, by excludimgghotosynthesis limitation of TPU
(reduced model). Parameterization of the full maddéaf photosynthesis considering
Rubisco, electron transport and TPU limitationstfee N-fertilized plants is shown in
Fig. 3.3, together with the concentration of in&lular CQ at which a transition
from one to another limitation is expected. Thatdeast-squares estimates of the

parameter values werégma=59.4 umol COmM?s? J=140.9 pmol em?stand
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Figure 3.1. Measured responses of (a) photosynthesis,d{ky, and (c) photochemical
guenching(gP) to increasing C® concentrations in leaves of soybeans (cv. BRS 154)
inoculated withBradyrhizobium japonicurCPAC 390 or CPAC 7), or fertilized with N.

Tr = 6.3 pmol triose-P M s*. Before applying the reduced model to predict
photosynthesis of nodulated plants, the estimdtdsandVcn.x Were corrected for the
small differences in leaf N content between nodulatnd fertilized plants.
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Figure 3.2. Parameter3p, Vecmax andJ, obtained by curve-fitting ofA/C response curves of
photosynthesis in leaves of soybeans inoculateth ®radyrhizobium japonicunstrains
(CPAC 7 or CPAC 390) or fertilized with N. Bars iodte 95% confidence intervals.

The reduced model predicted the rates of photosghn plants nodulated with
CPAC 7 well, but strongly underestimated the ravésphotosynthesis in plants
nodulated with CPAC 390 (Fig. 3.4). The higher nueed rates of photosynthesis of
plants nodulated with CPAC 390 than predicted byaeal of sink (TPU) limitation
suggests that photosynthesis was directly sinkedéited. The linear regression
between predicted and measured rates of photosyether plants nodulated with
CPAC 390 had larger intercept and slope values thase estimated for plants
nodulated with CPAC 7 (Fig. 3.5). Since the intpicef the regression gives an
indication of agreement between measured and peeldicat the lowC; range, the
large intercept value for the CPAC 390 treatmemjgssts that photosynthesis was
already stimulated in plants nodulated with CPAO 82Il before the TPU limitation,
which is expected to occur at saturated intercallGQiG, concentrations.

3.4. Discussion

The photosynthetic C costs of, lixation through rhizobial symbioses are highly
variable among different legumes, strains and tfespective combinations, and may
utilize between 50 to 80% more photosynthates tharuptake and reduction of NO
(Minchin et al., 1981; Minchin and Witty, 2005). this study, soybean plants were
inoculated with two isolin@radyrhizobiumstrains with apparent different C costs of
N, fixation. Although there were no significant diféemces in shoot weight, leaf N
concentration and nodule mass, plants nodulatdd @®AC 390 strain had higher N :
starch and lower ureide-N concentration in the ésathan plants nodulated with
CPAC 7 (Table 3.2), indicating that more starch waihdrawn for each N fixed.
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Figure 3.3. Model fit to A/C; response curves measured on leaves of N-fertilzgthean
plants. Best least-squares estimates of the pagawvaties wereVcmax= 59.4 pmol CQm™
st J=140.9 pmolem?s™, Tp= 6.3 pmol triose-P Ms™.

Furthermore, the application of the full model e&f photosynthesis predicted that
plants nodulated with CPAC 390 had higher rates Tef —meaning higher
photosynthate export from chloroplastthan those plants inoculated with CPAC 7 or
fertilized with N (Fig. 3.2). We surmise that difémces inTp between plants
nodulated with the two strains were due to diffei@rcosts of N fixation (Minchinet
al., 1981; Minchin and Witty, 2005). Nodule biomasg dot differ in plants nodulated
by the two strains (Table 3.2). All these resultggest that energy efficiency, in terms
of gram C required per gram N fixed, differed beswenodule strains. Since the C
costs of N fixation are largely determined by nodule resparat(\Witty et al., 1983;
Ryle et al., 1984; Voisin et al., 2003), the largarounts of C per N fixed required by
CPAC 390 compared with CPAC 7 must have been dimegtter rates of respiration
in nodules formed by CPAC 390.

Phillips (1980) suggested legume growth could berawed by increasing the
energy efficiency of Mfixation, in other words by reducing the relatn@sts in terms
of g C g N*. Thus a rhizobial strain with less C costs of fixation would be
preferred for use in inoculants. However, sincengglanodulated with CPAC 390 had
much higher rates of photosynthesis than thoselatetl with CPAC 7, our results
suggest that soybean plants can compensate fandieased C costs for ,Nixation
by increasing photosynthesis. We provide ewdeto support earlier suggestions
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Figure 3.4 Measured and predicted photosynthetic responseesuwith increasing

intercellular CQ concentrations of leaves of soybeans inoculatetth Bradyrhizobium

japonicumstrains (CPAC 7 or CPAC 390). Predicted valuesewastained by the model

parameterized with th&/C; response curves of N-fertilized plants (Fig. 3d)t excluding
the TPU limitation and correcting for increased laoncentration.

that photosynthesis can be directly stimulated byrereased C sink strength from
nodule activity (e.g. Harris et al., 1985; Browrdaethlenfalvay, 1987; de Veau et
al., 1990; Ainsworth et al., 2004; Zhou et al., @00

We assessedpg; andgP of nodulated and N-fertilized plants across ayeaof
intercellular CQ concentrations. Thépg,, andgP integrate the overall functioning of
PSIl (Maury et al., 1993; Baker, 2008) and giveratication of the efficiency of the
light-harvesting and conversion processes. In facyided that water and nutrients do
not limit leaf metabolism, the capacity of electtoansport rates exceed those of the
enzymatic reactions of Gixation, even at moderate light intensities atelvated
atmospheric C® concentration (Farquhar et al., 1980; Stitt, 19B6khov, 2004).
However, there is a negative feedback on the elednansport chain whenever the
harvested energy is not fully utilized by faynthesis and other interconnected
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Figure 3.5. Linear regression between measured and predietied 10f photosynthesis in
leaves of soybeans inoculated wBladyrhizobium japonicunstrains (CPAC 7 or CPAC
390).

processes such as N reduction; the excess energlybmueleased as heat to prevent
the formation of reactive {pecies (Pammenter et al., 1993; de Groot et @03;2
Bukhov, 2004). This feedback results in reduceds, and gP of chlorophyll
fluorescence (Baker, 2008). Contrary to Maury e{E993), who observed differences
between N-fertilized and nodulated plants, but miod observed differences between
plants nodulated with two differe®. japonicumstrains, we observed that plants
nodulated with CPAC 390 had high&ss, andgP than plants nodulated with CPAC
7. This was confirmed by the linear electron tramspate () estimated from gas
exchange data using the model (Fig. 3.2). The mpdetiicted that there was a
difference inJ between plants nodulated with CPAC 390 and planttulated with
CPAC 7, but the estimatelin the N-fertilized plants did not differ signiaatly from
the other treatments. Plants depending oy Nf2duction may sustain high rates of
electron transport because, apart from the demandeductants to support GO
fixation, N-fertilized plants utilize reductants teduce N@ (e.g. Pate, 1980; Cen and
Layzell, 2003; Yinet al, 2006). With regard to the nodulated plantspf those
nodulated with CPAC 7 were possibly down-regulated lower TPU rates in
comparison with those plants nodulated with CPAQ, 38nce electron transport is
highly regulated by (e.g. Sharkey et al., 1988} &ghtly coupled to (Yin et al., 2009)
the TPU limitation.

We set out to test the hypothesis that nodulateshtpl have higher rates of
photosynthesis to compensate for increased C &asts N, fixation. There are two
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plausible explanations for increased rates of @withesis: removal of sink limitation
or direct sink stimulation of photosynthesis. Realowf sink (TPU) limitation of
photosynthesis explained the increases in the plasdulated with CPAC 7 (Fig. 3.4);
so the difference iA shown in Fig. 3.1 between plants nodulated withCH and N-
fertilised plants can be explained by the obsewmdll difference in leaf N between
the two treatments (Table 3.2). By contrast, tloeaase in photosynthesis in the plants
nodulated with CPAC 390 was explained more by dirsink stimulation of
photosynthesis. Furthermore, there were differertmetsveen the intercepts of the
linear regressions of predicted and measured ratephotosynthesis on plants
nodulated with CPAC 390 and CPAC 7 (Fig. 3.5). Thigygests that direct sink
stimulation of photosynthesis in the plants nodedatwvith CPAC 390 occurred at
levels of C; well lower than the saturated g@oncentration at which the TPU
limitation is expected. The biochemical model obfsynthesis we used does not
consider feedbacks between the three limiting m®ee of photosynthesis. However,
there is evidence that photosynthetic electronsprart is inhibited when synthesis of
starch and sucrose limits the rate of GRation (Sharkey et al., 1988; Pammenter et
al., 1993). We suggest that a model has to contidse feedback effects if it is used
to fully predict the effects of direct sink stimtim by C costs of hfixation on the
photosynthesis.

In conclusion, soybean plants adapt their photd®tit capacity to support
different C sink strengths of Nixation, possibly through two mechanisms: removal
of sink limitation or by direct sink stimulation. ud analysis suggests that which
mechanism plays a major role may depend on thenpateffectiveness of Nfixation
of eachBradyrhizobiumstrain.
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Differences in photosynthetic behaviour and leaf sescence of
soybean (lycine max [L.] Merrill) relying on N , fixation or
nitrate supply.’

T This chapter is published as:
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Chapter 4

Abstract

Biological N, fixation can fulfil the N demand of legumes butyn@st as much as
14% of the current photosynthesis. This photosyetii@) sink strength would result
in loss of productivity if the rates of photosyndileewere not increased to compensate
the costs. We measured the rates of leaf photossisthconcentrations of N, ureides
and protein in leaves of two soybean cultivaesy¢ine maxL.] Merrill) differing in
potential shoot biomass production, either assediatith Bradyrhizobium japonicum
strains, or amended with NO fertilizer. Our results show that the C costs of
biological N-fixation can be compensated by increased phothsegrg. Nodulated
plants shifted the N metabolism towards ureide exdation after the reproductive
stage started, by which time leaf N concentratibnanlulated plants was greater than
in N-fertilized plants. The carbon sink strength\pffixation increased photosynthetic
N use efficiency in the beginning of plant develgmin At later stages, although
average protein concentrations were similar betw#den groups of plants, the
maximum leaf protein of nodulated plants occurrddva days later than those of N-
fertilized plants. The chlorophyll concentrationmafdulated plants remained high until
the pod-filling stage whereas the chlorophyll corication of N-fertilized plants
started to decrease as early as the flowering s#Egese results suggest that due to
higher C sink strength and efficient fixation, nodulated plants achieve higher rates
of photosynthesis and have leaf senescence delayed.

Key words: carbon sink strength, ureides, starch, leaf pmotgilorophyll
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4.1. Introduction

Biological N, fixation can fulfil the N demand of legume cropgls as soybean
(Glycine max(L.) Merrill), resulting in a significant increase plant total N
accumulation and higher N concentration in grainsénde, 1988) compared with N-
fertilized plants. However, in terms of N acqusitithese benefits are accompanied by
an increase in respiration costs by 14% or mor¢hencurrent photosynthesis when
compared with fertilized soybean (Finke et al., Z98hapter 2). Nitrate assimilation
results in costs of up to 2.5 g C' ¢\ assimilated, whereas;Kixation costs as much as
5.2 to 18.8 g C g N (Minchin and Witty, 2005). Therefore,,Nixation would be
limited by photosynthate availability if there waet a simultaneous increase in the
rates of photosynthesis (Lawn and Brun, 1974; Abak#a et al., 1978; Fujita et al.,
1988a; Imsande, 1988).

As N is essential for the synthesis of rubisco spomsible for C®fixation — and
for the synthesis of light-harvesting chlorophy; fixation could enhance leaf N
concentration and therefore stimulate photosynsh€¢Svans, 1989; Hikosaka and
Terashima, 1995). However, leaf N concentration gimatosynthesis increase linearly
only until a critical N concentration in the leavissreached (e.g. Robertson et al.,
2002). Beyond that, it is likely that a further iease in leaf N concentration will result
in partial deactivation of the photosynthetic maehny (Machler et al., 1988; Hikosaka
and Terashima, 1995; Cheng and Fuchigami, 2000jth&umore, the rates of
photosynthesis also respond to factors other tlafi N concentration, such as
environmental conditions and the changes in thecgousink ratios of the plant (Lawn
and Brun, 1974; Mondal et al., 1978; Wittenbach§2,91983; Crafts-Brandner and
Egli, 1987; Ainsworth et al., 2004). There are mpchowing that a decrease in the
sink : source ratio by removing pods at the repctida stage, decreases the rates of
photosynthesis in soybean (Wittenbach, 1982, 1@8&fts-Brandner and Egli, 1987).
In addition, probably because of changes in th& sisource ratio, the absence of
nodules decreases the response of photosynthesisvated C® (Ainsworth et al.,
2004). Therefore, increases in the sink : sourt® @ue to larger C costs of,N
fixation compared with N@ uptake (Minchin and Witty, 2005) are likely to rease
the rates of photosynthesis of soybean in symbiosgardless of the N effect, due to
changes in the sink : source ratio.

We performed a study to examine the effect of saghaoculation with efficient
N,-fixing rhizobia on photosynthesis- on leaf area basis, not on a canopy basish
comparison with N-fertilized plants. Our first hypesis is that increased C sink
strength from N fixation leads to an increase in the rates of lglabtosynthesis,
regardless of the N effect. We also predict thaduteted plants with lower shoot
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biomass increase leaf photosynthesis more thanlateduplants with higher shoot
biomass. Our second hypothesis is that increasedogynthesis combined with
efficient N, fixation increases the duration of leaf activity photosynthesis and
thereby delays leaf senescence.

4.2. Material and Methods
4.2.1. Experiment 1

Two different soybean cultivars were subjected twrf treatments in the
glasshouse: two rhizobial strains and two N treats)esach applied separately. In the
inoculation treatments two different strains Bfadyrhizobium japonicuniCPAC 7
(=SEMIA 5080) and CPAC 390] were used. The soyhmdiivars were BRS 154 and
BRS 262, both early cultivars with high yield pdiahbut with differences in the
potential harvest index. Plants were planted inkB.8apacity plastic pots filled with a
mixture of sand and vermiculite (1:1). Sand waskedaovernight in 5% hydrochloric
acid, washed thoroughly with distilled water, mixedh vermiculite and autoclaved at
120 °C for 1 h. Seeds were surface-sterilized leemwing (soaking in 96% alcohol
for 1 min; 0.25% sodium hypochlorite for 3 min; andsing with sterile distilled
water four times). All plants received sterilizedfide solution (Broughton and
Dilworth, 1971) with the pH adjusted to 6.8. ThenAinoculated plants received two
different doses of KNg) consisting of 175 or 350 mg of N, split into Spapations
until the completion of stage R4 (45 days, pod 2lang at one of the four uppermost
nodes with a completely unrolled leaf; Fehr et 4871). Rhizobia were grown in
yeast medium according to Vincent (1970) up todéesity of 16 cells mr; and 1 ml
of this suspension was pipetted on each seed ointbeulated treatments during
sowing. Seven seeds were sown in each pot, antsphaare thinned to one plant per
pot at stage V1 (5 days, completely unrolled lgaha unifoliolate node; Fehr et al.,
1971). There were sixteen replicates of each trelatnin the beginning of the
experiment. Four replicates of each treatment Wwerwested at V4 (25 days, four
nodes on the main stem beginning with the unifeliabde; Fehr et al., 1971), four
replicates at R2 (37 days, flower at node immebjidielow the uppermost nodes with
a completely unrolled leaf), four at R4 and thet lemur at R5 (50 days, seeds
beginning to develop; Fehr et al., 1971). Eachddetfreatments was arranged in a
completely randomized design.

The experimental station is located in Londrinaa#ly at the latitude of 23°,11’ S,
where the duration of visible light was 11 h 45 mm17th May 2007, 11 h 31 min on
19th June 2007 and 11 h 33 min on 3rd July 200@. pgrfotosynthetic active radiation
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(PAR) in the greenhouse varied on average from 40600 pumol photons ths™
during the period. Temperatures during the periothe experiment were on average
32/21 °C (day/night).

4.2.2. Experiments 2 and 3

The experiment was repeated in the following yead svas performed under
similar conditions as experiment 1. Temperatureinduhe period of the experiment
were on average 33/22 °C (day/night) and PAR vdreoh 400 to 600 pumol photons
m~s™. The duration of visible light was 13 h 34 min B8th February 2008 and 10 h
58 min on 2nd May 2008. Four replicates of eachtinent were harvested at R2 to
evaluate nodulation, starch and soluble sugar oontexperiment 2). Four other
replicates of each treatment served for measurewfetite leaf chlorophyll content
from the R2 stage onwards (from here onwards, densd as Experiment 3).

4.2.3. Analyses of photosynthesis

At the time of each measurement, plants were rienstoved from the glasshouse to
open air in order to increase the exposure to saldiation, then after 30 min of
acclimatisation, photosynthetic rates were measwrdthe third expanded leaf
between 10:00 h and 11:00 h. Gas exchange was madassing a LI-6400 portable
photosynthesis system, at saturating light of 16@! photons if s. During the
measurements, leaf-to-air vapour pressure defaited between 2.2 and 3.0 kPa,
relative humidity between 32 and 41% and leaf teaipee between 28 and 33 °C
(measured with a thermocouple in the leaf chamber).

4.2.4. Shoot sampling

The leaves used for measurements of photosyntivesesdetached from the stems,
immediately weighed, frozen in liquid nitrogen astdred in a freezer at —80 °C. Parts
of the leaves reserved for ureide analysis werel tiseestimate moisture content to
express the data on a dry weight basis. Roots addles were carefully washed with
tap water and dried at 60 °C for 48 h. After tmatdules were detached, counted and
weighed. Shoots were dried, weighed and addedetavitights of the leaves used in
the analysis.
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4.2.5. Leaf N content and photosynthetic N use efficiency

Total N was extracted from 100 mg of dry groundrésawith the Kjeldahl method
as described by Alves et al. (1994). Photosynthitiase efficiency (PNUE) was
calculated as the ratio of the rates of photosysighiactual rates (umol GOn2 s
multiplied by 0.044 to obtain mg GO s and the N content in the leaves [N (mg
g*) times 54.125 g i leaf]. The constant 54.125 g hwas obtained by averaging the
specific leaf weight of 24 genotypes by Hesketale(1981).

4.2.6. Leaf ureides-N

After weighing, frozen leaves were dried at 60 8Cconstant mass, and ground.
One hundred mg were used to extract ureides acaptdi Hungria (1994). Ureides
were determined according to the method of Vogeds\ean der Drift (1970).

4.2.7. Leaf protein content

About 1.3 g of frozen fresh leaves was ground usingortar and pestle in liquid
nitrogen followed by extraction using 15 ml of barflas described by Catt and Millard
(1988). The homogenate was incubated in ice withtion in a laminar flow hood for
2 h. The homogenate was centrifuged at 12,000 gn2® min and the supernatant
was filtered in 45 pm pore membranes. The solubi¢éem content was determined
using a colorimetric assay (Bradford, 1976).

4.2.8. Leaf soluble sugars and starch

Leaves were harvested in the afternoon (16:30nfmpadiately frozen in liquid N,
and stored at —80 °C until required. Then, theyewgound under liquid N and a
sample of 150-200 mg of ground material was transfieto 2 ml tubes. The samples
were washed with 100% acetone, stirred and cegeduat 6,000 rpm for 5 min
several times until the supernatant was yellow-®di@nsparent. The tubes were
opened and the samples dried in a laminar flow teaniThe pellets were suspended
in 1.5 ml 80% ethanol, stirred a few seconds, iated in boiling water for 20 min,
and centrifuged three times each at 10,000 rpni®omin. The supernatants of each
sample were assembled and stored in the refrigerlte@ supernatant contained the
soluble sugars and the pellet contained the stditod.soluble sugars were determined
based on the method described by Dubois et al.6)19%e total starch was analyzed
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according to the enzymatic method of McClearly let(#997) using a commercial
assay kit (K-TSTA, Megazyme International Irelartd,LBray, Republic of Ireland).

4.2.9. Chlorophyll content

Chlorophyll content was determined with the chldrgpneter SPAD 502 (Konica
Minolta Sensing, Inc., Osaka, Japan). Each reglicansisted of an average of three
SPAD values, measured at different points of tlad. [€he leaves were labelled for
subsequent measurements. The average SPAD valuescaeverted to chlorophyll
content (mg chlorophyll M leaf) based on a preliminary calibration. The hraliion
consisted of measuring SPAD values in three spb30odifferent soybean leaves.
From each spot, a leaf disc (3.67%mvas punched. Leaf disks were submerged in 25
ml of 80% acetone and the flasks were covered aliliminum foil and incubated in
the dark at 10 °C for 72 h. The absorbances os#mples were read at 645 nm and
663 nm as recommended by Linder (1974). The chlofibgontent was calculated on
a leaf area basis, with the equation provided hbyoAr(1949), using the coefficients
derived by McKinney (1941).

4.2.10. Maximum values of protein and photosynthesis rates

The rates of photosynthesis and the protein comtesre analysed by fitting
quadratic regressions as variables dependent om (tlays after emergence) with
SPSS 15.0.1 for windows (SPSS Inc., 1989-2006). dixdratic functions were
differentiated to determine the maximum values $)layfhe maximum values of
photosynthesis and protein content were obtainezt &fling the original quadratic
functions with the maximum values of the derivativactions.

4.2.11. Statistical analyses

The experimental design was a split plot with saybeultivar as the main factor
and N-source (i.e. two rhizobia stramsrsustwo rates of N fertilization) as the split-
plot factor (n = 4). The data set was tested fanbgeneity with Levene’s test of
equality of error variances and Q-Q plots to testrformality of the data. Data on
nitrogen, protein and ureide-N contents were laggformed to achieve near-normal
distributions. Shoot biomass, nodules, photosymshestrogen, protein, ureides-N,
PNUE, sugars and starch were treated as indepentesgurements. The N-fertilized
plants which eventually produced nodules were disghfrom the analyses. The data
set was analysed considering an unbalanced treatstercture by GenStat {1
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Edition (VSN International Ltd., Hernel Hempsteadhited Kingdom, 2008). The

square root of chlorophyll contents (Experimentagpinst time was considered as
repeated measurements. Each pairing of cultivar Nesource was analysed
independently with th&-test atP<0.05.

4.3. Results
4.3.1. Nodulation and shoot biomass

Both soybean cultivars, either rhizobia-inoculated\-fertilized, grew well under
greenhouse conditions but shoot biomass of culBRE 262 was 1.5 times larger
than BRS 154 at R2 stage, and 1.2 times largedastége (Table 4.1). N-fertilized
soybean produced more shoot biomass than nodutaigbleans up to R4 stage.
Nodule biomass increased over time in both soylweditvars. There was abundant
nodulation in the roots of inoculated plants, boitnedulation in the N-fertilized plants
up to the R4 stage. After the R4 stage, a few resdulere formed on N-fertilized,
non-inoculated plants (data not shown), and thds@te were omitted from the
analyses.

4.3.2. Leaf Ureide-N, N and protein concentrations and photosynthetic N use
efficiency

The ureide-N concentration in the leaves of N-iegd plants was greater than that
of nodulated plants in the vegetative stage V4, flmrh R2 onwards nodulated plants
always accumulated more ureides than N-fertilizieshgs (Table 4.1). There were no
significant differences in leaf protein between ulated or N-fertilized plants at V4,
R2 and R5 stages (Table 4.1). At R4, the averagé peotein concentration of
nodulated plants was significantly higher than thiaN-fertilized plants. The soluble
protein concentration in the leaves ranged fron® 16.83.6 mg @ leaf dry weight
(Table 4.1).

At the beginning of the experiment (V4 stage), sayb receiving N fertilizer
accumulated more N in the leaves than nodulatentqléaut later (from the R4 stage
onwards), nodulated plants had a higher N concgoriran the leaves (Table 4.2). At
V4 stage, nodulated plants had greater PNUE théertNized plants, but there was no
difference in later stages.
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4.3.3. Rates of photosynthesis

Nodulated plants had higher rates of photosynthfsis N-fertilized plants (Table
4.2). At the V4 stage, rates of photosynthesis viretbe range of 12.0 to 16.8 pmol
CO, m? s?in nodulated and 8.5 to 12.5 pmol €@ s in N-fertilized plants. At
reproductive stages, the rates of photosynthesisoth nodulated and N-fertilized
plants increased. The highest rates of photosyisthes N-fertilized plants were
observed at stage R2 (17 to 21 pumol,Q®? s%), whereas the largest rates of
photosynthesis in the nodulated plants were obdeavestage R4 (23.5 to 30.4 pumol
CO, m?s™) (Table 4.2). Although the difference was onlyrsiigant at R2 stage, on
average plants of lower shoots (BRS 154) had higiies of leaf photosynthesis (not
canopy!) than those of higher shoots (BRS 262)e&Raif photosynthesis were not
correlated with leaf N concentration (data not shpw

4.3.4. Maximum values of leaf protein and rates of photosynthesis

We analysed the relationship between leaf proteid eates of photosynthesis
using quadratic functions over the duration of experiment. The adjusted” Rvas
consistently higher in nodulated than in N-ferg@lizplants (Table 4.3). The estimated
maximum rates of photosynthesis were larger in fatdd plants than in N-fertilized
plants, and these maximum rates occurred two datgs. IThe estimated maximum
protein concentration were also greater in noddlgtéants (65.9 mg g DW)
compared with N-fertilized plants (49.2 mg' dW). The regressions predicted that
the maximum protein contents in the nodulated plarduld be achieved six days later
than in the N-fertilized plants, but?Rf N-fertilized plants was too low. A more
realistic comparison considering nodulated plahth@ one hand and fertilized plants
with 350 mg of N on the other hand, gives a delgyst three days.

4.3.5. Starch and soluble sugarsin the leaves

In Experiment 2, starch concentration in the leaateR2 stage ranged from 6.0 to
9.9 mg g" fresh weight in nodulated plants and from 10.75® in N-fertilized plants
(Table 4.4). There were no differences betweerstiydean cultivars but there was a
large difference between nodulated and N-fertilizegbeans (Table 4.4). The average
soluble sugars content in the leaves was 8.8 Thifesh weight in both nodulated and
N-fertilized plants, but the ratio starch : solublegars was significantly higher in N-
fertilized than in nodulated plants.
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Figure 4.1. Chlorophyll degradation in leaves of rhizobia-intaded and N-fertilized
soybeans (experiment 3). The measurements start@dtb March 2008 (Day 1) at stage R2.
On day 32, all plants were at R5 stage, but theeleaf two plants of the cultivar BRS 154
fertilized with 350 mg of N had senesced already.day 39, all plants were at stage R6/R7,
except for those of BRS 154 + 350 mg of N and tlem{s of BRS 262 fertilized with 175 mg
of N, which had lost some leaves already.

4.3.6. Chlorophyll content

The statistical analysis based on repeated measuatsmevealed that there was no
effect of cultivar on chlorophyll concentration,tlibhere was a strong effect of the N
source. The effects of cultivar were significanPa0.055, the effects of the N source
were significant aP<0.001, and the interaction of cultivar x N souvwgas significant
atP=0.017. At R2 stage (day 1), average chlorophyticemtration was 140 mgTrin
the nodulated plants, and 155 mg?rim the N-fertilized plants (Experiment 3; Fig.
4.1). At the 16th day (R4/R5 stage), chlorophyhoentration averaged 226 mg3im
nodulated, and 172 mg fmin N-fertilized soybean. From stage R4/R5 onwards,
soybean started to degrade chlorophyll and showetp®ms of leaf senescence
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Table 4.4. Nodule biomass, sugar, starch and starch-to-stag@r in leaves of soybeans
inoculated with two rhizobia strains or receivimgptdoses of N-fertilizer (Experiment 2).

Cultivar and N source Nodules Soluble sugars Starch Starch-to-
(gDWplant® (mgg'FW) (mgg'FwW) Sugar
Ratio
BRS 154
B. japonicumCPAC 7 0.6 9.2 7.7 0.9
B. japonicumCPAC 390 0.5 9.6 6.0 0.7
KNO; (350 mg N) 0 8.7 15.9 1.9
KNO3 (175 mg N) 0 ND ND ND
BRS 262
B. japonicunCPAC 7 0.5 9.1 9.9 1.1
B. japonicumCPAC 390 0.5 7.2 9.7 1.3
KNO3 (350 mg N) 0 10.3 115 1.2
KNO3(175 mg N) 0 7.1 10.7 15
N source
B. japonicum 0.5 8.8 *8.4 *1.0
KNO; 0 8.8 12.4 15
Cultivar
BRS 154 0.5 9.3 9.5 1.1
BRS 262 0.5 8.4 10.5 1.3
Rhizobial strain
CPAC 7 0.6 9.2 8.8 1.0
CPAC 390 0.5 8.4 7.8 1.0
KNO3;
350 mg N 0 9.8 13.8 15
175mgN 0 7.2 10.7 15
P-value
N source ns 0.022 0.037
Cultivar ns ns ns
N source x Cultivar ns 0.045 0.009

ns= not significant difference B-0.05 by the~-test.

(lower chlorophyll concentrations) but N-fertilizgdants senesced at a higher rate
than nodulated plants (Fig. 4.1).

4.4. Discussion

Our study demonstrated that soybean which nodulatéld very effective N
fixing rhizobia have higher rates of photosynthésan N-fertilized plants, regardless
of the leaf N concentration (Table 4.2). These Itestonfirm that N fixation is a
more efficient way for legumes to stimulate photabgsis than N fertilizer (Brown
and Bethlenfalvay, 1988; de Veau et al., 1990; Zabal., 2006). Although leaf N
concentration of N-fertilized plants declined inelastages, photosynthesis was not
limited by leaf N. The threshold for N limitatiorf photosynthesis at adequate light
supply is assumed to be between 15 and 20 mg Maf (Robertson et al.; 2002), and
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in our study, even plants with smaller N concerdrat accumulated more N than
these suggested thresholds. Recently, we desctifbedN-independent effect of
rhizobia on photosynthesis, by which the rateshaftpsynthesis are stimulated by the
photosynthate (C) sink strength of the symbiosdsaf@er 2). Assuming that C costs
of N, fixation are higher than of NOuptake (Minchin and Witty, 2005), our data
support the hypothesis that a higher C sink strengt\, fixation increases the rate of
photosynthesis. Noteworthy is that this phenomeram be exacerbated in a cultivar
with lower shoots (Table 4.1). With the present eskpental set-up, we could not
estimate the rates of,Nixation, but we utilized N and ureides-N in theaves as
indicators for effective MNfixation. However, ureide-N is only a good indimator N,
fixation in the reproductive stages of nodulategbean (Matsumoto et al., 1977;
Herridge, 1982). Ureide-N is strongly related tce thates of N fixation, as
demonstrated by experiments witfiN]-nitrogen gas (Ohyama and Kumazawa, 1978)
and acetylene reduction assays (McClure and IstE&I9; Herridge, 1982; van
Berkum et al., 1985), but may also be high priorréproductive stages in plants
receiving high rates of N fertilization (Polayegd&®chubert, 1984).

An important evidence for increased C sink stremfyté to N fixation was that N-
fertilized plants accumulated more starch in thavés despite lower rates of
photosynthesis than nodulated plants (Table 4.Hat Suggests that nodulated plants
achieved higher rates of photosynthesis becausg Hsal larger demand for
photosynthate. Previous studies have demonstriastdjteater photosynthate demands
prevent the accumulation of carbohydrates in tlawds, and triggers the enzymatic
machinery of the Calvin Cycle (Azcén-Bieto, 1983pl@schmidt and Huber, 1992;
Paul and Foyer, 2001). The higher starch conteN-fartilized soybean suggests that
photosynthesis in these plants is not limited bysgwate (either ribulose biphosphate
or CQ,), enzymes (N and proteins), light or water. Fumih@re, as both rhizobia-
inoculated and N-fertilized soybean received theesamount of P in the nutrient
solution, photosynthate export is not limited bgrgpanic P (Foyer and Spencer, 1986;
Fredeen et al., 1989). Therefore, differences wigdynthesis between nodulated and
N-fertilized soybeans are most likely caused byreased C sink strength of the
symbioses.

We also assessed the effects of nodulation onsielaéscence. Ono et al. (1996,
2001) demonstrated that leaves with low demandpfurtosynthates accumulate
sugars and accelerate the symptoms of leaf serescéfe found strong evidence for
the delay of leaf senescence in nodulated soybedmegy always showed higher rates
of photosynthesis (Table 4.2), and sustained haytentrations of chlorophyll for a
longer time (Fig. 4.1). Two processes occur sinmatausly. First, Bfixation delays N
removal from the leaves to the seeds by supplyirag Burrent plant N demands (e.g.
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- +
v v

Photosynthesis —>» Carbohydrates Leaf senescence

C sink strength

C : Nratio

> N, fixation

Figure 4.2. Conceptual diagram of delayed leaf senescence ybesms with efficient
nodulation. The C sink strength of Kixation changes the sink : source ratio of soyiseand
lowers the accumulation of carbohydrates in thedsaHigh accumulation of carbohydrates
lowers the rates of photosynthesis and triggers phecess of leaf senescence. Low
accumulation of carbohydrates stimulates the rafgshotosynthesis, which in turn allows
maintaining high rates of Nixation. Arrows indicate the feedbacks betweercpsses.

Minchin et al.,, 1980); and second, C sink strengtimulates leaf activity and
increased photosynthesis (Table 4.3). The two psEstogether are consistent with
the hypothesis of Paul and Peliny (2003), who ssiggk that higher rates of
photosynthesis prior to the early phase of senescelead to a longer
photosynthetically-active life.

We confirmed our second hypothesis by showing a-2-lays-delay in the peak
of photosynthesis and leaf protein in nodulatedhfslan comparison to N-fertilized
plants receiving 350 mg of N (Table 4.3). Also ABhakra et al. (1978) observed that
nodulated soybeans with higher nitrogenase actiiagd prolonged periods of
photosynthetic activity. They suggested that a ésrghotosynthetic activity is related
to a higher N availability in the leaves as a consace of high Nfixation. In fact,
the view that N alone regulates leaf senescenteoisimplistic. Wittenbach (1982,
1983) and Crafts-Brandner and Egli (1987) removeal gods of poorly nodulated
soybeans receiving high amounts of N-fertilizerjchihdelayed the N reallocation, but
did not prevent the decrease in the rates of pkiotbssis. That means that under such
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conditions, leaf photosynthesis was not limitedNgyrather it was limited by C sink
strength of the pods (Wittenbach 1982, 1983; Giafesmxdner and Egli, 1987).

In Fig. 4.2, we summarize the feedbacks fromfiXation to photosynthesis and
leaf senescence, based on our results and prestodies. It indicates that the C sink
strength of N fixation prevents accumulation of sugars in trevés, and, probably by
triggering the Calvin Cycle, stimulates the ratéplootosynthesis. Increased rates of
photosynthesis and higher N demand during the dejatove stage stimulates the rates
of N, fixation. In turn, N fixation compensates for the degradation of pnsteind
chlorophyll while lowering the carbohydrate coneation in the leaves, which finally,
delays leaf senescence.

In conclusion, we demonstrate that C costs effixation are compensated by
increased leaf photosynthesis. We also show tlatialg soybeans to fully rely onoN
fixation does not compromise yield. Furthermoree do higher leaf activity and
continued N supply, Nfixation potentially delays leaf senescence, wihidneases the
period of pod filling.
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General Discussioh

" Part of this Chapter is under review as:

Kaschuk, G., Leffelaar, P.A., Giller, K.E., AlbentoO., Hungria, M., Kuyper, T.W., 2009. Responskegrain
legumes to rhizobia and arbuscular mycorrhizal fuagneta-analysis of potential photosynthate Btiitn of
symbioses.






General Discussion

Sink stimulation of leaf photosynthesis by the C @is of rhizobial and
arbuscular mycorrhizal fungal symbioses

5.1. Introduction

Both rhizobial and arbuscular mycorrhizal (AM) syioges change the partitioning
of plant photosynthate (C) due to their intense aelism to support nutrient
acquisition for the plants, and maintenance ofrtbein growth and reserves (Minchin
and Witty, 2005; Smith and Read, 2008). In thisthé demonstrate that changes in
partitioning are accompanied by increases in ttesraf photosynthesis in many plant
species independent of nutrient effects (Chapter @ink stimulation of
photosynthesis by the C costs of symbioses’ had bentioned many times, without
being properly defined, as a likely explanation tbe photosynthetic differences
between symbiotic and fertilized plants (e.g. Pand Paul, 1980; Harris et al., 1985;
Wright et al., 1998a, 1998b; Mortimer et al., 2Q0Bis thesis is apparently the first
attempt to define this phenomenon properly.

Chapter 2 demonstrates that, while rhizobial and $yhbioses generally improve
the leaf N and P mass fractions, increases of glgnthesis occur over and above this
nutrient effect due to C sink stimulation. My theeshows that the rhizobial symbiosis
changes the C partitioning of soybed&ilycine max(L.) Merrill] resulting in higher
triose-P export and less accumulation of starcthénleaves (Huber and Israel, 1982;
Chapter 3). As a consequence of increased C shekgth by rhizobial and AM
symbioses, the rates of photosynthesis of symbiptants are increased. Sink
stimulation of photosynthesis occurs because hights of triose-P export and
recycling of inorganic P into the chloroplasts wates the enzymes of GO
assimilation (Paul and Foyer, 2001; Chapter 2ZhéfC sink strength is low, triose-P is
not rapidly exported, but converted into starch astdred temporarily in the
chloroplasts. Increased starch accumulation irckheroplasts has a negative effect on
the activation of photosynthetic enzymes and has@€} assimilation (Azcon-Bieto,
1983; Goldschmidt and Huber, 1992).

Some authors have been sceptical about sink stilmulaf photosynthesis by AM
symbioses (e.g. Black et al., 2000; Grimoldi et 2005) because they argue that sink
stimulation usually is observed in legumes assediatith effective nodulation [e.g.
soybean, Harris et al., 1985; clové@ri{olium repend..), Wright et al., 1998a, 1998b]
and stimulation of photosynthesis could have beermréefact of improved shoot N
nutrition. However, | disagree with that view, firbecause the effects of improved N
nutrition were not apparent in those studies inmglegumes as both mycorrhizal and
non-mycorrhizal plants were nodulated (Chapter &)d, second, because sink
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stimulation occurs over and above a nutrient efféecbugh a rapid sugar export from
the chloroplast and orthophosphate recycling (Ghrapit

In this thesis | also show that starch accumulairthe leaves leads to an
acceleration of leaf senescence (Ono et al., 2Qb&pter 4). In soybean, rhizobial
symbiosis simultaneously changes the C partitiorand prolongs the period of N
accumulation in the shoots, which delays degradatiophotosynthetic enzymes and
postpones leaf senescence (Abu-Shakra et al., 10f8pter 4). Also in cowpea
[Vigna unguiculatgL.) Walp.], N, fixation reduces the proportion of senesced leaves
in the end of the growing period (Minchin et al98D). Although effects of AM
symbiosis on leaf senescence await confirmatidhink that both rhizobial and AM
symbioses should favour a longer period of leafivagt since both affect
photosynthetic rates through C feedbacks.

In this chapter, | contextualize the findings of rthesis within our current
understanding of the physiological regulation akobial and AM symbioses. | also
consider the effects of sink stimulation of phota#yesis and symbioses on plants
under elevated atmospheric £&hd under field conditions.

5.2. Regulation of rhizobial symbioses

Relevant literature ascribes the regulation effixation in legumes to three main
mechanisms: C limitation, oxygen limitation, androgen-feedback regulation (e.g.
Mahon, 1983; Vance and Heichel, 1991; Schulze, R004e regulation by C
limitation is based on studies which showed thimbgenase activity is instantaneously
suppressed when shoots are darkened or excisea @aavBrun, 1974; Bethlenfalvay
and Phillips, 1978), or photosynthesis is inhibibgdbentazon spray (Bethlenfalvay et
al., 1979), whereas it is rapidly increased wheoosh are exposed to elevated light
intensities (Lawn and Brun, 1974; Bethlenfalvay aRdillips, 1978) and C©O
concentrations (Hardy and Havelka, 1975). The wgul by oxygen limitation is
based on the fact that nitrogenase activity is Ijiglependent on the oxidative
phosphorylation of photosynthates to produce ATRJ aodules have a layer of
cortical cells, which decreases @iffusion following a physiological stress (Laykel
and Hunt, 1990; King and Layzell, 1991). The nigngeedback regulation assumes
that N, fixation is stimulated proportionally to plant Nmhand, and it is reduced when
surplus organic N flows through the phloem sap th®nodule (Parsons et al., 1993;
Neo and Layzell, 1997; Lodwig et al., 2003; Kingdaurcell, 2005). None of these
arguments alone offers a complete explanationfer¢gulation of Mfixation in root
nodules, but all three could occur in a chain mmshme symbiosis.
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Vance and Heichel (1991) and Schulze (2004) argbad C limitation is not a
crucial regulatory mechanism under non-stressfuldidmns for photosynthesis (i.e.
sufficient light, CQ and water) because photosynthetic capacity ofntegucan cover
the C costs of Nfixation. Indeed, experiments reported in Chap&iend 4 of this
thesis demonstrated that photosynthesis is inadegasmortionally to compensate the
C costs of rhizobial symbioses. Actually, afterdieg the paper by Bethlenfalvay and
Phillips (1978), | concluded that their resultsoafg within the hypothesis of sink
stimulation of photosynthesis, since-fiking pea plants consistently sustained higher
rates of photosynthesis than N-fertilized plantalhtight intensities, despite lower N
mass fraction in the shoots. Nevertheless, Vanck Heichel (1991) and Schulze
(2004) emphasized that the argument of C limitawdrN, fixation was based on
experiments performed during the reproductive stagactly when B fixation could
be affected by the plant source-sink relations tdu€ competition between seeds and
nodules. Vance and Heichel (1991) proposed thas @nioaded into the nodules
according to their C sink strength. They definedilik strength as the product of sink
size times specific sink activity. Given that thenstruction costs of nodule biomass
are small and the nodule activity costs, mainpyfixation, are much higher (Witty et
al., 1983; Ryle et al., 1984; Voisin et al., 200Bg higher the rates the, lixation the
higher the C sink strength.

Considering that Nfixation increases gradually, peaks at early pidichd, and
then falls abruptly (e.g. Lawn and Brun, 1974; Bastfalvay and Phillips, 1977;
Senaratne and Ratnasinghe, 1993), one could angiiéNt fixation is indeed limited
by C availability at specific stages of plant deywhent (e.g. Vance and Heichel, 1991;
Schulze, 2004). However, | challenge this argubexctuse in Chapter 4 of my thesis,
| show that photosynthesis is synchronized withfikation over time (Bethlenfalvay
and Phillips, 1977; Abu-Shakra et al.,, 1978) andChapter 3, the increases in
photosynthesis are proportional to expected ineeasC costs of Nfixation.

Furthermore, the argument of C limitation througlurge-sink relations has not
been confirmed by removing pods and defoliatiord@erminate and indeterminate
soybean varieties (Fujita et al., 1988a; 1988b)abse N fixation seems to be
regulated by the N demand in the plant. In the expnts of Fujita et al. (1988a,
1988b), pod removal and defoliation did not chatigeproportion of C partitioned to
nodules, probably because pod removal also dedd¢hselant N demand. After pod
removal, there was a remarkable decreaseitiXdtion in a determinate soybean
variety, whereas it was not significantly affect@dan indeterminate variety. If ;N
fixation were limited by C availability, then pod&moval would overcome that
limitation. Given that pod removal only had a pesiteffect on the rates of,Nixation
of indeterminate varieties, Fujita et al. (1988888b) concluded that MNfixation is
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regulated by the plant N demand, and so, indetet@iuarieties continue supporting
N, fixation because they demanded more N for an emmpted shoot growth. More
recent studies confirm that the triggering agemtdown-regulation of M fixation is
indeed the return of nitrogenous compounds, padatituamino acids, flowing through
the phloem into the nodules (Parsons et al., 1888 and Layzell, 1997; Lodwig et
al., 2003; King and Purcell, 2005).

Therefore, | suggest to combine the three argumantegulation of N fixation:
when the plant perceives that, NMixation is not required any more, because
nitrogenous compounds are returned via phloem @ontbdule, the nodule oxygen
barrier is adjusted to reduce nodule activity. Lowedule activity decreases the C
sink strength, which in turn, reduces the amoun€Cafinloaded into the nodule. As
already pointed out in Chapter 2, short-term stanoh of N, fixation after
stimulation of photosynthesis by increased,&@ncentration (e.g. Hardy and Havelka,
1975) and light (Bethlenfalvay and Phillips, 19¢&n be an artefact of the dilution of
nitrogenous compounds in relation to C accumulateithe plant sap (Parsons et al.,
1993). However, in the long term, both photosynthaad N fixation are likely to be
limited by the ability of the plant to consume anrdktore C and nitrogenous
compounds.

The fact that both photosynthesis (Chapters 2, @ 4nand N fixation (this
Chapter) can be stimulated according to plant C Mrdkmand gives inspiration for
two hypotheses. First, legumes can allow ‘cheat{eghtrary to Kiers and Denison,
2008) by ineffective rhizobial strains, as cheatmguld only be a constraint for the
partnership if C availability was a limiting fact@vlillard et al., 2007). Second, high-
yielding legume varieties (e.g. soybean) can aehidlieir genetic potential
productivity by relying solely on biological JNfixation (e.g. Hungria et al., 2005;
Salvagiotti et al., 2008).

The performance of a rhizobial symbiosis is meabuby two attributes:
infectiveness (capacity of nodulating in the preseof other strains) and effectiveness
(capacity to fix N). These two attributes are supposed to be traffegeoording to
compatibility between host and rhizobial strain asmlvironmental conditions. A
promiscuous legume species (e.g. common bean) rs@plish partnerships with
several different rhizobial strains, and some maydt sufficiently effective (Michiels
et al., 1998; Alberton et al., 2006, Kaschuk et 2006). A less promiscuous legume
(e.g. Brazilian soybean varieties) establishesnpaships with fewer strains, which
eventually are more effective (Alberton et al.,, @0Abundant nodulation and
effective N fixation in common bean and soybean, respectivetiicate that legumes
are capable of consistently supporting any rhidopetnership, regardless of its
effectiveness. In fact, since nodule biomass remtssa very small proportion of the C

78



General Discussion

costs of rhizobial symbioses (e.g. Witty et al.839Ryle et al., 1984, Voisin et al.,
2003), fully ineffective nodules would not compraiplant growth provided that N is
available in the soil or supplied as fertilizer.

Although legumes have lower photosynthetic nutriefficiencies than cereal
species such as wheat and maize due to differencgsoot N mass fraction$3%
versus<2%, for legumes and grasses, respectively) (VandeHeichel, 1991), their
photosynthetic rates respond consistently morenfroved availability of light and/or
CO, (e.g. Pammenter et al., 1993; Chapter 3). In tesfmdant growth, it is unlikely
that nodulation or M fixation is limited by photosynthetic capacity. &gronomic
terms, legume yields will not be limited by the &sts (e.g. Sket et al., 1986; Minchin
and Witty, 2005) but it will be limited by lack aoculation with highly effective N
fixing strains. In Chapter 3, | showed that inotiola of rhizobial strains differing in
effectiveness led to different responses of plambt@synthesis, and modelling of
photosynthetic limitations confirmed that increasgthiotosynthetic rates were
proportional to increases in the C sink strengthaith symbiosis.

There is no direct relationship between C costddiixation and plant growth. As
a matter of fact, there have been some reportsiagotat increased C costs of N
fixation resulted in greater plant dry weight (Skattal., 1986; Twary and Heichel,
1991; Vance and Heichel, 1991). Therefore, a lo@asse efficiency of a rhizobial
symbiosis, meaning less C used per N fixed (Pkill§®80) is not relevant for plant
growth when the effectiveness (more N fixed peefon nodule biomass) of the same
symbiosis is high (e.g. Skat et al., 1986; Twarg bieichel, 1991; Vance and Heichel,
1991). However, | understand that this high effestiess should be synchronized with
plant N demand throughout plant development, pagrty in the initial and final
stages of development. Thus, regardless of thest,cm maximize plant growth it is
important that N fixation starts as early as possible during pldevelopment, as
occurred in the experiment of Sket et al. (198@hwhe more ‘expensive’ rhizobial
associations, and lasts for a longer period as (#dllu-Shakra et al., 1978; Herridge
and Rose, 2000; Chapter 4). | think that, due m& stimulation of photosynthesis,
early N, fixation could improve photosynthetic N use efflecy (Brown and
Bethelenfalvay, 1988) by activating a higher prajpor of rubisco (E.C. 4.1.1.39)
(Abu-Shakra et al., 1978; Bethlenfalvay and Prslligdl978) and improving the
photochemical efficiency (Maury et al., 1993; Clea®). If the plant management (e.g.
by inoculation with effective strains, good planstablishment, proper soil
environmental conditions, etc.) favours early natlioh and N fixation, both N
fixation and photosynthesis should be proportignalip-regulated, resulting in
stronger benefits to plant growth.
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5.3. Regulation of AM symbioses

Biochemical signalling (i.e. production of plantigblactones) triggers the initial
steps of the establishment of AM symbiosis (e.guBmeester et al., 2007). The AM
symbiosis is only effective after the fungi havéfisiently grown and colonized the
roots and then, the surrounding soil (Sanders .etl8l77; Smith and Read, 2008).
There is a positive correlation between plant/rgpbwth and fungal biomass
(Bethlenfalvay et al., 1982a, 1982b; Buwalda et ¥82; Fredeen and Terry, 1988),
and, it is important that plants receive a ‘stard@nount of nutrients (including P) to
optimally benefit from AM symbioses (Bolan et dl984; Treseder and Allen, 2002).
In addition, there is evidence that fertilizationttwN, associated with a high light
intensity, can indirectly stimulate the AM colonien and fungal biomass due to
increased plant P demand and growth (e.g. Hepp8R)1

Even though there are diverse potential advantbges AM symbiosis for plant
growth (e.g. improved water relations, reduced afise expression and hormone
stimulation), the most important benefit is an ioygd P nutrition (occasionally Zn
and Cu) of mycorrhizal plants (Smith and Read, 2008 fact, several studies have
shown that AM symbioses are regulated by bothRaiVailability and P internal mass
fractions. The percentage of AM colonization, spatian and number of entry points
are negatively related to the soil P supply (Fradaed Terry, 1988; Amijee et al.,
1989; Fay et al., 1996; Nielsen et al., 1998). mbgative effects of increased soil P
supply on AM colonization and on C transfer to &M hyphae could be attributed to
a lower dependency of the plant on the soil nutnigrtake by the extraradical hyphae
(e.g. Menge et al., 1978; Peng et al., 1993, Olssa@h., 2002; Valentine and Kleinert,
2007). Indeed, this is consistent with recent figgi that revealed that P starvation
induces the production of strigolactones, which turn, promote mycorrhizal
colonization of host plants (Bouwmeester et al.07)0 In fact, it is expected that
plants will invest more in AM symbiosis if they daot meet their P demands
(Valentine and Kleinert, 2007; Landis and Fraséng).

Until recently, P uptake through the AM pathway vessumed to be an additive
process to the root pathway. However, evidencedseasing that P uptake by the AM
pathway is the prevailing process, even if theredsmprovement in plant nutrient
concentrations and/or growth responses of mycatlpiants (Smith et al., 2003, 2004,
2009; Grimoldi et al., 2005). Smith et al. (200302) highlighted that previous
studies often connected the regulation of AM symsisiovith root colonization, which
proved to be a misleading approach. However, pleanstake great advantage from an
extensive extradical hyphal network extending belythe root nutrient depletion zone,
even if the initial P availabilities are high (Smé&nd Read, 2008). Smith et al. (2009)
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hypothesized that depression in plant growth of enyszal plants under high P
fertility (e.g. Peng et al., 1993; Eissenstat et93) is not an issue of C limitation, as
it is usually believed. According to Smith et aR0Q9), depression in growth of
mycorrhizal plants under high P fertility could kexplained by the fact that
mycorrhizal plants switch off their own root P tsporters and end up relying on an
ineffective AM fungus.

Mycorrhizal plants grow bigger and accumulate m@ren a mass fraction basis,
which is peculiar, because plant growth usuallyacsompanied by fairly constant
nutrient mass fractions (Marschner, 1995; SmithRedd, 2008). If P is accumulating,
then P uptake is not limiting plant growth, and mauthors have suggested that
growth of mycorrhizal plants is limited by C avdilsty (Eissenstat et al., 1993; Smith
and Read, 2008). Other studies have suggestegl#rdatgrowth of mycorrhizal plants
is limited by nutrients (e.g. N, K or other) otltban P (e.g. Cardoso et al., 2004).

The C limitation of AM symbioses was presumed bseaunder high P availability,
some mycorrhizal plant species have smaller drgkteithan non-mycorrhizal plants
(e.g. Eissenstat et al., 1993; Peng et al., 1988¢ed, several studies have shown that
both plant and fungal biomass are larger when @yotbesis is increased by elevated
light intensity and C@concentration (e.g. Haynan, 1974; Daft and El-@iali978;
Buwalda and Goh, 1982; Bethlenfalvay and PacoviR$3; Alberton et al., 2005).
However, the studies that advocated C limitatiothef AM symbiosis (e.g Peng et al.,
1993; Eissenstat et al., 1993) have so far ovedddke fact that mycorrhizal plants
(as well as nodulated plants) are capable of iisangaheir rates of COassimilation
to compensate for the symbiotic C costs (e.g. Haeti al., 1985; Brown and
Bethlenfalvay, 1987; Fay et al., 1996; Wright et aB98a, 1998b). In Chapter 2, |
describe the role of increased C sink strengthhafobial and AM symbioses in
stimulating photosynthesis over and above the tnal effects of the symbioses.
Furthermore, one strong line of evidence that glané not limited by C availability is
a natural feedback in the rates of photosynthegien plants with a weak C sink
strength are grown under elevated Ad®loore et al., 1999; Ainsworth et al., 2004;
Millard et al., 2007).

Plants cannot anticipate the fungal partners feir thest interest. There have been
several studies (e.g. Carling and Brown, 1980;dflamos, 2003) showing that plants
associate with a large range of AM fungi specié®dng in symbiotic effectiveness —
the relative benefit (i.e. plant growth) of mycomdl plants in relation to non-
mycorrizal plants. This promiscuity suggests thiain{s are not capable to sanction
ineffective AM fungi species (contrary to the moadé¢lKiers and Denison, 2008). |
agree with Millard et al. (2007) that for a majgritf circumstances, plants are not
limited by photosynthetic capacity but rather by satrient availability, and therefore,
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plants should invest C in AM symbioses until theutrient (P, say) requirements are
satisfied, even thought such ‘investment’ does gudrantee a positive outcome in
terms of a cost : benefit analysis (Landis and éd®08; Smith et al., 2009).

To me, a major limitation to utilize AM symbiosesr fincreasing plant growth is
not a C use efficiency issue, but rather that Rketwia AM pathway is limited by P
availability in the soils, such that plants culte@ in highly fixing P soils, or P-
depleted soils will never produce large biomassetivar mycorrhizal or not. Despite
increasing the absorption of some inorganic P ssufce. NaOH-p unavailable for
roots in highly P fixing soils (Cardoso et al., B)Othe AM fungi in general exploit
the same soil labile-P pool as do the plant ro8ith and Read, 2008). That is
different for rhizobial symbioses, which have arimited availability of 80% N in
the atmosphere. Additionally, it is not clear wteetiAM hyphae intentionally grow
towards the soil P pools (which would increasedtiigiency in nutrient uptake by the
AM pathway) or whether hyphae grow randomly in $loé (Smith and Read, 2008).

On the other hand, AM fungal species with an extentyphal network could
increase the efficiency of mycorrhizal plants insatbing P, either by exploiting
beyond the root nutrient depletion zone (Smith Bead, 2008), or by the absorption
of some additional inorganic P sources (Cardosal.eR006). Increased P uptake by
AM fungi does not suggest that AM symbioses camapphosphate fertilization, as
rhizobial symbioses do with N. But, it indicateattldue to an increased efficiency in P
acquisition, less fertilizers will be needed, which very important for future
agriculture limited by finite natural reserves digsphorus. In contrast to rhizobial
symbioses, there are hardly any AM fungal inocidawailable for purchase. One way
to stimulate AM symbioses is reducing tillage andluding mycorrhizal dependent
crops in the rotation (Harinikumar and Bagyaraj38:9Mozafar et al., 2000, Kabir,
2005). Obviously, less use of fungicides will albe beneficial to increase the
potential inocula of AM fungi in the soil. Theseaptices will probably favour an AM
hyphal network, consequent rapid colonization of trops and select the most
mutualistic AM fungi (Kabir, 2005). Such practicesuld also be conducive to more
effective nodulation (De Varennes and Goss, 2007).

5.4. Symbioses in a changing world

The CQ concentration in our atmosphere has increased alizatly since the
industrial revolution. It is often assumed that valed CQ will stimulate
photosynthesis because rubisco is far from sauiratéhe current atmosphere €O
concentrations (e.g. Moore et al.,, 1999; Millard &t, 2007). However, the
photosynthetic capacity of plants grown under ékdyaCQ is acclimated (meaning

82



General Discussion

down-regulated in the long term) under sink-limitahditions (e.g. Goldschmidt and
Huber, 1992; Xu et al., 1994; Moore et al., 1999pbably by a mechanism mediated
by enzymatic carbohydrate signalling [e.g. acid emase (E.C. 3.2.1.26) and
hexokinase (E.C. 2.7.1.1)], which can result inrdased rubisco activity (Xu et al.,
1994; Stitt and Krapp, 1999) and decreased expressiphotosynthetic genes (Moore
et al., 1999). Interestingly, plants grown undewvated CQ concentrations can benefit
from rhizobial and AM symbioses because the syniGt costs can remove the
photosynthetic limitation of triose-P utilizatiorCljapter 3; Ainsworth et al., 2002,
2004). For example, Ainsworth et al. (2004) meastine responses of photosynthesis
of nodulating and non-nodulating field-growing seghs in free air C{concentration
enrichment (550 pmol md) and concluded that the C costs of nodules carvem
the sink limitation of photosynthesis, preventirgglanation of photosynthesis under
elevated CQ As a result, both plants and microsymbionts cawgfaster (e.g. AM
symbiosis: Alberton et al., 2005; rhizobial symlsosHardy and Havelka, 1975;
Ainsworth et al., 2002, 2004).

However, acclimation of photosynthesis in plantewgr under elevated GQs
often constrained by limited N availability at egsem level (Luo et al., 2004;
Alberton and Kuyper, 2009), but also at plant pblggjical level (Rachmilevitch et al.
2004). Luo et al. (2004) proposed ‘progressivemitation’, a condition under which
plant responses to elevated L£@re limited by N availability in the soil, due to
immobilization of N in long-lived plant parts or soil microbial biomass. Alberton et
al. (2007) observed reduced plant growth respoasdsprogressive N limitation in
Pinus silvestris(L.) seedlings grown under elevated £@nd they attributed the
depression in plant growth to a competition for Ntween seedlings and
ectomycorrhizal hyphae. Furthermore, N limitati@sults from a plant physiological
limitation to reduce N@ in the shoots, as it appears that ;N®duction is highly
dependent on shoot photorespiration (Rachmileatcil. 2004) or on competition for
electrons between GQssimilation and N©reduction (Pate, 1980; Cen and Layzell,
2003; Yin et al., 2006). This implies that croplgiencreases under elevated C&e
likely to be restricted if management is strictBskbd on N fertilization.

Although plants grown under elevated £@ general have a smaller leaf N mass
fraction than plants grown under ambientCé@nd photosynthesis is performed with a
higher N use efficiency, it is often reported thause efficiency cannot be increased
endlessly, and a minimum leaf N mass fraction gured (Sttit and Krapp, 1999).
Given the possibility of up regulation of rhizobid} fixation (see above), in addition
to the effects of sink stimulation of photosyntise@Chapters 2, 3 and 4), effective
rhizobial symbioses could support legumes to ovarcthe constraints of N limitation
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under elevated C{Qconcentrations because Nxation matches the plant N demand
(Rogers et al., 2006).

On the other hand, although the benefits of AM sgsds for plant nutrient
acquisition are highly dependent on soil nutrierdilability (e.g. Treseder and Allen,
2002), AM symbioses should delay the acclimatiopludtosynthesis to elevated €O
through sink stimulation of photosynthesis and reahof photosynthetic limitation of
triose-P utilization (Chapter 2).

5.5. Sink stimulation of photosynthesis and legumeroductivity

It is plausible that sink stimulation of photosyedis by increasing plant C sink
strength (number of pods, spikelets, tubers, atolld increase plant productivity
(Marschner, 1995; Cakmak and Engels, 1999). Howeweuld sink stimulation of
photosynthesis by AM and rhizobial symbioses atsodase plant productivity? To
my knowledge, nobody has ever tested that hypathésis important to realize that
sink stimulation of photosynthesis by AM and rhiedlsymbioses are likely to just
compensate symbiotic C costs, without significamplications for plant growth and/or
grain productivity. Assuming that fertilized andndyiotic plants encounter a good
environment for photosynthesis (high light intepsévailable water, etc.), grain yield
could increase from a direct effect of sink stiniola if the ratio of grain to
aboveground would change, meaning that higher ataamfrgrains are produced by a
similar amount of shoots. On the other hand, gyafd could increase by an ‘indirect
effect’ of sink stimulation, meaning that symbioptants are capable of producing
more shoot mass in initial stages of developmentabge of higher rates of
photosynthesis, and later, overall shoot growthrdautes to increase grain yield.

Therefore, | performed a meta-analysis on 348 gdatats, gathered from 52 pot
and field studies with several grain legume spetoesest whether inoculation of
rhizobial and AM fungal species increase (1) legwgrean yield, and (2) the ratio of
grain to aboveground biomass (see details in ApgeRd | assume that a positive
response of the ratio of grain to total abovegrobimmnass — associated with yield
increase — is an evidence for ‘direct’ effect atksstimulation of photosynthesis by
symbioses, whereas no increases in the ratio oh goaaboveground biomass are
explained by indirect effect of the symbioses tmstate whole plant photosynthesis
(cf. Chapter 2). The meta-analysis shows that ilabicun of rhizobial and AM fungal
species consistently increases grain yields of dViegumes in pot and field
experiments (Table 5.1). On average for all legymi@gobial inoculation increased
grain yield by 16% R=1.16) in the field, and 59%R€1.59) in pot experiments. On
average for all legumes, AM fungal inoculation eased grain yield by 9%:€1.09)
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Table 5.1.Meta-analysis of the effects of inoculation ofzdhial and/or AM fungal species
on the grain yield, harvest index (ratio grain osaeground biomass) and grain protein mass

fraction of several legumes in pot and field expemnts.

Plant species

SapExper. Grain Yield

R 95%Cl n

Harvest index
R 95%ClI n

Grain protein
R 95%ClI n

Rhizobia

Arachis hypogaea A

field/pot 1.10 1.00-1.2113

Cajanus cajan A/U pot 1.19 0.49-2.84a 0.99 0.76-1.241

Cicer arietinum  A/U field 1.16*1.09-1.2431 1.03°0.98-1.0831 1.06"1.01-1.1114
C. arietinum A/U pot 1.63 1.51-1.7%5 1.00 0.95-1.0825 1.02 0.92-1.124
Glycine max U field 141 1.21-1.621 1.19 1.05-1.3512 1.09 1.05-1.13®
Lens culinaris A pot 213 1.52-29%9 1.00 0.72-1.319

Phaseolus vulgarisU  field 0.97 0.92-1.0232 0.95 0.88-1.048 1.04 0.99-1.10
Pisum sativum A field/pot 1.27 1.17-1.3739 1.07 1.02-1.1139 1.07 1.01-1.138
Vicia faba A field 1.20 0.88-1.633 0.97 0.81-1.153 1.03 0.86-1.233
Vicia sativa A field 1.06 0.99-1.1414 0.99 0.94-1.0514

Vigna radiata U field/pot1.33 1.25-1.4114 1.11 1.04-1.1914

Vigna umbellata U pot 1.16 0.91-1.43 0.88 0.66-1.101

Average field 1.16*1.13-1.20154 1.05"1.02-1.08120 1.07° 1.04-1.1069
Average pot 1.59 1.50-1.649 1.02 0.97-1.0648 1.03 0.90-1.17%
AM fungi

C. arietinum A/U field/pot 1.17 1.04-1.324 1.04 0.86-1.2%

G. max U field/pot1.46 1.31-1.6154 1.05 1.02-1.0%4 1.06 1.00-1.128
L. culinaris A field/pot 1.19 0.86-1.6511 0.87 0.53-1.4311

P. vulgaris U field 0.94 0.75-1.14 0.99 0.88-1.116 0.95 0.83-1.0%
P. sativum A field 1.04°0.57-1.904 1.08°0.84-1.304 0.95* 0.85-1.064
P. sativum A pot 153 1.17-2.010 1.04 0.94-1.1510 1.15 1.08-1.228
V. faba A field 1.12 0.91-1.38 1.04 0.94-1.168 1.03 0.96-1.116
Vigna umbellata U pot 159 0.47-5.32 0.99 0.53-1.8&

Average field 1.09%0.96-1.2428 1.02"°0.92-1.1328 0.98* 0.93-1.0418
Average pot 145 1.34-151 1.03 0.96-1.0971 1.14 1.07-1.2115
Rhizobia + AM fungi

C. arietinum A/U pot 216 1.78-2.6A 1.74 1.42-2.101 1.76 1.43-2.12
G. max U field/pot1.31 1.13-1.523 1.34 1.12-1.603

L. culinaris A pot 1.58 1.22-2.048 0.60 0.47-0.7518

P. vulgaris U field 1.00 0.84-1.1% 091 0.76-1.0% 0.89 0.76-1.0%
P. sativum A pot 1.28 1.13-1.4420 1.04 0.95-1.1420

V. faba A field 1.19 0.89-1.5% 1.09 0.95-1.2% 1.14 0.97-1.3%6
V. umbellata U pot 2.02 1.66-2.42 0.91 0.69-1.151

Average field 1.12°0.93-1.3414 1.04*0.82-1.3214 1.02 0.92-1.1314
Average pot 144 1.30-1.581 0.82 0.72-0.9341 1.76 1.43-2.121

1. ‘R is the response ratio, ‘95%CI’ is the confidemuervals atP<0.95% for theR to be valid, andrt is the
number of data points.

2. 'Sap’ is the column for the main nitrogenous sadutéxylem sap of effectively nodulated legumegéRand
Atkins, 1983), where ‘A’ stands for amide, and 10t ureides.

3. ‘Chi-square’ test was applied to compare the reses of field and pot experiments within a givegulae
species. The symbol * indicates that the differsrane significantly different at P<0.05 and ‘nsitlthe
differences are not significant. When the diffeenbetween field and pot experiments were nostitally
significant, an average response including botld f&d pot experiment was presented.

4. References of the meta-analysis are given in teeeece list of this thesis under the heading “Aiddal
References on Table 5.1.”
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in field and by 45%R=1.45) in pot experiments.

Table 1 shows that legume responses to rhizobilAdvi fungal inoculation are
stronger in pot than in field experiments. Smadp@nses to inoculation in the field are
probably attributed to the fact that field soilsvbaa dense population of indigenous
strains which are more infective than the stramulated, but less effective. Often,
strains that proved to be very infective and effecin pot experiments, are not highly
infective in the field, because of a lower competitability with indigenous strains for
root colonization (rhizobia: Herridge and Rose, 0BM fungi: Smith and Read,
2008). On the other hand, if the substrate in Wis s sterilized, competition among
strains is absent or reduced, and an effective mgisbis established already in the
initial stages of development. Differences in remes between field and pot
experiments could also be related to the availabié volume (e.g. less phosphate
available) per plant. However, some authors adeott@t pots in general offer much
more soil volume than fields because they suppavrel plant densities (Koide, 1991).

Considering harvest index (the ratio of grain toxaground biomass) as indicator,
a ‘direct’ effect of sink stimulation of the photaghesis by symbioses is observed in a
few legume crops [i.e. soybean; p@as(m sativunt..); and mungbean/fgna radiata
(L.) R. Wilczek)] under field conditions. | thinkat the harvest index did not increase
in the other crops because these plants grew arlalgpot biomass as well. Although
the meta-analysis would be stronger if there welarger number of data points for
some legumes [e.g. pigeon pe@ajanus cajan(L.) Millsp.), rice bean Yigna
umbellata (Thunb.) Ohwi & H. Ohashi); chickpe&icer arientinumL.), and faba
bean Vicia fabal.)], it indicates that plants associated withediiial and AM fungal
microsymbionts grow better and produce more gnaimch means that plants are not
limited by C. If microsymbionts are capable of slypm nutrients, then plants would
spend any C required to support such symbiosesubyragulating photosynthetic
capacity (e.g. rhizobia: Chapter 3; AM symbioseandis and Fraser, 2008). These
results add to the argument that plants (partibulambiotic plants) are almost never
limited by C supply, but rather by soil nutrienkilfard et al., 2007).

Some legumes are highly valued for their oil coptdsut few studies have
considered the effect of rhizobial and/or AM fungadculation on the grain oil mass
fraction [e.g. rhizobia/peanutAfachis hypogaeal.): Anandham et al., 2007;
rhizobia/soybean: Ratner et al., 1979; Malik et2006; AM fungi/soybean: Ross and
Harper, 1971; Roos, 1971]. If symbiotic plants divineir C to support symbioses
(Minchin and Witty, 2005; Smith and Read, 2008; fatba 2), they cannot afford to
accumulate oil in grains due to the high C requests (cf. Penning de Vries et al.,
1974), unless the stimulation of photosynthesiseeds the C demands from the
microsymbionts. Therefore, | measured the respoases of grain oil mass fraction
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due to inoculation of rhizobial or AM fungal spexiénterestingly, there is no effect of
inoculation in any of the grain legumes analysesl, faba bean, peanut and soybean.
Grain oil mass fraction in both peanut and soybisajust increased by 1% due to
rhizobial inoculation (not shown in the table; petaiR=1.01; 95%CI=0.99-1.04; n=7;
soybean: R=1.01; 95%CI=0.78-1.26; n=1), where&sjiist decreased by 3% due to
AM fungal inoculation (R=0.97; 95% CI=0.89-1.06; 5)= none of which are
significant. To me, the absence of responses oingml mass fraction to
microsymbiont inoculation is again evidence thaingd overcome the competition for
C by increasing their photosynthetic metabolism.

Although there are attributes other than photossgith that affect productivity
under field conditions (e.g. incidence of soil-b®mtiseases, herbivores, soil physical
properties, crop management, climatic conditiorns), @hotosynthesis is one of the
remaining agronomic traits which has not been imgdan the past 50 years (Sharma-
Natu and Ghildiyal, 2005; Long et al., 2006). Loagal. (2006) discussed several
theoretical pathways of breeding to increase thmalepotential of photosynthesis in
crops and concluded that it will take some decédddsre we can reap the benefits of
genetic manipulation of photosynthetic capacity. this thesis | show that leaf
photosynthesis can be sink-stimulated by AM andathial symbioses. In early growth,
it is likely that increases of photosynthesis bynbioses will only compensate the C
costs of symbioses (as a removal of sink limitatidrnphotosynthesis), but in later
stages, symbioses will allow for building up stramgks (grain).

Next to grain yield increases (16%), the meta-aialyshows that rhizobial
inoculation improves grain protein mass fraction BY% (R=1.07) under field
conditions (Table 1). The legume crops that mosuamilated protein in the grains
due to rhizobial inoculation were: pigeonpea (aridgde-transporter), soybean
(ureide-transporter) and pea (amide-transporteapl@l 5.1). Thus, although Pate and
Atkins (1983) predicted the costs of asparaginadajrsynthesis to be 15.5 ATP/NH
and the costs of allantoin/allantoic acid (ureides)e 8.5 ATP/NH legumes that
transport either amides or ureides can benefit fedimctive rhizobial symbioses. As
discussed in Chapter 4, Nxation offers an advantage as compared to tipdicgtion
of N fertilizers in the field because legumes (esgybean) reduce the capability to
absorb N@ after the flowering stage, in spite of continuedailability in the soil
(Streeter, 1972; Sinclair and de Wit, 1975; Egliakt 1978; Imsande and Edwards,
1988) due to a reduced activity of nitrate reduE{@&sC. 1.6.6.1Minchin et al., 1980).
Indeed, there is evidence that soybean hardly relgpdo N fertilization after pod
filling starts (Egli et al., 1978; Hungria et &006; Salvaviotti et al., 2008). However,
legumes associated with effective rhizobial strasupport N fixation for longer
periods during the pod filling stage (Warembourd &ernandez, 1985; Neves et al.,
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1985), which delays leaf senescence and increhegseriod of grain filling (Chapter
4).

5.6. Modelling sink stimulation at crop level

As far as | can tell, sink stimulation of photodyesis by symbioses has yet to be
implemented in crop models. However, the meta-amlgbove evidenced that, at
least for a few crops, sink stimulation plays arol increasing grain yield. It would be
very interesting to know whether we can predick stimulation of photosynthesis
under field conditions through crop model simulasio

| selected the GECROS5€notype-byEnvironment interaction o€Rop growth
Simulator) model (Yin and van Laar, 2005) to disctlss role of sink stimulation of
photosynthesis by symbioses in crop models. The RBEE model is appropriate in
this case because it describes the @€3imilation with the equations of Farquhar et al.
(1980) and some modifications by Yin et al. (20CHnilar to what | describe in
Chapter 3. Few crop models which have describedptioeess of biological N
fixation, have done so by describing empirical tieteships between observed, N
fixation rates and plant development (cf. Cannaval.e 2008). The GECROS model
simulates N acquisition dynamically, and assumas th fixation can fulfil legume N
requirements if N uptake is insufficient, providbet there is sufficient C to cover the
costs of N fixation (cf. Yin and van Laar, 2005). | param&ed GECROS with
independent data for two soybean varieties, whieh ganted in Southern Brazil,
based on data reported by Oya et al. (2004), Sirefal. (2005) and Franchini et al.
(2007) (see Appendix 3), and compared with actatd,cas observed by Hungria et al.
(2006).

Following the GECROS simulations, increasing C €adt N, fixation result in
significantly decreasing soybean grain yields, ipakarly from 4 g C g N onwards,
regardless of the year of simulation (Fig. 5.1).c&pt for the year 2002/2003,
simulated grain yields of N-fertilized plants (madkwith dashed circles) are always
greater than simulated grain yields of rhizobiacmated plants (all the other data
points). It has been presumed that C costs ofiXdtion range from 5 to 12 g Cg
(Cannell and Thornley, 2000; Witty and Minchin, 80Chapter 2), but implementing
those values in GECROS model results in variatibmround 1000 kg ha in the
simulated grain yields. On the other hand, obsey@ih yields of N-fertilized and
rhizobia- inoculated did not differ in pair-wisermaparisons (e.g. CT, year 2000/2001,
etc.), but there were differences over the yeatsementually because of soil tillage
management (Fig. 5.1; Hungria et al., 2006). | db lbelieve that the C costs of, N
fixation are significantly changed over the yeass,due to different soil tillage
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Figure 5.1.Simulated and observed yield of N-fertilized ovdnlated soybean cultivars in an
oxisol at Londrina-PR, Brazil, during the summeir2@00, 2001 and 2002/2003. Simulations
were performed with GECROS (Yin and van Laar, 20@B)ich considers that biological,N
fixation in legumes is limited by C availability.€i C costs of Nfixation). The simulated
data points circled with dashed lines indicateeddysimulation with fertilization of 100 kg N
ha’ (simulated as ammonium) applied at day 1, andkipba® at day 55. Parameterization
was made with independent data, as explained ireAgig 3. Observed yields were obtained
in fields prepared by two tillage systems: NT= nilage and CT=conventional tillage.
Fertilized plots received 200 kg N Haas urea, equally split at sowing (day 1) and full
flowering (day 55). Other details of the experingeaite described in Hungria et al. (2006).

management. In fact, the work of Sket et al. (198&)gests that the C costs of N
fixation are quite constitutive characteristics afrhizobial strain. Therefore, oN
fixation and grain yields were determined by ottaators which were not captured by
the model. As a matter of fact, the mismatch betws&eulated and observed yields
suggest that the C costs of fikation are not a limiting factor for grain yiedtl
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As previously reviewed by others (Graham and Vag680; Hungria and Vargas,
2000; van Kessel and Hartley, 2000), the graindgiedf legumes are determined by
several factors other than C costs gffidation, particularly soil and crop management,
which indirectly affects potential Nixation. By including C costs to Nixation, crop
models are likely to produce ‘right’ results by utping a ‘wrong’ process. At best
approach, models should include C costs gfikdation with the same values as the N
acquisition though nitrate uptake (emg.2 g C g* N; GECROS model), or then,
include the sink stimulation of photosynthesis iy € costs of symbioses.

In Chapter 3, | measured the response curves dbgythesis to increasing GO
concentrations of glasshouse-growing soybean plamtéch were inoculated with
Bradyrhizobium japonicunstrains or fertilized with nitrate. The results tfat
experiment show that there is an adaptation of qayoithetic capacity (rubisco
activity and electron transport rates) to diffenextes of triose-P utilization (Chapter 3).
Therefore, | think that inclusion of sink stimutati of photosynthesis by rhizobial and
AM symbioses on crop models based on photosynthigtichemistry requires
knowledge on the slope of the relationship of gi#sutilization due to increased C
sink strenght with the electron transport rates ratisco activity. In the specific case
of C costs of rhizobial and AM symbioses, | woultbwy plants with different
rhizobial and AM fungal strains, differing in C rdcements, and then, measure the
response curves of photosynthesis to fit the madephotosynthesis limitations,
similarly to that which | describe in Chapter 3.Wyer, as discussed in Chapter 2, the
most difficult step is to determine the C costsAdl symbioses in relation to the
symbiotic benefits, particularly AM symbioses bringany benefits, other than
exclusive P nutrition (Smith and Read, 2008).

A major contribution of my thesis is the understagdhat both rhizobial and AM
fungi symbioses are beneficial to plants, regasdigisthe C costs, and beyond the
nutritional effects of N and P acquisition., Mixation by rhizobial symbiosis and
increasing uptake of phosphates in the soil by AMgi symbiosis may increase crop
productivity more than highly fertilized fields, vidn reducing monetary costs. Recent
reviews (Graham and Vance, 2000; Hungria and Va2fz30; van Kessel and Hartley,
2000) emphasize the role of appropriate soil arap ananagements for achieving
effective N fixation and good grain yields. Potential ratesNof fixation are not
achieved in developed countries because of an roppgpte strategy of plant breeding
under high rates of N fertilizers (Graham and Va890; Hungria and Vargas, 2000).
Kiers et al. (2007) demonstrated that soybean brged the United States of America
has led to modern soybean varieties with poorelitylio associate with effective
rhizobial strains. On the other hand, in developocauntries (e.g. Brazil), plant
breeders have selected soybean varieties whiletiogniil fertilizers and inoculating
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with effective rhizobial strains (Hungria et alQ@, 2006). The success of fikation

is such in Brazil, that farmers are capable to &str2,000 to 3,250 kg soybean grains
ha® (depending on regional climatic conditions) on ama of 21.4 Million ha
(CONAB, 2009), without applying a grain of N fertiér specifically for that crop,
even not starter N. | would recommend that any kbgwveent in crop breeding or
management should consider the application of ilants, or at least soil management
which favours the establishment of rhizobial and AMgal symbioses.

91






References

Abu-Shakra, S.S., Phillips, D.A., Huffaker, R.C978. Nitrogen fixation and delayed
leaf senescence in soybeans. Science 199, 973-975.

Ainsworth, E.A., Davey, P.A., Bernacchi, C.J., Dedy, O.C., Heaton, E.A., Moore,
D.J., Morgan, P.B., Naidu, S.L., Yoora, H.-S., ZKuG., Curtis, P.S., Long, S.P.,
2002. A meta-analysis of elevated [gQCeffects on soybeanGlycine mak
physiology, growth and yield. Global Change Biol@yy695-709.

Ainsworth, E.A., Rogers, A., Nelson, R., Long, $S2004. Testing the “source-sink”
hypothesis of down-regulation of photosynthesislevated [CQ in the field with
single gene substitutions @lycine maxAgricultural and Forest Meteorology 122,
85-94.

Alberton, O., Kaschuk, G., Hungria, M., 2006. Samgpleffects on the assessment of
genetic diversity of rhizobia associated with s@imend common bean. Soll
Biology & Biochemistry 38, 1298-1307.

Alberton, O., Kuyper, T.W., 2009. Ectomycorrhizalnfi associated witiPinus
sylvestris seedlings respond differently to increased carkmmd nitrogen
availability: implications for ecosystem respongeglobal change. Global Change
Biology 15, 166-175.

Alberton, O., Kuyper, T.W., Gorissen, A., 2005. ek mycocentrism seriously:
mycorrhizal fungal and plant responses to elev&i€d. New Phytologist 167,
859-868.

Alberton, O., Kuyper, T.W., Gorissen, A., 2007. Guatition for nitrogen between
Pinus sylvestrisand ectomycorrhizal fungi generates potential f@gative
feedback under elevated G®lant and Soil 296, 159-172.

Alves, B.J.R., Santos, J.C.F., Urquiaga, S., BoddeyM., 1994. Método de
determinacéo do nitrogénio em solo e planta. Imdtia, H., Aradjo, R.S. (EdSs).
Manual de Métodos Empregados em Estudos de Midagi#oAgricola. Embrapa-
SPI, Brasilia: 449-469.

Amijee, F., Tinker, P.B., Stribley, D.P., 1989. Tdevelopment of endomycorrhizal
root systems. VII. A detailed study of effects ofl phosphorus on colonization.
New Phytologist 111, 435-446.

Anandham, R., Sridar, R., Nalayini, P., Poonguzl®&li Madhaiyan, M., Sa, T., 2007.

93



References

Potential for plant growth promotion in groundnétgchis hypogaea.) cv. ALR-
2 by co-inoculation of sulfur-oxidizing bacteriadaRhizobium Microbiological
Research 162, 139-153.

Arnon, DI., 1949. Copper enzymes in isolated clptasts. Polyphenoloxidase Beta
vulgaris Plant Physiology 24, 1-15.

Atkins, C.A., 1984. Efficiencies and inefficiencies the legume/Rhizobium
symbiosis — a review. Plant and Soil 82, 273-284.

Augé, R., 2001. Water relations, drought and vdéaiearbuscular mycorrhizal
symbiosis. Mycorrhiza 11, 3-42.

Azcén-Bieto, J., 1983. Inhibition of photosynthekis carbohydrates in wheat leaves.
Plant Physiology 73, 681-986.

Bago, B., Pfeffer, P.E., Abubaker, J., Jun, J.e@llJ.W., Brouillette, J., Douds, D.D.,
Lammers, P.J., Shachar-Hill, Y., 2003. Carbon exfrom arbuscular mycorrhizal
roots involves the translocation of carbohydratevalf as lipid. Plant Physiology
131, 1496-1507.

Bago, B., Pfeffer, P.E., Zipfel, W., Lammers, Pha&har-Hill, Y., 2002. Tracking
metabolism and imaging transport in arbuscular mjgzal fungi. Plant and Soill
244, 189-197.

Baker, N.R., 2008. Chlorophyll fluorescence: a praff photosynthesis in vivo.
Annual Review of Plant Physiology 59, 89-113.

Bécard, G., Doner, L.W., Rolin, D.B., Douds, D.Bfeffer, P.E., 1991. Identification
and quantification of trehalose in vesicular-arluscmycorrhizal fungi by in vivo
13C NMR and HPLC analyses. New Phytologist 118, 582-5

Bernacchi, C.J., Singsaas, E.L., Pimentel, C.,i¥at, A.R., Long, S.P., 2001.
Improved temperature response functions for modefs Rubisco-limited
photosynthesis. Plant Cell & Environment 24: 253.25

Bethlenfalvay G.J., Phillips, D.A., 1978. Interacts between Symbiotic Nitrogen
Fixation, Combined-N Application, and Photosynteesnh Pisum sativum
Physiologia Plantarum. 42, 119-123.

Bethlenfalvay, G.J., Brown, M.S., Pacovsky, R.882a. Relationships between host
and endophyte development in mycorrhizal soybebiesv Phytologist 90, 537-
543.

Bethlenfalvay, G.J., Norris, R.F., Phillips, D.AL979. Effect of bentazon, a Hill

94



References

reaction inhibitor, on symbiotic nitrogen-fixing pmacity and apparent
photosynthesis. Plant Physiology 63, 213-215.

Bethlenfalvay, G.J., Pacovsky, R.S., Brown, M.Ql|ldf, G., 1982b. Mycotrophic
growth and mutualistic development of host plantl dangal endophyte in an
endomycorrhizal symbiosis. Plant and Soil 68, 43-54

Bethlenfalvay, G.J., Pacovsky, R.S.,1983. Lightet$ in mycorrhizal soybeans. Plant
Physiology 73, 969-972.

Bethlenfalvay, G.J., Phillips, D.A., 1977. Ontoggoe interactions between
photosynthesis and symbiotic nitrogen fixation egumes. Plant Physiology 60,
419-421.

Bittman, S., Kowalenko, C.G., Hunt, D.E., ForgeAT.Wu, X., 2006. Starter
phosphorus and broadcast nutrients on corn withtr@stmg colonization by
mycorrhizae. Agronomy Journal 98, 394-401.

Black, K.G., Mitchell, D.T., Osborne, B.A., 2000ff&ct of mycorrhizal-enhanced leaf
phosphate status on carbon partitioning, trandlmtaand photosynthesis in
cucumber. Plant Cell & Environment 23, 797-809.

Bolan, N.S., Robson, A.D., Barrow, N.J., 1984. &aging phosphorus supply can
increase the infection of plant roots by vesic@diuscular mycorrhizal fungi. Soil
Biology & Biochemistry 16, 419-420.

Bouwmeester, H.J., Roux, C., Lopez-Raez, J.A., BEc&., 2007. Rhizosphere
communication of plants, parasitic plants and AMdu Trends in Plant Science
12, 224-230.

Boyd, H.W., 1971. Manganese toxicity to peanututoalaved soil. Plant and Soil 34,
133-144.

Bradford, M.M., 1976. A dye binding assay for pinteAnalytical Biochemistry 72,
248-254.

Broughton, W.J., Dilworth, M.J., 1971. Control eghaemoglobin synthesis in snake
beans. Biochemical Journal 125:1075-1080

Brown, M.S., Bethlenfalvay, G.J., 1987. Tkdycine-Glomus-Rhizobiuraymbiosis.
IV. Photosynthesis in nodulated, mycorrhizal, or &hkd P-fertilized soybean
plants. Plant Physiology 85, 120-123.

Brown, M.S., Bethlenfalvay, G.J., 1988. TG&cine-Glomus-Rhizobiusymbiosis. 7.
Photosynthetic nutrient-use efficiency in nodulated/corrhizal soybeans. Plant

95



References

Physiology 86, 1292-1297.

Bryla, D.R., Eissenstat, D.M., 2005. Respiratorgtsmf mycorrhizal associations. In:
Lambers, H., Ribas-Carbo, M., (Eds.) Plant RespmatSpringer, Dordrecht, pp
207-224.

Bukhov, N.G., 2004. Dynamic light regulation of pb®ynthesis. Russian Journal of
Plant Physiology 51, 742-753.

Butehorn, B., Gianinazzi-Pearson, V., Franken,1B99. Quantification of-tubulin
RNA expression during asymbiotic and symbiotic depment of the arbuscular
mycorrhizal fungusGlomus mosseadlycological Research 3, 360-364.

Buwalda, J.G., Goh, K.M., 1982. Host-fungus contjmeti for carbon as a cause of
growth depressions in vesicular-arbuscular mycealhryegrass. Soil Biology &
Biochemistry 14, 103-106.

Buwalda, J.G., Ross, G.J.S., Stribley, D.P., TinkeB., 1982. The development of
endomycorrhizal root systems. Ill. The mathematrepresentation of the spread
of vesicular-arbuscular mycorrhizal infection iroteystems. New Phytologist 91,
669-682.

Cakmak, I., Engels, C., 1999. Role of mineral muis in photosynthesis and yield
formation. In: Rengel, Z. (Ed.) Mineral Nutritionf oCrops. Fundamental
Mechanisms and Implications. The Haworth Press, Mew York, pp.141-168.

Callow, J.A., Capaccio, L.C.M., Parish, G., Tinkd?,B., 1978. Detection and
estimation of polyphosphate in vesicular-arbuscaigcorrhizas. New Phytologist
80, 125-134.

Campbell, W.J., Allen Jr., L.H., Bowes, G., 1988feEts of CQ concentration on
rubisco activity, amount and photosynthesis in sayis leaves. Plant Physiology
88, 1310-1316.

Cannavo, P., Recous, S., Parnaudeau, V., Reak0B8. Modeling N dynamics to
assess environmental impacts of cropped soils. Acks&in Agronomy 97, 131-
174.

Cannell, M.G.R., Thornley, J.H.M., 2000. Modellindpe components of plant
respiration: some guiding principles. Annals of &ot 85, 45-54.

Cardoso, I.M., Boddington, C.L., Janssen, B.H., €&wea, O., Kuyper, T.W., 2004.
Double pot and double compartment: integrating &pproaches to study nutrient
uptake by arbuscular mycorrhizal fungi. Plant and, 260, 301-310.

96



References

Cardoso, I.M., Boddington, C.L., Janssen, B.H., €&wea, O., Kuyper, T.W., 2006.
Differential access to phosphorus pools of an QOxisp mycorrhizal and
nonmycorrhizal maize. Communications in Soil Sceermnd Plant Analysis. 37,
1537-1551.

Cardoso, I.M., Kuyper, T.W., 2006. Mycorrhizas ancbpical soil fertility.
Agriculture, Ecosystems and Environment 116, 72-84.

Carling, D.E., Brown, M.G., 1980. Relative effeé¢tvesicular-arbuscular mycorrhizal
fungi on the growth and yield of soybeans. Soike8ce Society American Journal
44, 528-532.

Catt, J.W., Millard, P., 1988. The measurement djulose 1,5-biphosphate
carboxylase/oxygenase concentration in the lea¥egotato plants by enzyme
linked immunosorbtion assays. Journal of Experimiedotany 39, 157-164.

Cen, Y.P., Layzell, D.B., 2003. In vivo gas exchamgeasurement of the site and
dynamics of nitrate reduction in soybean. PlantdRiggy 131, 1147-1156.

Cheng, L., Fuchigami, L.H., 2000. Rubisco activatgiate decreases with increasing
nitrogen content in apple leaves. Journal of Expental Botany1, 1687-1694.

CONAB (Companhia Nacional de Abastecimento), 2008icadores da Agropecuaria
Fevereiro 2009. Available at: http://www.conab.dpiconabweb/IA-fev09.pdf
Retrieved on: 17 March 2009.

Crafts-Brandner, S.J., Egli, D.B., 1987. Sink realcand leaf senescence in soybean.
Plant Physiology 85, 662-666.

Daft, M.J., EI-Giahmi, A.A., 1978. Effect of arbugar mycorrhiza on plant growth.
VIIl. Effects of defoliation and light on selectéabsts. New Phytologist 80, 365-
372.

de Groot, C.C., Marcelis, L.F.M., van der Boogad&d, Lambers, H., 2001. Growth
and dry-mass partitioning in tomato as affectepbgsphorus nutrition and light.
Plant Cell & Environment 24, 1309-1317.

de Groot, C.C., van den Boogaard, R., Marcelis,M.FHarbinson, J., Lambers, H.,
2003. Contrasting effects of N and P deprivation the regulation of
photosynthesis in tomato plants in relation to Besdk limitation. Journal of
Experimental Botany 54, 1957-1967.

de Varennes, A., Goss, M.J., 2007. The triparytalsosis between legumes, rhizobia
and indigenous mycorrhizal fungi is more efficient undisturbed soil. Soil
Biology & Biochemistry 39, 2603-2607.

97



References

de Veau, E.J.,, Robinson, J.M., Warmbrodt, R.D., vBarkum, P., 1990.
Photosynthesis and photosynthate partitioning in fiXing soybeans. Plant
Physiology 94, 259-267.

Dingkuhn, M., Luquet, D., Clément-Vidal, A., Tambol., Kim, H.K., Song, Y.H.,
2007. Is plant growth driven by sink regulation? $piertz, J.H.J., Struik, P.C. van
Laar, H.H., (Eds) Scale and Complexity in Plantt&ys Research- Gene-Plant-
Crop Relations, Springer, Dordrecht, pp 157-170.

Dubois, M., Gilles K.A., Hamilton, J.K., Rebers AB. Smith, F., 1956. Colorimetric
method for determination of sugars and related tanbss. Analytical Chemistry
28, 350-356.

Egli, D.B., Leggett, J.E., Duncan, W.G., 1978. liethce of N stress on leaf senescence
and N redistribution in soybean. Agronomy Jourrial43-47.

Eissenstat, D.M., Graham, J.H., Syvertsen, J.Pquibard, D.L., 1993. Carbon
economy of sour orange in relation to mycorrhizalonization and phosphorus
status. Annals of Botany 71, 1-10.

Evans, J.R., 1989. Photosynthesis and nitrogetiae$hips in leaves of £plants.
Oecologia 78, 9-19.

Farquhar, G.D., von Caemmerer, S., Berry, J.A.,0198 biochemical-model of
photosynthetic C@®assimilation in leaves of{&pecies. Planta 149, 78-90.

Fay, P., Mitchell, D.T., Osborne, B.A., 1996. Phytathesis and nutrient-use
efficiency of barley in response to low arbuscutaycorrhizal colonization and
addition of phosphorus New Phytologist 132, 425:433

Fehr, W.R.C., Caviness, C.E., Burmood, D.T., Pegioim J.S., 1971. Stage of
development descriptions for soybe&tycine max(L.) Merrill. Crop Science 11,
929-931.

Finke, R.L., Harper, J.E., Hageman, R.H., 1982ici&fificy of nitrogen assimilation by
N,-fixing and Nitrate-grown soybean plant§&lycine max[L.] Merr.). Plant
Physiology 70, 1178-1184.

Fitter, A.H., 1991. Costs and benefits of mycorasizimplications for functioning
under natural conditions. Experientia 47, 350-355.

Flexas, J., Diaz-Espejo, A., Berry, J.A., Cifre,Galmés, J., Kaldenhof, R., Medrano,
H., Ribas-Carbo, M., 2007. Analysis of leakageRGKA'’s leaf chambers of open
gas exchange systems: quantification and its effert photosynthesis
parameterization. Journal of Experimental Botanyl&83-1543.

98



References

Fligge, U.l., 1995. Phosphate translocation irrégeilation of photosynthesis. Journal
of Experimental Botany 46, 1317-1323.

Forrester, J.W., 1961. Industrial dynamics. Johte\W& Sons Inc., New York, 464.

Foyer, C., Spencer, C., 1986. The relationship betw phosphate status and
photosynthesis in the leaves. Planta 167, 369-375.

Franchini, J.C., Crispino, C.C., Souza, R.A., Tsyrée., Hungria, M., 2007
Microbiological parameters as indicators of soilaljfy under various soll
management and crop rotation systems in SouthexrilB&oil & Tillage Research
92, 18-29.

Fredeen, A.L., Rao, I.M. and Terry, N., 1989. Iefige of phosphorus nutritions on
growth and carbon partitioning @&lycine maxPlant Physiology 89, 225-230.

Fredeen, A.L., Terry, N., 1988. Influence of vesactarbuscular mycorrhizal infection
and soil phosphorus level on growth and carbon lboditan of soybean. Canadian
Journal of Botany 66, 2311-2316.

Frey, B., Vilarifio, A., Schiepp, H., Arines, J.949 Chitin and ergosterol content of
extraradical and intraradical mycelium of the vakcarbuscular mycorrhizal
fungusGlomus intraradicesSoil Biology & Biochemistry 26, 711-717.

Fujita, K., Masuda, T., Ogata, S., 1988a. Dinitrodiation, ureide concentration in
xylem exudate and translocation of photosynthates®oybean as influenced by pod
removal and defoliation. Soil Science & Plant Nudn. 34, 265-275.

Fujita, K., Masuda, T., Ogata, S., 1988b. Dry matteduction and dinitrogen fixation
of wild and cultivated soybean varieties as affedig pod removal. Soil Science &
Plant Nutrition. 34, 255-264.

Giller, K.E., 2001. Nitrogen Fixation in Tropicalr@ping Systems,"2 edn. CAB
International, Wallingford.

Goicoechea, N., Antolin, M.C., Sdnchez-Diaz, M97.9Gas exchange is related to
the hormone balance in mycorrhizal or nitrogenrixalfafa subjected to drought.
Physiologia plantarum 100, 989-997.

Goldschmidt, E.E., Huber, S.C., 1992. Regulatiorplebtosynthesis by end-product
accumulation in leaves of plants storing starclty@se and hexose sugars. Plant
Physiology 99, 1443-1448.

Graham, P.H., Vance, C.P., 2000. Nitrogen fixatiorperspective: an overview of
research and extension needs. Field Crops Res@ar&3-106.

99



References

Grant, C., Bittman, S., Montreal, M., Plenchette, ®lorel, C., 2005. Soil and
fertilizer phosphorus: effects on plant P supply anycorrhizal development.
Canadian Journal of Plant Sciences 85, 3-14.

Grimoldi, A.A., Kavanova, M., Lattanzi, F.A., Schigr, H., 2005. Phosphorus
nutrition-mediated effects of arbuscular mycorrhonaleaf morphology and carbon
allocation in perennial ryegrass. New Phytolog&$,1435-444.

Gurevitch, J. Hedges L.V., 2001. Meta-analysis: loming the results of independent
experiments. In: Scheiner, S.M., Gurevitch, J.,sjEdDesigns and Analysis of
Ecological Experiments,"2edn., Oxford University Press, Oxford, pp 347-369.

Hardy, R.W.F., Havelka, U.D., 1975. Nitrogen fixatiresearch: a key to world food ?
Science, 188, 633-643.

Harinikumar, K.M., Bagyaraj, D.J., 1988. Effect @p rotation on native vesicular
arbuscular mycorrhizal propagules in soil. Plartt 8oil 110, 77-80.

Harley, P.C., Sharkey, T.D., 1991. An improved maafeC; photosynthesis at high
CO.: reversed © sensitivity explained by lack of glycerate re-gntinto the
chloroplast. Photosynthesis Research 27, 169-178.

Harley, P.C., Thomas, R.B., Reynolds, J.F., StrahR., 1992. Modelling
photosynthesis of cotton grown in elevated,CPlant, Cell & Environment 15,
271-282.

Harris, D., Pacovsky, R.S., Paul, E.A., 1985. Carboonomy of soybeaRhizobium-
Glomusassociations. New Phytologist 101, 427-440.

Hartwig, U.A., 1998. The regulation of symbiotig fikation: a conceptual model of N
feedback from the ecosystem to the gene expre$si@h Perspectives in Plant
Ecology, Evolution and Systematits92-120.

Haynan, D.S., 1974. Plant growth responses to wesi@arbuscular mycorrhizal. VI.
Effect of light and temperature. New Phytologis, 71-80.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 199% Tieta-analysis of response ratios in
experimental ecology, Ecology 80, 1150-1156.

Hepper, C.M., 1977. A colorimetric method for esitmg vesicular-arbuscular
mycorrhizal infection in roots. Soil Biology & Bibemistry 9, 15-18.

Hepper, C.M., 1983. The effect of nitrate and plhase on the vesicular-arbuscular
mycorrhizal infection of lettuce. New Phytologist, 389-399.

Herold, A., 1980. Regulation of photosynthesis mk sactivity — the missing link.

100



References

New Phytologist 86, 131-144.

Herridge, D., Rose, I., 2000. Breeding for enhanuétgen fixation in crop legumes.
Field Crops Research. 65, 229-248.

Herridge, D.F., 1982. Relative abundance of urei@ed nitrate in plant tissues of
soybean as a quantitative assay of nitrogen firattant Physiology0, 1-6.

Hesketh, J.D., Ogren, W.L., Peters, D.B., 1981.ré&lations among leaf CO
exchange rates, areas and enzyme activities amangean cultivars.
Photosynthesis Research 2, 21-30.

Hikosaka, K. and Terashima, 1., 1995. A model & dlcclimation of photosynthesis in
the leaves of ¢plants to sun and shad with respect to nitrogen Biant, Cell &
Environmentl8, 605-618.

Huber, S.C., Israel, D.W., 1982. Biochemical badisr partitioning of
photosynthetically fixed carbon between starch androse in soybearG(ycine
maxMerr.) leaves. Plant Physiology 69, 691-696.

Hungria, M., 1994. Metabolismo do carbono e doogiénio nos nédulos. In: Hungria,
M., Araujo, R.S., (Eds.) Manual de Métodos Empregacem Estudos de
Microbiologia Agricola.Brasilia, Embrapa-SPI, 247-283.

Hungria, M., Franchin, J.C., Campo, R.J., Crispi@oC., Moraes, J.Z., Sibaldelli,
R.N.R., Mendes, I.C., Arihara, J., 2006. Nitrogartrition of soybean in Brazil:
Contributions of biological b fixation and N fertilizer to grain yield. Canadian
Journal of Plant Science 86, 927-939.

Hungria, M., Franchini, J.C., Campo, R.J., Grah&m., 2005. The importance of
nitrogen fixation to soybean cropping in South Aiter In: Werner, D., Newton,
W.E., (Eds) Nitrogen Fixation in Agriculture, Fomgs Ecology, and the
Environment. Springer, Dordrecht, pp.25-42.

Hungria, M., Neves, M.C.P., 1986. Ontogenia dad&mabiologica do nitrogénio em
Phaseolus vulgarisPesquisa Agropecuaria Brasileira 21, 715-730.

Hungria, M., Neves, M.C.P., Doberéiner, J., 1988aRve efficiency, ureide transport
and harvest index in soybean inoculated with ismgeHup mutants of
Bradyrhizobium japonicunBiology and Fertility of Soils 7, 325-329.

Hungria, M., Vargas, M.A.T., 2000. Environmentatttars affecting N2 fixation in
grain legumes in the tropics, with an emphasis maeB Field Crops Research 65,
151-164.

101



References

Iglesias, D.J., Lliso, I., Tadeo, F.R., Talon, MQO02. Regulation of photosynthesis
through source: sink imbalance in citrus is medialg carbohydrate content in
leaves. Physiologia Plantarum 116, 563-572.

Imsande, J., 1988. Enhanced nitrogen fixation am®e net photosynthetic output and
seed yield of hydroponically grown soybean. JouofaExperimental Botany 39,
1313-1321.

Imsande, J., Edwards, D.G., 1988. Decreased mateisrate uptake during pod fill by
cowpea, green gram and soybean. Agronomy Journal8®3793.

Jabaji-Hare, S., Deschene, A., Kendrick, B., 198did content and composition of
vesicles of a vesicular-arbuscular mycorrhizal iwssmgVycologia 76, 1024-1030.

Jia, Y., Gray, V.M., 2004. Influence of phosphoarsd nitrogen on photosynthetic
parameters and growth Vicia fabalL. Photosynthetica 42, 535-542.

Jia, Y., Gray, V.M., Straker, C.J., 2004. The iefige ofRhizobiumand arbuscular
mycorrhizal fungi on nitrogen and phosphorus acdatian byVicia faba Annals
of Botany 94, 251-258.

Johnson, D., Leake, J.R., Ostle, N., Ineson, PadRB.J., 2002ln situ **CO, pulse-
labelling of upland grassland demonstrates a rapitiway of carbon flux from
arbuscular mycorrhizal mycelia to the soil. New ®lygist 153, 327-334.

Johnson, N.C., Graham, J.H., Smith, F.A., 1997. ckaning of mycorrhizal
associations along the mutualism-parasitism contmuNew Phytologist 135, 575-
585.

Kabir, Z., 2005. Tillage or no-tillage: impact onyoorrhizae. Canadian Journal of
Plant Science, 85, 23-29.

Kantar, F., Elkoca, E., gitci, H., Algur, O.F., 2003. Chickpea yields inat@n to
Rhizobiuminoculation from wild chickpea at high altitudesurnal of Agronomy
and Crop Science 189, 291-297.

Kaschuk, G., Hungria, M., Andrade, D.S., Campo,.,RR006. Genetic diversity of
rhizobia associated with common bean grown undez tio-tilage and
conventional systems in Southern Brazil. Applied Eoology, 32, p. 210-220.

Khalig, A., Sanders, F.E., 2000. Effects of vescwdrbuscular mycorrhizal
inoculation on the yield and phosphorus uptakaedfifgrown barley. Soil Biology
& Biochemistry 32, 1691-1696.

Kiers, E.T., Denison, R.F., 2008. Sanctions, coafp@n, and the stability of plant-

102



References

rhizosphere mutualisms. Annual Review of Ecologyplition, and Systematics
39, 215-36.

Kiers, E.T., Hutton, M.G., Denison, R.F., 2007. Hanrselection and the relaxation of
legume defences against ineffective rhizobia. Rrdirgys of the Royal Society
274, 3119-3126.

King, B.J., Layzell, D.B., 1991. Effect of increasga oxygen concentration during the
Argon-induced decline in nitrogenase activity irotranodules of soybean. Plant
Physiology 96, 376-381.

King, C.A., Purcell, L.C., 2005. Inhibition of Nixation in soybean is associated with
elevated ureides and amino acids. Plant Physidl@Fy 1389-1396.

Klironomos, J.N., 2003. Variation in plant resporieenative and exotic arbuscular
mycorrhizal fungi. Ecology, 84, 2292-2301.

Koide, R., Elliot, G., 1989. Cost, benefit and efncy of the vesicular-arbuscular
mycorrhizal symbiosis. Functional Ecology 3, 25525

Koide, R.T., 1991. Density-dependent response toomlgizal infection inAbutilon
theophrastiMedic. Oecologia 85, 389-395.

Kucey, R.M.N., Paul, E.A., 1982a. Biomass of myh@al fungi associated with bean
roots. Soil Biology & Biochemistry 14, 413-414.

Kucey, R.M.N., Paul, E.A., 1982b. Carbon flow, psnthesis, and Nfixation in
mycorrhizal and nodulated faba beangicia faba L.). Soil Biology &
Biochemistry 14, 407-412.

Kuo, C.G., Huang, R.S., 1982. Effect of vesiculdsugcular mycorrhizae on the
growth and yield of rice-stuble cultured soybedtant and Soil 64, 325-330.

Lambers, H., Chapin, F.S. Ill, Pons, T.L., 199&rPIPhysiological Ecology. Spring-
Verlag, New York.

Landis, F.C., Fraser, L.H., 2008. A new model afbon and phosphorus transfers in
arbuscular mycorrhizas. New Phytologist 177, 468:-47

Lawn, R.J., Brun, W.A., 1974. Symbiotic nitrogerdiion in soybeans. 1. Effect of
photosynthetic source-sink manipulations. Crop 18®€el4, 11-16.

Layzell, D.B., Hunt, S., 1990. Oxygen and the Ragoh of Nitrogen-Fixation in
Legume Nodules. Physiologia Plantarum 80: 322-327.

Linder, S., 1974. A proposal for the use of stadd&d methods for chlorophyll

103



References

determinations in ecological and eco-physiologigalestigations. Physiologia
Plantarum 32, 154-156.

Lodwig, E.M., Hosie, A.H.F., Bourdes, A., Findl&,, Allaway, D., Karunakaran, R.,
Downie, J.A., Poole, P.S., 2003. Amino-acid cycldrges nitrogen fixation in the
legumeRhizobiumsymbiosis. Nature 422, 722-726.

Long, S.P., Bernacchi, C.J., 2003. Gas exchangsune@ents, what can they tell us
about the underlying limitations to photosynthes®cedures and sources of
error. Journal of Experimental Botany 54, 2393-2401

Long, S.P., Zhu, X.-G., Naidu, S.L., Ort, D.R. 2006an improvement in
photosynthesis increase crop yields? Plant, C&h&ronment 29, 315-330.

Lovelock, C.E., Kyllo, D., Popp, M., Isopp, H., 4o, A., Winter, K., 1997. Symbiotic
vesicular-arbuscular mycorrhizae influence maximiates of photosynthesis in
tropical trees seedlings grown under elevated,. GXuistralian Journal of Plant
Physiology 24, 185-194.

Luo, Y., Su, B., Currie, W.S., Dukes, J. S., Fin&i, Hartwig, U., Hungate, B.,
McMurtrie, R.E., Oren, R., Parton, W.J., PatakiED Shaw, R., Zak, D.R., Rield,
C.B. 2004 Progressive nitrogen limitation of ecdsys responses to rising
atmospheric carbon dioxide. Bioscence 54, 731-740.

Machler, F., Oberson, A., Grub, A., N6sberger1988. Regulation of photosynthesis
in nitrogen deficient wheat seedlings. Plant PHggip 87, 46-49.

Mahon, J.D. 1983. Energy Relationships. In: BrooghW.J. (Ed.) Nitrogen Fixation
Volume 3: Legumes. New York: Oxford University Psepp. 299-325.

Malik, M.A., Cheema, M.A., Khan, H.Z., Wahid, M.A2006. Growth and yield
response of soybealycine max_..) to seed inoculation and varying phosphorus
levels. Journal of Agricultural Research 44, 47-53.

Marschner, H., 1995. Mineral Nutrition of HigheraBts. 2 edn. Academic Press Ltd.,
London.

Matsumoto, T., Yatazawa, M., Yamamoto, Y., 1977stiibution and change in the
contents of allantoin and allantoic acid in deveigp nodulating and non-
nodulating soybean plants. Plant and Cell Physioli®) 353-359.

Maury, P., Suc, S., Berger, M., Planchon, C., 1988sponse of photochemical
processes of photosynthesis to dinitrogen fixatiorsoybean. Plant Physiology
101, 493-497.

104



References

McClearly, B.V., Gibson, T.S., Mugford, D.C., 199easurement of total starch in
cereal products by amolyglucosidase — amylase method: collaborative study.
Journal of AOAC (Association of Official AnalyticaChemists) International 80,
571-579.

McClure, P.R., Israel, D.W., 1979. Transport ofragen in the xylem of soybean
plants. Plant Physiology 64, 411-416.

McCormick, A.J., Cramer, M.D., Watt, D.A., 2006. nBi strength regulates
photosynthesis in sugarcane. New Phytologist 139;7770.

McKinney, G., 1941. Absorption of light by chlorogh solutions. Journal of
Biological Chemistry 140, 315-322.

Medlyn, B.E., Dreyer, E., Ellsworth, D., Forstreyt®., Harley, P.C., Kirschbaum,
M.U.F., Le Roux, X., Montpied, P., Strassemeyey,Walcroft, A., Wang, K.,
Loustau, D., 2002. Temperature response of parasnetea biochemically based
model of photosynthesis. Il. A review of experin@ndata. Plant Cell &
Environment 25, 1167-1179.

Menge, J.A., Steirle, D., Bagyaraj, D.J., Johnsary., Leonard, R.T., 1978.
Phosphorus concentrations in plants responsibleirfbibition of mycorrhizal
infection. New Phytologist 80, 575-578.

Michiels, J., Dombrecht, B., Vermeiren, N., Xi, Quyten, E., Vanderleyden, J.,
1998. Phaseolus vulgarisis a non-selective host for nodulation, FEMS
Microbiollogy Ecology 26, 193—-205.

Millard, P., Sommerkorn, M., Grelet, G.-A., 200hironmental change and carbon
limitation in trees: a biochemical, ecophysiologiaad ecosystem appraisal. New
Phytologist 175, 11-28.

Minchin, F.R., Pate, J.S., 1973. The carbon balaice legume and the functional
economy of its root nodules. Journal of ExperimeRtaany 24, 259-271.

Minchin, F.R., Summerfield, R.J., Hadley, P., RabeE.H., Rawsthorne, S., 1981.
Carbon and nitrogen nutrition of nodulated rootggadin legumes. Plant Cell &
Environment 4, 5-26.

Minchin, F.R., Summerfield, R.J., Neves, M.C.P.8@9Carbon metabolism, nitrogen
assimilation, and seed yield of cowp&Agha unquiculataL. Walp) grown in an
adverse temperature regime. Journal of Experim@&utny 31, 1327-1345.

Minchin, F.R., Witty, J.F., 2005. Respiratory/canboosts of symbiotic nitrogen
fixation in legumes. In: Lambers, H., Ribas-Carbb, (Eds.) Plant Respiration.

105



References

Springer, Dordrecht pp. 195-205.

Mondal, M.H., Brun, W.A. and Brenner, M.L. (1978ff&cts of sink removal on
photosynthesis and senescence in leaves of soyBd&arine max..) plants.Plant
Physiology61, 394-397.

Moore, B.D., Cheng, S.-H., Sims, D., Seemann, JIR99. The biochemical and
molecular basis for photosynthetic acclimation tevated CO2. Plant, Cell &
Environment 22, 567-582.

Mortimer, P.E., Pérez-Fernandez, M.A., Valentine]. A2008. The role of arbuscular
mycorrhizal colonization in the carbon and nutriestonomy of the tripartite
symbiosis with nodulate®?haseolus vulgarisSoil Biology & Biochemistry 40,
1019-1027.

Mozafar, A., Anken, T., Ruh, R., Frossard, E. 20D0age intensity, mycorrhizal and
nonmycorrhizal fungi, and nutrient concentrationsmaize, wheat, and canola.
Agronomy Journal. 92, 1117-1124.

Nelson, D.L., Cox, M.M., 2004. Lehninger: Principlef Biochemistry Ed. 4 Freeman,
New York.

Neo, H.H., Layzell, D.B., 1997. Phloem glutaminel ahe regulation of @diffusion
in legume nodules. Plant Physiology 113, 259-267.

Neves, M.C.P., Didonet, A.D., Duque, F.F., D6bezein)., 1985Rhizobiumstrain
effects on nitrogen transport and distribution ayleeans. Journal of Experimental
Botany 36, 1179-1192.

Nielsen, K., Bouma, T.J., Lynch, J.P., Eissenddalt]., 1998. Effects of phosphorus
availability and vesicular-arbuscular mycorrhizastioe carbon budget of common
bean Phaseolus vulgar)s New Phytologist 139, 647-656.

Ohyama, T., Kumazawa, K., 1978. Incorporation'®f into various nitrogenous
compounds in intact soybean nodules after expasut®N, gas. Soil Science &
Plant Nutrition 24, 525-533.

Olsson, P.A., Burleigh, S.H., van Aarle, I,M., 200%e influence of external nitrogen
on carbon allocation t&lomus intraradicesn monoxenic arbuscular mycorrhiza.
New Phytologist 168, 677-686.

Olsson, P.A., Johansen, A., 2000. Lipid and fattid acomposition of hyphae and
spores of arbuscular mycorrhizal fungi at differgmowth stages. Mycological
Research 104, 429-434.

106



References

Olsson, P.A., van Aarle, .M., Allaway, W.G., Ashiip A.E., Rouhier, H., 2002.
Phosphorus effects on metabolic processes in momaebuscular mycorrhiza
cultures. Plant Physiology 130, 1162-1171.

Ono, K., Nishi, Y., Watanabe, A., Terashima, 1.,020 Possible mechanisms of
adaptative leaf senescence. Plant Biology 3, 23-24

Ono, K., Terashima, I., Watanabe, A., 1996. Inteoacbetween nitrogen deficit of a
plant and nitrogen content in the old leavekant and Cell Physiology 37, 1083-
1089.

Ostonen, |., Pittsepp, U., Biel, C., Alberton, Bakker, M.R., L6hmus, K., Majdi,
H., Metcalfe, D., Olsthoorn, A.F.M., Pronk, A., akguelova, E., Weih, M.,
Brunner, ., 2007. Specific root length as an iathc of environmental change.
Plant Biosystems 141, 426-442.

Oya, T., Nepumoceno, A.L., Neumaier, N., FariaR.B., Tobita, S., Ito, O., 2004.
Drought tolerance characteristics of Brazilian s cultivars — evaluation and
characterization of drought tolerance of variouazlran soybean cultivars in the
field. Plant Production Science 7, 129-137.

Pacovsky, R.S., Fuller, G., 1988. Mineral and lip@mposition ofGlycine-Glomus-
Bradyrhizobiunmsymbioses. Physiologia Plantarum 72, 733-746.

Pammenter, N.W., Loreto, F., Sharkey, T.D., 1993d Broduct feedback effects on
photosynthetic electron transport. PhotosynthesseRrch 35, 5-14.

Pang, P.C., Paul, E.A., 1980. Effects of vesicaliuscular mycorrhiza ofC and
15N distribution in nodulated fababeans. Canadiamnidwof Soil Science 60, 241-
250.

Parniske, M., 2008. Arbuscular mycorrhiza: the reotbf plant root endosymbioses.
Nature Reviews 6, 763-775.

Parsons, R., Stanforth, A., Raven, J.A., Spreht,1P93. Nodule growth and activity
may be regulated by a feedback mechanism involgligem nitrogen. Plant Cell
& Environment 16, 125-136.

Pate, J.S., 1980. Transport and partitioning abgegnous solutes. Annual Review of
Plant Physiology 31, 313-340.

Pate, J.S., Atkins, C.A., 1983. Nitrogen uptakens$port, and utilization. In:
Broughton, W.J. (Ed.) Nitrogen Fixation Volume 3dumes. New York: Oxford
University Press, pp. 245-298.

107



References

Pate, J.S., Layzell, D.B., Atkins, C.A., 1979. Ecoty of carbon and nitrogen in a
nodulated and nonnodulated (M@rown) legume. Plant Physiology 64, 1083-
1088.

Patterson, T.G., LaRue, T.A., 1983. Root respimatassociated with nitrogenase
activity (GH,) of soybean, and a comparison of estimates. Fagsiology 72,
701-705.

Paul, E.A., Kucey, R.M.N., 1981. Carbon flow inmianicrobial associations. Science
213, 473-474.

Paul, M.J., Foyer, C.H., 2001. Sink regulation dfofsynthesis. Journal of
Experimental Botany 52, 1383-1400.

Paul, M.J., Peliny, T.K., 2003. Carbon metaboliedback regulation of leaf
photosynthesis and development. Journal of Expetiah®&otany 54, 539-547.

Peng, S., Eissenstat, D.M., Graham, J.H., Williakhs,Hodge, N.C., 1993. Growth
depression in mycorrhizal citrus at high-phosphawgply. Plant Physiology 101,
1063-1071.

Penning de Vries, F.W.T., Brunsting, A.H.M., vanataH.H., 1974. Products,
requirements and efficiency of biosynthesis: a ¢tetive approach. Journal of
Theoretical Biology 45, 339-377.

Phillips, D.A., 1980. Efficiency of symbiotic nitgen fixation in legumes. Annual
Review of Plant Physiology 31, 29-49.

Pieters, A.J., Paul, M.J., Lawlor, D.W., 2001. Leiwk demand limits photosynthesis
under Rdeficiency. Journal of Experimental Botany 52, 3-0891.

Polayes, D.A., Schubert, K.R., 1984. Purine synthesid catabolism in soybean
seedlings. The biogenesis of ureides. Plant Progyal5, 1104-1110.

Rachmilevitch, S., Cousins, A.B., Bloom, A.J., 20W0itrate assimilation in plant
shoots depends on photorespiration. The Proceedintge National Academy of
Sciences of the United States of America 101, 1180%10.

Rao, A.S., Luthra, Y.P., Sheoran, I|.S., Singh, B84. Partioning of carbon and
nitrogen during growth and development of pigeonf@&ganus cajari..). Journal
of Experimental Botany 35, 774-784.

Ratner, E.l., Lobel, R., Feldhay, H., Hartzook, A979. Some characteristics of
symbiotic nitrogen fixation, yield, protein and aitcumulation in irrigated peanuts
(Arachis hypogaea.). Plant and Soil 51, 373-386.

108



References

Robertson, M.J.; Carberry, P.S.; Huth, N.l.; Tur@irk.; Probert, M.E., Poulton P.L.,
2002. Simulation of growth and development of dseclegume species in APSIM.
Australian Journal of Agricultural Research 53, 42%.

Rogers, A., Gibon, Y., Stitt, M., Morgan, P.B., Bacchi, C.J., Ort, D.R., 2006. Long,
S.P.2006. Increased C availability at elevated amarllioxide concentration
improves N assimilation in a legume. Plant, CeE&vironmeni29, 1651-1658

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 200&aWin: Statistical Software for
Meta-Analysis. Version 2. Sunderland, MA, USA: SieaAssociates.

Ross, J.P. 1971. Effect of phosphate fertilizatm yield of mycorrhizal and
nomycorrhizal soybeans. Phytopathology 61, 1408140

Ross, J.P., Harper, J.A., 1970. Effect of endogaryeorrhiza on soybean yields.
Phytopathology 60, 1552-1556.

Rychter, A.M., Rao, .M., 2005. Role of phosphorims photosynthetic carbon
metabolism. In: Pessarakli, M., (Ed) Handbook aftpkynthesis Taylor & Francis
Group, LLC, Tucson, pp. 123-148.

Ryle, G.J.A., Arnott, R.A., Powell, C.E., Gordon,JA 1984. N fixation and the
respiratory costs of nodules, nitrogenase activitwd nodule growth and
maintenance in Fiskeby soyabean. Journal of Exgeriah Botany 35, 1156-1165.

Ryle, G.J.A., Powell, C.E., Gordon, A.J., 1979ae Tilespiratory costs of nitrogen
fixation in soyabean, cowpea, and white clover.Qbmparisons of the cost of
nitrogen fixation and the utilization of combineitrogen. Journal of Experimental
Botany 30, 145-153.

Ryle, G.J.A., Powell, C.E., Gordon, A.J., 1979beTiespiratory costs of nitrogen
fixation in soyabean, cowpea, and white cloverNIltrogen fixation and the
respiration of the nodulated root. Journal of Expental Botany 30, 135-144.

Salvagiotti, F., Cassman, K.G., Specht, J.E., Wglfe.T., Weiss, A., Dobermann, A.,
2008. Nitrogen uptake, fixation and response tolilgar N in soybeans: a review.
Field Crops Research, 108, 1-13.

Sanders, F.E., Tinker, P.B., Black, R.L.B., Palexr5.M., 1977. The development of
endomycorrhizal root systems. |. Spread of infecAad growth-promoting effects
with four species of vesicular-arbuscular endophyiewn Phytologist 78, 257-268.

Sawada, S., Usuda, H., Tsukui, T., 1992. Partimpadf inorganic orthophosphate in
regulation of ribulose-1,5-biphosphate carboxylastvity in response to changes
in the photosynthetic source-sink balance. Pladt@ell Physiology 33, 943-949.

109



References

Schulze, J., 2004. How are nitrogen fixation raesgulated in legumes? Journal of
Plant Nutrition and Soil Science 167, 125-137.

Senaratne, R., Ratnasinghe, D.S., 1993. Ontogeamiatn in nitrogen-fixation and
accumulation of nitrogen in mungbean, blackgramwpmea, and groundnut.
Biology and Fertitily of Soils 16, 125-130.

Sharkey, T.D., 1985. Photosynthesis in intact lsaxeG plants: physics, physiology
and rate limitations. Botanical Review 51: 53-105.

Sharkey, T.D., Bernarcchi, C. J., Farquhar, G.Dng&as, E.l., 2007. Fitting
photosynthetic carbon dioxide response curves fgrle@ves. Plant, Cell and
Environment 30, 1035-1040.

Sharkey, T.D., Berry, J.A. and Sage, R.F., 1988guReion of photosynthetic
electron-transport iPhaseolus vulgarid.., as determined by room-temperature
chlorophyll a fluorescence. Planta 176: 415-424.

Sharma-Natu, P., Ghildiyal, M.C., 2005. Potentiahrgets for improving
photosynthesis and crop yield. Current Sciencel 883-1928.

Sinclair, T.R., de Wit, C.T., 1975. Photosynthanel aitrogen requirements for seed
production by various crops. Science 189, 565-567.

Sinclair, T.R., Neumaier, N., Farias, J.R.B., Nepoano, A.L., 2005. Comparison of
vegetative development in soybean cultivars for-lathude environments. Field
Crops Research 92, 53-59.

Sivaprasad, P., Rai, P.V., 1985. Photosynthesiscantpetition for photosynthate in
VA mycorrhiza, Rhizobiumand Cajanus cajansymbiosis. Current Science 54,
468-469.

Skat L., Hirsch, P.R., Witty, J.F., 1986. Genetctbrs inRhizobiumaffecting the
symbiotic carbon costs of,Nixation and host plant biomass production. Jouoha
Applied Bacteriology. 61, 239-246.

Smith F.A., Grace, E.J., Smith, S.E., 2009. Morantfa carbon economy: nutrient
trade and ecological sustainability in facultatarbuscular mycorrhizal symbioses.
New Phytologist 182, 347-358.

Smith, S.E., Read, D.J., 2008. Mycorrhizal Symlsio3iedn. Elsevier Ltd., London.

Smith, S.E., Smith, F. A., Jakobsen, |.,, 2004. Fonal diversity in arbuscular
mycorrhizal (AM) symbioses: the contribution of thmycorrhizal P uptake
pathway is not correlated with mycorrhizal respensegrowth or total P uptake.

110



References

New Phytologist. 162, 511-524.

Smith, S.E., Smith, F.A., Jakobsen, I|., 2003. Myaaal fungi can dominate
phosphate supply to plants irrespective of growponses. Plant Physiology 133,
16-20.

Solaiman, M.Z., Ezawa, T., Kojima, T., Saito, M.99B. Polyphosphates in
intraradical and extraradical hyphae of an arbwascunycorrhizal fungus,
Gigaspora margaritaApplied and Environmental Microbiology 65, 560866.

Stitt, M., 1986. Limitation of photosynthesis byrlcan metabolism. |. Evidence for
excess electron transport capacity in leaves cagryout photosynthesis in
saturating light and COPlant Physiology 81, 1115-1122.

Stitt, M., Krapp, A., 1999. The interaction betweelevated carbon dioxide and
nitrogen nutrition: the physiological and moleculzackground. Plant, Cell and
Environment 22, 583-621.

Streeter, J.G., 1972. Nitrogen nutrition of fielddgyn soybean plants. |I. Seasonal
variation in soil nitrogen and nitrogen compositiohstem exudate. Agronomy
Journal 64, 311-314.

Treseder K.K., Allen, M.F., 2002 Direct nitrogen daphosphorus limitation of
arbuscular mycorrhizal fungi: a model and fieldt.tééew Phytologist 155, 507-
515.

Twary S.N., Heichel, G.H. 1991. Carbon costs oftdhgen fixation associated with
dry matter accumulation in alfafa. Crop Science9Bh-992.

Valentine, A.J., Kleinert, A., 2007. Respiratoryspenses of arbuscular mycorrhizal
roots to short-term alleviation of P deficiency. ddyrhiza 17, 137-143.

van Berkum, P., Sloger, C., Weber, D.F., CregarB.,PKeyser, H.H., 1985.
Relationship between ureide N and Rkation, aboveground N accumulation,
acetylene reduction, and nodule mass in greenhendield studies witlGlycine
maxL (Merr.). Plant Physiology 77, 53-58.

van Kessel, C., Hartley, C., 2000. Agricultural ragement of grain legumes: has it
led to an increase in nitrogen fixation? Field Gr&esearch 65, 165-181.

Vance, C.P., Heichel, G.H., 1991 Carbon in fikation: limitation or exquisite
adaptation. Annual Review of Plant Physiology af@hPMolecular Biology 42,
373-392.

Vincent, J.M., 1970. A Manual for the Practical &tuof Root-Nodule Bacteria,

111



References

Blackwell Scientific, Oxford (IBP Handbook, 15).

Vogels, G.D., van der Drift, C., 1970. Differentiahalysis of glycolate derivatives.
Analytical Biochemistry 33, 143-157.

Voisin, A.S., Salon, C., Jeudy, C., Warembourg,.FZR03. Symbiotic N fixation
activity in relation to C economy dPisum sativumL. as a function of plant
phenology. Journal of Experimental Botany 54, 22334.

von Caemmerer, S., 200Biochemical Models of Leaf Photosyntheslsllingwood,
CSIRO Publishing.

Warembourg, F.R., 1983. Estimating the true costioitrogen fixation by nodulated
plants in undisturbed conditions. Canadian Joush#icrobiology 29, 930-937.

Warembourg, F.R., Fernandez, M.P., 1985. Distrdsutiand remobilization of
symbiotically fixed nitrogen in soybealycinemay. Physiologia Plantarum 65,
281-286.

Watanabe, F.D., Evans, J.R., Chow, W.S., 1994. @dwmnn the photosynthetic
properties of Australian wheat cultivars over tastIcentury. Australian Journal of
Plant Physiology 21, 169-183.

Wild, A., 1988. Russel’s Soil Conditions & Plantd®rth. 11 edn. Wiley, New York

Wittenbach, V.A., 1982. Effect of pod removal oaflsenescence in soybeans. Plant
Physiology 70, 1544-1548.

Wittenbach, V.A., 1983. Effect of pod removal omaflghotosynthesis and soluble
protein composition of field-grown soybeans. PRhysiology 73, 121-124.

Witty, J.F., Minchin, F.R., Sheehy, J.E., 1983.8gar costs of nitrogenase activity in
legume root nodules determined using acetylene axrggen. Journal of
Experimental Botany 34, 951-963.

Wright, D.P., Read, D.J., Scholes, J.D., 1998a. dwiyuzal sink strength influences
whole plant carbon balance @fifolium repensL. Plant Cell & Environment 21,
881-891.

Wright, D.P., Scholes, J.D., Read, D.J., 1998bed&# of VA mycorrhizal colonization
on photosynthesis and biomass productionlofolium repensL. Plant Cell &
Environment 21, 209-216.

Wright, S.F., Franke-Snyder, M., Morton, J.B., Upgalya, A., 1996. Time-course
study and partial characterization of a proteirhgphae of arbuscular mycorrhizal
fungi during active colonization of roots. Plant&oil 181, 193-203.

112



References

Xavier, L.J.C., Germida, J.J., 2002. Response mil lander controlled conditions to
co-inoculation with arbuscular mycorrhizal fungidarhizobia varying in efficacy.
Soil Biology & Biochemistry 34, 181-188.

Xavier, L.J.C., Germida, J.J., 2003. Selective radBons between arbuscular
mycorrhizal fungi andRhizobium leguminosarubyv. viceaeenhance pea yield and
nutrition. Biology and Fertility of Soils 37, 16161T.

Xu, D.-Q., Gifford, R.M., Chow, W.S., 1994. Phota#lyetic acclimation in pea and
soybean to high atmospheric £@artial pressure. Plant Physiology 106, 661-671.

Yin, X. van Oijen, M., Schapendonk, A.H.C.M., 20xtension of a biochemical
model for the generalized stoichiometry of electrtransport limited €
photosynthesis. Plant, Cell & Environment 27, 12PP2.

Yin, X., Harbinson, J. and Struik, P.C., 2006. Mattatical review of literature to
assess alternative electron transports and inteopystem excitation partitioning
of steady-state £photosynthesis under limiting light. Plant, CellEavironment
29, 1771-1782 (with corrigendum in Plant, Cell &#onment 29, 2252).

Yin, X., Struik, P.C., Romero, P., Harbinson, JeEsy J.B., van der Putten, P.E.L. and
Vos, J., 2009. Using combined measurements of gelsaage and chlorophyll
fluorescence to estimate parameters of a bioché@icphotosynthesis model: A
critical appraisal and an integrated approach aegpb leaves in a whealrfticum
aestivum canopy. Plant, Cell & Environment 32, 448-464.

Yin, X., van Laar, H.H., 2005. Crop Systems Dynanie An Ecophysiological
Simulation Model for Genotype-by-environment Int#an. Wageningen
Academic Publishers, Wageningen.

Zapata, F., Danso, S.K.A., Hardarson, G., Fried, 87. Time course of nitrogen
fixation in field-grown soybean using nitrogen-15etimodology. Agronomy
Journal 79, 172-176.

Zhou, X.J., Liang, Y., Chen, H., Shen, S.H., JingK\Y 2006. Effects of rhizobia
inoculation and nitrogen fertilization on photodyetic physiology of soybean.
Photosynthetica 44, 530-535.

113



References

Additional References on Figure 1.4.

Aguilera-Gomez, L., Davies Jr, F.T., Olalde-Porluga/., Duray, S.A,
Phavaphutanon, L., 1999. Influence of phosphorus esrdomycorrhizaGlomus
intraradiceg on gas exchange and plant growth of chile andpper Capsicum
annuumL. cv. San Luis). Photosynthetica 36, 441-449.

Allen, M.F., Smith, W.K., Moore Jr., T.S., Christam, M., 1981. Comparative water
relations and photosynthesis of mycorrhizal and -mygorrhizal Bouteloua
gracilis H.B.K. lag ex Steud. New Phytologist 88, 683-693.

Amerian, M.R., Stewart, W.S., Griffiths, H., 20@ffect of two species of arbuscular
mycorrhizal fungi on growth, assimilation and leedter relations in maizeZéa
mays). Aspects of Applied Biology 63, 1-6.

Azcon, R., Gomez, M., Tobar, R., 1992. Effects dfogen source on growth,
nutrition, photosynthetic rate and nitrogen metaool of mycorrhizal and
phosphorus-fertilized plants dhctuca sativd.. New Phytologist 121, 227-234.

Bandara, D.C., Nobuyasu, H., Ofosu-Budu, K.G., Anto Fujita, K., 1998. Effect of
CO, enrichment on biomass production, photosynthemig sink acitivity in
soybean cv. Bragg and its supernodulating mutani®@7. Soil Science and Plant
Nutrition 44, 179-186.

Black, K.G., Mitchell, D.T., Osborne, B.A., 2000ff&ct of mycorrhizal-enhanced leaf
phosphate status on carbon partitioning, trandlmtaand photosynthesis in
cucumber. Plant Cell & Environment 23, 797-809.

Brown, M.S., Bethlenfalvay, G.J., 1987. Tkdycine-Glomus-Rhizobiuraymbiosis.
IV. Photosynthesis in nodulated, mycorrhizal, or &kd P-fertilized soybean
plants. Plant Physiology 85, 120-123.

Cartmill, A.D., Valdez-Aguilar, L.A., Bryan, D.L.Alarcén, A., 2008. Arbuscular
mycorrhizal fungi enhance tolerance of vinca tahhadkalinity in irrigation water.
Scientia Horticulturae 115, 275-284.

de Veau, E.J.,, Robinson, J.M., Warmbrodt, R.D., vBarkum, P., 1990.
Photosynthesis and photosynthate partitioning igfiding soybeans. Plant
Physiology 94, 259-267.

Eissenstat, D.M., Graham, J.H., Syvertsen, J.Pquibard, D.L., 1993. Carbon
economy of sour orange in relation to mycorrhizalonization and phosphorus
status. Annals of Botany 71, 1-10.

114



References

Estrada-Luna, A.A., Davies Jr, F.T., Egilla, J.N2000. Mycorrhizal fungi
enhancement of growth and gas exchange of micrageaipd guava plantlets
(Psidium guajavalL.) during ex vitro acclimatization and plant ddishment.
Mycorrhiza 10, 1-8.

Fay, P., Mitchell, D.T., Osborne, B.A., 1996. Phytathesis and nutrient-use
efficiency of barley in response to low arbuscutaycorrhizal colonization and
addition of phosphorus. New Phytologist 132, 428-43

Fredeen, A.L., Terry, N., 1988. Influence of ve&au— arbuscular mycorrhizal
infection and soil phosphorus level on growth aneétaholism of soybean.
Canadian Journal of Botany 66, 2311-2316.

Gavito, M.E., Bruhn, D., Jakobsen, |., 2002. Phospt uptake by arbuscular
mycorrhizal hyphae does not increase when the Ipdaht grows under
atmospheric C@enrichment. New Phytologist 154, 751-760.

Geneva, M., Zehirov, G., Djonova, E., Kaloyanova, Beorgiev, G., Stancheva, I.,
2006. The effect of inoculation of pea plants wrilicorrhizal fungi andRhizobium
on nitrogen and phosphorus assimilation. Plant &adl Environment 52, 435-440.

Goicocchea, N., Antolin, M.C., Sanchez-Diaz, M.971.9Gas exchange is related to
the hormone balance in mycorrhizal or nitrogenAgkalfalfa subjected to drought.
Physiologia Plantarum 100, 989-997.

Harris, D., Pacovsky, R.S., Paul, E.A., 1985. Carboonomy of soybeaRhizobium-
Glomusassociations. New Phytologist 101, 427-440.

Huang, L.L., Yang, C., Zhao, Y., Xu, X., Xu, Q.,16.Z., Cao, J., Herbert, S.J., Hao,
L., 2008. Antioxidant defenses of mycorrhizal fusginfection against S©
induced oxidative stress iAvena nudaseedlings. Bulletin of Environmental
Contamination and Toxicology 81, 440-444.

Jia, Y., Gray, V.M., 2008. Growth yield oficia fabaL in response to microbial
symbiotic associations. South African Journal ofd®y 74, 25-32.

Jia, Y., Gray, V.M., Straker, C.J., 2004. The iefige ofRhizobiumand arbuscular
mycorrhizal fungi on nitrogen and phosphorus acdatian byVicia faba Annals
of Botany 94, 251-258.

Jifon, J.L., Graham, J.H., Drouillard, D.L., Sy\sam, J.P., 2002. Growth depression of
mycorrhizal Citrus seedlings grown at high phosphorus supply is aiiéd by
elevated CQ New Phytologist 153, 133-142.

Johnson, C.R., 1984. Phosphorus nutrition on migcal colonization,

115



References

photosynthesis, growth and nutrient compositionCafus aurantium Plant and
Soil 80, 35-42.

Kaschuk, G., Hungria, M., Leffelaar, P.A., GilleK.E., Kuyper, T.W., 2009.
Differences in photosynthetic behaviour and leafeseence of soybeafslfcine
maxL. Merrill) relying on N fixation or supplied with nitrate. Plant BiologyQ.
10.1111/}.1438-8677.2009.00211.x

Kucey, R.M.N., Paul, E.A., 1982b. Carbon flow, psnthesis, and Nfixation in
mycorrhizal and nodulated faba beangicia faba L.). Soil Biology &
Biochemistry 14, 407-412.

Lippi, D., de Paolis, M.R., Osmi, M., Pietrini, FRjietrosanti, T., Villani, M.C.,
Massacci, A., 1999. Effect oRhizobium sp. inoculation on Nfixing and
photosynthetic activities of two cowpedigina unguiculatgL.) Walp.] genotypes.
Photosynthetica 37, 413-422.

Louche-Tessandier, D., Samson, G., Hernandez-Sa&baSt, Chagvardieff, P.,
Desjardins, Y., 1999. Importance of light and £@n the effects of
endomycorrhizal colonization on growth and photalsgais of potato plantlets
(Solanum tuberosuyrin an in vitro tripartite system. New Phytologist2, 539-
550.

Maekawa, T., Kokubun, M., 2005. Correlation of la@frogen, chlorophyll and
rubisco contents with photosynthesis in a superiabidg soybean genotype
Sakukei 4. Plant Production Science 8, 419-426.

Maekawa, T., Takahashi, M., Kokubun, M., 2003. Reses of a supernodulating
soybean genotype, Sakukei 4 to nitrogen fertiliZ#&lant Production Science 6,
206-212.

Mortimer, P.E., Pérez-Fernandez, M.A., Valentine]. A2008. The role of arbuscular
mycorrhizal colonization in the carbon and nutriestonomy of the tripartite
symbiosis with nodulate®?haseolus vulgarisSoil Biology & Biochemistry 40,
1019-1027.

Nemec, S., Vu, J.C.V., 1990. Effects of soil phaspk andGlomus intraradiceon
growth nonstructural carbohydrates, and photosyisthactivity of Citrus
aurantium Plant and Soil 128, 257-263.

Nielsen, K., Bouma, T.J., Lynch, J.P., Eissenddalt]., 1998. Effects of phosphorus
availability and vesicular-arbuscular mycorrhizastibe carbon budget of common
bean Phaseolus vulgar)s New Phytologist 139, 647-656.

116



References

Paradi, |., Bratek, Z., Lang, F., 2003. Influenck avbuscular mycorrhiza and
phosphorus supply on polyamine content, growth @matosynthesis oPlantago
lanceolata Biologia Plantarum 46, 563-569.

Paul, E.A., Kucey, R.M.N., 1981. Carbon flow inmianicrobial associations. Science
213, 473-474.

Pearson, J.N., Jakobsen, |., 1993. Symbiotic exghasf carbon and phosphorus
between cucumber and three arbuscular mycorrhuradif New Phytologist 124,
481-488.

Peng, S., Eissenstat, D.M., Graham, J.H., Williakhs,Hodge, N.C., 1993. Growth
depression in mycorrhizal citrus at high-phosphawgply. Plant Physiology 101,
1063-1071.

Rapparini, F., Lusia, J., Pefiuelas, J., 2008. Eféécarbuscular mycorrhizal (AM)
colonization on terpene emission and content oérarsia annua L. Plant Biology
10, 108-122.

Ruiz-Lozano, J.M., Azcon, R., 1995. Hyphal conttibn to water uptake in
mycorrhizal plants as affected by the fungal spgeaied water status. Physiologia
plantarum 95, 472-478.

Ruiz-Lozano, J.M., Azcon, R., Gomez, M., 1995. Efdeof arbuscular-mycorrhizal
Glomusspecies on drought tolerance: physiological artdtrmnal plant responses.
Applied and Environmental Microbiology 61, 456-460.

Sanchez-Diaz, M., Pardo, M.A., Pefia, J., Aguirole, 1990. Effect of water stress
on photosynthetic activity in th&ledicago-Rhizobium-Glomusymbiosis Plant
Science 71, 215-221.

Sheng, M., Tang, M., Chen, H., Yang, B., Zhang,Huang, Y., 2008. Influence of
arbuscular mycorrhizae on photosynthesis and vws#tus of maize plants under
salt stress. Mycorrhiza 18, 287-296.

Shrestha, Y.H., Ishii, T., Kadoya, K., 1995. Effettvesicular-arbuscular mycorrhizal
fungi on the growth, photosynthesis, transpiratiand the distribution of
photosynthates of bearing Satsuma mandarin treamal of the Japanese Society
for Horticultural Science 64, 517-525.

Sivaprasad, P., Rai, P.V., 1985. Photosynthesiscantpetition for photosynthate in
VA mycorrhiza, Rhizobiumand Cajanus cajansymbiosis. Current Science 54,
468-469.

Snellgrove, R.C., Splittstoesser, W.E., Stribley,PD Tinker, P.B., 1982. The

117



References

distribution of carbon and the demand of the furgyahbiont in leek plants with
vesicular-arbuscular mycorrhizas. New Phytologikt®5-87.

Syvertsen, J.P., Graham, J.H., 1990. Influenceesicular arbuscular mycorrhizae and
leaf age on net gas exchangeGitfus leaves. Plant Physiology 94, 1424-1428.

Valentine, A.J., Osborne, B.A., Mitchell, D.T., 200nteractions between phosphorus
supply and total nutrient availability on mycorrlizcolonization, growth and
photosynthesis of cucumber. Scientia Horticultt88g177-189.

Valentine, A.J., Osborne, B.A., Mitchell, D.T., Z00Form of inorganic nitrogen
influences mycorrhizal colonization and photosystheof cucumber. Scientia
Horticulturae 92, 229-239.

Wallace, L.L., 1981. Growth, morphology and gashexge of mycorrhizal and
nonmycorrhizaPanicum coloratuni.., a G grass species, under different clipping
and fertilization regimes. Oecologia, 49, 272-278.

Wang, G. M., Coleman, D.C., Freckman, D.W., Dyer].MMcNaughton, S.J., Acra,
M.A., Goeschl, J.D., 1989. Carbon partitioning eats of mycorrhizal versus non-
mycorrhizal plants: real-time dynamic measuremasisg*'CO,. New Phytologist
112, 489-493.

Wright, D.P., Read, D.J., Scholes, J.D., 1998. Mgupal sink strength influences
whole plant carbon balance ofifolium repens.. Plant Cell and Environment 21,
881-891.

Wu, Q.-S., Xia, R.-X., 2006. Arbuscular mycorrhizahgi influence growth, osmotic
adjustment and photosynthesis of citrus under watered and water stress
conditions, Journal of Plant Physiology 163, 41542

Zhou, X.-J., Liang, Y., Chen, H., Shen, S.-H., JiNg-X., 2006. Effects of rhizobia
inoculation and nitrogen fertilization on photodyetic physiology of soybean.
Photosynthetica 44, 530-535.

118



References

Additional References on Table 5.1.

Alagawadi, A.R., Gaur, A.C., 1988. Associative effef Rhizobiumand phosphate-
solubilizing bacteria on the yield and nutrientak® of chickpea. Plant and Soill
105, 241-246.

Albayrak, S., Sevimay, C.S., Coci, S., 2006. EffectRhizobiuminoculation on
forage and seed yield and yield components of commeich Yicia satival.)
under rainfed conditions. Acta Agriculturae Scaadina Section B-Soil and Plant
Science 56, 235-240.

Ali, H., Khan, M.A., Randhawa, S.A., 2004. Intenaeteffect of seed inoculation and
phosphorus application on growth and yield of chexk Cicer arietinumlL.).
International Journal of Agriculture and Biology1d,0-112.

Ali, M.E., Khanam, D., Bhuiyan, M.A.H, Khatun, M.RTalukder, M.R., 2008. Effect
of Rhizobiuminoculation to different varieties of gardenp&as(gm sativundi.).
Journal of Soil and Nature 2, 30-33.

Anandham, R., Sridar, R., Nalayini, P., Poonguzl®&li Madhaiyan, M., Sa, T., 2007.
Potential for plant growth promotion in groundnatgchis hypogaea.) cv. ALR-
2 by co-inoculation of sulfur-oxidizing bacteriadaRhizobium Microbiological
Research 162, 139-153.

Ashraf, M., Ahmad, M., Bakush, H.M., 2006. Efficaof Rhizobiumstrains for
groundnut inoculation under rain fed conditionski®@n Journal of Agricultural
Sciences 43, 122-125.

Ashraf, M., Mueen-Ud-Din, M., Warraich, N.H., 2008roduction efficiency of
mungbeanVigna radiatal.) as affected by seed inoculation and NPK apfitoa.
International Journal of Agriculture and Biology1%,9-180.

Aslam, M., Mahmood, I.A., Sultan, T., Ahmad, S.,hth M.A., 2000. Growth and
yield response of chickpeaCiCer arientinum) to various Rhizobium strains
fertilized with different phosphorus levels. Intational Journal of Agriculture and
Biology 2, 89-91.

Bard EI-Din, S.M.S., Moawad, H., 1988. Enhancenwmnhitrogen fixation in lentil,
faba bean, and soybean by dual inoculation witte&sa and mycorrhizae. Plant
and Soil 108, 117-124.

Bhuiyan, M.A.H., Mian, M.H., Islam, M.S., 2008. @ias on the effects of
Bradyrhizobiuminoculation on yield and yield attributes of mungheBangladesh

119



References

Journal of Agricultural Research 33, 449-457.

Carling, D.E., Brown, M.F., 1980. Relative effe¢tvesicular-arbuscular mycorrhizal
fungi on the growth and yield of soybeans. SoileSce Society of America
Journal 44, 528-532.

Clayton, G.W., Rice, W.A., Lupwayi, N.Z., Johnsto,M., Lafond, G.P., Grant,
C.A., Walley, F., 2004. Inoculant formulation anertflizer nitrogen effects on
field pea: Crop yield and seed quality. Canadiamrdal of Plant Science 84, 89-
96.

Elkoca, E., Kantar, F., Sahin, F., 2008. Influenéaitrogen fixing and phosphorus
solubilizing bacteria on the nodulation, plant gtioyand yield of chickpea. Journal
of Plant Nutrition 31, 157-171.

Erman, M., Yildirim, B., Togay, N., Cig, F., 200&ffect of phosphorus application
andRhizobiuminoculation on the yield, nodulation and nutriaptake in field pea
(Pisum sativunsp. arvenselL.). Journal of Animal and Veterinary Advances 8,
301-304.

Ganry, F., Diem, H.G., Dommergues, Y.R., 1982. &ff&f inoculation withGlomus
mossea®n nitrogen fixation by field grown soybeans. Rland Soil 68, 321-329.

Ganry, F., Diem, H.G., Wey, J., Dommergues, Y.R89. Inoculation withGlomus
mosseaamproves N fixation by field-grown soybeans. Biology and Héyt of
Soils 1, 15-23.

Green, S.K., Deng, T.C., 1985. Effect of the endoonshizal fungusslomus mosseae
on soybean mosaic virus in soybean. Plant Prote&idletin 27, 353-358.

Hashem, F.M., Angle, J.S., 1990. Rhizobiophage c&ffeon nodulation, nitrogen
fixation, and yield of field-grown soybean&lfcine maxL. Merr.). Biology and
Fertility of Soils 9, 330-334.

Hunt, P.G., Wollum, A.G., Matheny, T.A., 1981. Efte of soil water orRhizobium
japonicum infection, nitrogen accumulation, and yield in dpya soybeans.
Agronomy Journal 73, 501-505.

llbas, A.l,, Sahin, S., 2005Glomus fasciculatumnoculation improves soybean
production. Acta Agriculturae Scandinavica Sectig%oil and Plant Science 55,
287-292.

Jakobsen, I., 1987. Effects of VA mycorrhiza onld/iand harvest index of field-
grown pea. Plant and Soil 98, 407-415.

120



References

Jalaluddin, M., 2005. Effect of inoculation with WAfungi and Bradyrhizobiumon
growth and yield of soybean in Sindh. Pakistan Jaluof Botany 37, 169-173.

Kantar, F., Elkoca, E., gitci, H., Algur, O.F., 2003. Chickpea yields inat@n to
Rhizobiuminoculation from wild chickpea at high altitudesurnal of Agronomy
and Crop Science 189, 291-297.

Karasu, A., Oz, M., Dgan, R., 2009. The effect of bacterial inoculatiow aifferent
nitrogen doses on yield and yield components ofeschmckpea genotype€icer
arietinumL.). African Journal of Biotechnology 9, 59-64.

Kaur, S., Singh, O.S., 1988. Response of ricebeamfle and combined inoculation
with Rhizobiumand Glomusin a P-deficient sterilized soil. Plant and Soll21
293-298.

Kristek, S., Kristek, A., Pavlovic, H., 2005. Thafluence of mycorrhizal fungi
(Glomus sp.) on field pea plant survival and growth in wybt caused stress
conditions. Plant, Soil and Environment 51, 385-389

Kubota, A., Hoshiba, K., Bordon, J., 2008. Effetfertilizer-N application and seed
coating with rhizobial inoculants on soybean yieldeastern Paraguay. Revista
Brasileira de Ciéncia do Solo 32, 1627-1633.

Malik, M.A., Cheema, M.A., Khan, H.Z., Wahid, M.A2006. Growth and yield
response of soybealycine max_..) to seed inoculation and varying phosphorus
levels. Journal of Agricultural Research 44, 47-53.

Mehana, T.A., Wahid, O.A.A., 2002. Associative effef phosphate dissolving fungi,
Rhizobiumand phosphate fertilizer on some soil propertygsdd components and
phosphorus and nitrogen concentration and uptak¥itia faba L. under field
conditions. Pakistan Journal of Biological Sciense$226-1231.

Nasim, G., Bajwa, R., Hakeem, A., 2007. Responsarldiscular mycorrhizal fungi
and Bradyrhizobium japonicunto air pollution stress in soybean. Journal of
Agricultural and Biological Science 2, 23-46.

Ndakidemi, P.A., Dakora, F.D., Nkonya, E.M., Rind®, Mansoor, H., 2006. Yield
and economic benefits of common beBhdseolus vulgar)sand soybeanGlycine
maX inoculation in northern Tanzania. Australian Jair of Experimental
Agriculture 46, 571-577.

Ortas, 1., 2008. The effect of mycorrhizal inocidaton forage and non-forage plant
growth and nutrient uptake under field conditio@ptions Méditerranéennes 79,
463-469.

121



References

Parveen, R., Sadiq, M., Saleen, M., 1999. RolRkobiuminoculation in chickpea
(Cicer arietinumL.) under water stress conditions. Pakistan Jdwh8iological
Sciences 2, 452-454.

Rahman, M.A., Islam, N., Islam, A., Hassan, M.Kalukder, M.M.R., 2002. Yield
performance of mungbeanVigna radiata L. Wilczek) cv. Barimung-4 as
influenced by Rhizobiuminoculation and NPK fertilizer. Pakistan Journdl o
Biological Sciences 5, 146-148.

Rahman, M.M., Bhuiyan, M.M.H., Sutradhar, G.N.Cahran, M.M., Paul, A K.,
2008. Effect of phosphorus, molybdenum d&tdzobiuminoculation on yield and
yield attributes of mungbean. International Jounfabustainable Crop Production
3, 26-33.

Ratner, E.l., Lobel, R., Feldhay, H., Hartzook, A979. Some characteristics of
symbiotic nitrogen fixation, yield, protein and aitcumulation in irrigated peanuts
(Arachis hypogaea.). Plant and Soil 51, 373-386.

Raza, W., Akhtar, M.J., Arshad, M., Yousaf, S.,20Growth, nodulation and yield of
mungbean\{igna radiatal.) as influenced by coinoculation witRhizobiumand
plant growth promoting rhizobacteria. Pakistan daurof Agricultural Sciences
41, 125-130.

Ross, J.P., 1971. Effect of phosphate fertilizatmm yield of mycorrhizal and
nonmycorrhizal soybeans. Phytopathology 61, 140IB14

Ross, J.P., Harper, J.A., 1970. Effect of endogoryeorrhiza on soybean yields.
Phytopathology 60, 1552-1556.

Rudresh, D.L., Shivaprakash, M.K., Prasad, R.D.0520Effect of combined
application ofRhizobium phosphate solubilizing bacterium afhdchodermaspp.
on growth, nutrient uptake and yield of chickp€acér ariteniumL.). Applied Soil
Ecology 28, 139-146.

Sattar, M.A., Quader, M.A., Danso, K.A., 1995. Ntadion, N, fixation and yield of
chickpea as influenced by host cultivar @&radyrhizobiumstrain differences. Soil
Biology & Biochemistry 27, 725-727.

Seneviratne, G., van Holm, L.H.J., Ekanayake, E.K8.8., 2000. Agronomic benefits
of rhizobial inoculant use over nitrogen fertilizapplication in tropical soybean.
Field Crops Research 68, 199-203.

Singh, O.S., Singh, R.S., 1986. Effects of phospfioand Glomus fasciculatus
inoculation on nitrogen fixation, P uptake and gief lentil (Lens culinarisMedic)

122



References

grown on an unsterilized sandy soil. Environmeatad Experimental Botany 25,
185-190.

Solaiman, A.R.M., Hossain, D., 2006. Effectivene$sBradyrhizobium japonicum
strains on soybean at field condition. Bulletin tfe Institute of Tropical
Agriculture 29, 11-20.

Talaat, N.B., Abdallah, A.M., 2008. Response ofafdlean Vicia fabal.) to dual
inoculation withrhizobiumand VA mycorrhiza under different levels of N aiAd
fertilization. Journal of Applied Sciences Reseatcth092-1102.

Talukdar, N.C., Germida, J.J., 1994. Growth anddya# lentil and wheat inoculated
with threeGlomusisolates from Saskatchewan soils. Mycorrhiza 5-182.

Tilak, K.V.B.R., Ranganayaki, N., Manoharachari, €006. Synergistic effects of
plant-growth promoting rhizobacteria afhizobiumon nodulation and nitrogen
fixation by pigeonpeaajanus cajaih European Journal of Soil Science 57, 67-
71.

Uyanoz, R., 2007. The effects of different bio-angachemical and their combination
on, yield, macro and micro nutrition content of dryan Phaseolus vulgaris..).
International Journal of Agricultural Research 2541125.

Wani, P.A., Khan, M.S., Zaidi, A., 2008. Effect afetal-tolerant plant growth-
promoting rhizobium on the performance of pea grown in metal-amendagid s
Archives of Environmental Contamination and Toxamp} 55, 33-42.

Xavier, L.J.C., Germida, J.J., 2002. Response mil lander controlled conditions to
co-inoculation with arbuscular mycorrhizal fungidarhizobia varying in efficacy.
Soil Biology & Biochemistry 34, 181-188.

Xavier, L.J.C., Germida, J.J., 2003. Selective raBons between arbuscular
mycorrhizal fungi andRhizobium leguminosarubyv. viceaeenhance pea yield and
nutrition. Biology and Fertility of Soils 37, 26162.

Yadegari, M., Rahmani, H.A., Noormohammadi, G., Algand, A., 2008. Evaluation
of bean Phaseolus vulgar)sseeds inoculation witRhizobium phaseolnd plant
growth promoting rhizobacteria on yield and yietimponents. Pakistan Journal of
Biological Sciences 11, 1935-1939.

Zaidi, A., Khan, M.S., Amil, M., 2003. Interactiveeffect of rhizotrophic
microorganisms on yield and nutrient uptake of kpea Cicer arietinumL.).
European Journal of Agronomy 19, 15-21.

Zambolim, L., Schenck, N.C., 1983. Reduction of #féects of pathogenic, root-

123



References

infecting fungi on soybean by the mycorrhizal fusguWslomus mosseae
Phytopathology 73, 1402-1405.

124



Appendices

Appendix 1
In the backstage: lessons learned from failed experiments

Appendix 2

Meta-analyses of the effects of inoculation or inoculum addition of
rhizobia and arbuscular mycorrhizal fungi on attributes of legume
productivity

Appendix 3
Parameterization of GECROS (Genotype-by-Environment interaction
on CROp growth Simulator) for soybeans produced in Southern Brazil






Appendices

Appendix 1.
In the backstage: lessons learned from failed experiments

A scientific paper should present original data based on a clear theory and well
planned experiments. However, when working with biological systems, experiments
may not work at first attempt, and one sometimes has to try out approaches many
times before they are successful. In this appendix, I describe briefly some experiments,
which are not presented in the chapters, but which contributed to my understanding of
physiological interactions of plants associated with rhizobia and arbuscular
mycorrhizal fungi.

1. Fertilization rates and performance of symbioses

A key point to obtain a sensible comparison between symbiotic and non-symbiotic
plants is to guarantee that plants reliant on symbioses are not severely limited by
nutrients, but still need the symbioses. In other words, symbiotic and non-symbiotic
plants should have similar nutrient mass fractions combined with approximately
similar biomass in order to be comparable (e.g. Smith and Read, 2008). Therefore, I
performed preliminary experiments with soybean cultivated on an autoclaved sandy
soil. There were 21 treatments consisting of the combinations of five different rates of
N and P fertilization and/or inoculation with rhizobia and/or AMF. The fertilization
rates were given as percentage of the dose of fertilizer recommended for that soil and
that crop. Unfortunately, this experiment had to be repeated twice. At first attempt, the
seeds did not germinate evenly and the remaining seedlings presented symptoms of
nutritional toxicity at an early stage of development (probably manganese — Mn, is
directly released from organic matter complexes at high temperatures during
autoclaving, and hardly any manganese oxidation takes place because all bacteria were
killed; Boyd, 1971). Based on shoot nutrient analyses, I also realized that K and P
fertilizer rates were unbalanced. It is likely that overall nutritional unbalance of
macronutrients further enhanced micronutrient toxicity. In a second attempt, I used y-
radiation to sterilize the soil, and took care that the P and K fertilizer rates matched.
Plants germinated evenly and grew well until the harvest at V5-V6 stage (five to six
nodes on the main stem beginning with the unifoliolate node). Based on the results of
the second attempt, I chose the treatments that matched both plant biomass and shoot
N and P mass fractions, which were for that soil and that crop: application of 75% of
the recommended dose of P when rhizobia were inoculated, 50% of the recommended
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dose of N when AMF were inoculated, and 75% of the dose recommended for P and
50% of the dose recommended for N when no microsymbionts were inoculated.

2. Sink stimulation of photosynthesis by rhizobial and AM symbioses I

Following up on the preliminary experiment, I planted soybean seeds in y-
irradiated sandy soil, which received nutrient solutions containing 75% of the dose
recommended for P and 50% of the dose recommended for N, and/or inoculated with
rhizobia (Bradyrhizobium japonicum CPAC 7) and/or AMF (Glomus clarum).
Seedlings germinated and grew well until the reproductive stage, but after that, plants
again showed symptoms of Mn toxicity and started to die. Laboratory analyses
demonstrated that leaves were accumulating up to 2.0 mg Mn g ' dry weight.
Photosynthesis rates were as low as 3.0 pmol CO, m > s as compared to normal
values of 15-30 pmol CO, m > s . It is important to realize that much of the Mn in the
soil is normally oxidized in the soil by Mn-oxidizing microorganisms (Wild, 1988).
When the soil is sterilized or air-dried, the solubility of Mn increases because the Mn-
oxidizing microorganisms are killed, and the Mn immobilized in their biomass starts to
be released to the soil for plant uptake (Wild, 1988). Brazilian soybean varieties
normally tolerate high soil Mn concentrations under field conditions, but this tolerance
is probably related to the fact that Mn is found in an oxidized form or bound to organic
matter and thus not available for uptake.

3. Sink stimulation of photosynthesis by rhizobial and AM symbioses 11

Since native soils used in the previous experiments released too much Mn after
sterilization, I tried a new factorial experiment in sterilized sand + vermiculite.
Soybean seedlings were fertilized with N (KNOs, 16.7 mM) and P (KH,POy,, 0.2/0.5 or
1.0 mM), and/or inoculated with rhizobia and/or AM fungi. A disadvantage of
artificial substrates in relation to natural substrates (i.e. soil) is that the rates of P
fertilizer required on the non-mycorrhizal treatment are more difficult to estimate: too
much P results in down-regulation of the AM symbioses, too little P results in little
plant growth. Even poor soils have some phosphate that could support plant growth.
To ensure AM colonization, I supplied a 0.2 mM P-solution to the plants until V5
stage, and, later, a 0.5 mM P-solution to overcome P deficiency when plants grew
faster. Non-AM plants always received a 1 mM P-solution. Plants did not show
toxicity symptoms, although AM plants were not exceptionally large. Rates of
photosynthesis, plant biomass, nutrients, sugars, starch and ureides-N concentration
were measured at V4 and R2 stages. However, when I started to analyze the data,
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Figure Al.1. Measured responses of photosynthesis to increasing CO, concentrations in
leaves of soybean cv. BRS 154 inoculated with Bradyrhizobium japonicum CPAC 7 and/or
Glomus clarum, or fertilized with Nitrogen and/or Phosphorus at V4 and R2 developmental

stages.

Table A1l.1. Parameters measured (dry weight basis) in soybean plants in which the response
curves were measured at R2 stage. (mean + standard deviation).

Rhizobia + Nitrogen +  Rhizobia + Nitrogen +  P-value
Phosphorus  Phosphorus AM fungi + AM fungi +
Phosphorus Phosphorus
Shoot (g pI'™") 43+0.3ab 49+1.1a 3.0£04b 28+03b 0.008
Root (gpl™) 1.2+0.0a 1.2+0.0a 08+02b 0.7+02b 0.005
Nodule (mg pl ") 171.1+285a 0.8+1.4c 1158+7.7b 1.6+1.6¢c 0.000
Nodule (# plfl) 308.0£87.1a 13+£23b 210.7+739a 23+25b 0.000
AM colonization (%) 13.0£11.0ab 8.8+56D 343+6.8a 25.1+8.8ab 0.020
Leaf sugar (mg g ') 42+£22 6.0+1.0 6.5+£23 6.4+04 ns
Leaf starch* (mg g ') 92+43 124+ 1.1 19.6+7.4 10.7+£8.2 ns
Shootureide (umol g ') 342+46b  253+6.1b  692+17.5a  46.6+99ab  0.005
Leaf P (mgg ') 1.0+ 0.0 1.0+0.2 1.1+0.3 1.0+0.1 ns
Leaf N(mgg ™) 159+0.5¢ 20.6+2.6ab 185+ 1.5bc 229+08a 0.004
N : P ratio 157+1.1 209+5.8 17.0£3.9 227+2.6 ns
N : starch ratio 2.0+£0.7 1.7+£0.3 1.1+£0.5 30£1.8 ns
P : starch ratio 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.1 ns
Starch : sugar ratio 23+0.2 2.1+£0.2 3.0+0.2 1.7+12 ns
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I encountered some flaws, which compromised the quality of any conclusions. In fact,
the response curves of photosynthesis of the four treatments did not seem to have any
major apparent problem (Fig. Al.1), and one could naively attribute an effect of sink
stimulation of rhizobia at V4 stage or of AMF at R2 stage on the photosynthesis.

However, several other indicators (e.g. shoot and root dry weight, leaf starch)
suggest that growth of AM plants was severely restricted by limited P supply, although
the leaf P concentration was not affected (Table A1.1). Another complication was that
all the plants were mycorrhizal to some extent, and no claim could be made on the
effects of AM symbiosis. Although plants to which inoculum of G. clarum was added
had higher rates of photosynthesis (Fig. Al.1), there was no effect on anything else,
except on plant biomass. Therefore, since I made a shift in the P nutrient solution from
0.2 to 0.5 mM at the reproductive stage, increased rates of photosynthesis of AM
plants could have been an artifact of increased concentration in the P nutrient solution,
which increased growth rates and the C sink strength of photosynthesis. In conclusion,
if I am able to repeat this experiment in future, I will need to produce response curves
of P fertilization similar to those described in the first section of this appendix.

130



Appendices

Appendix 2

Meta-analyses of the effects of inoculation or inoculum addition of
rhizobia and arbuscular mycorrhizal fungi on attributes of legume
productivity

Objective

The objective of the meta-analyses was to evaluate the effects of rhizobial and
arbuscular mycorrizal fungal inoculation on grain yield, harvest index (the ratio of
grain yield to aboveground biomass), grain protein and lipid mass fractions in legumes.

Data gathering

The dataset was formed after searching for studies listed in Scopus, Web of
Science and Google Scholar with different combinations of the following key words:
‘thizobium’, ‘mycorrhiza’, ‘legume’, ‘grain yield’, ‘legume’, °‘seed quality’.
Information required for the meta-analyses included: mean (Y), standard deviation of
the mean (SD;) and number of replicates (n) of the variables mentioned in the
objective. To overcome lack of data on standard deviation, we considered the
coefficient of variation (CV %) or standard error (SE;) and calculated SD. with the
following equations: SD.. = (CV%/ 100)x X or SD+ :SE}x\/Z . In the cases that
neither SD, SE or CV% were reported, we calculated the variability (CV%) of all
means, and used that variability multiplied by 1.5 to overcome problems of
underestimation. Previous studies have also used this approach (e.g. Ostonen et al.,
2007; Chapter 2).

I decided beforehand that plants inoculated with rhizobia and/or arbuscular
mycorrhizal fungi would be ‘experimental’, and the non-inoculated plants would be
the ‘control’ treatment. I excluded data points, which considered variables other than
inoculation as treatments (e.g. water stress, co-inoculation with other microorganisms,
application of hormones, etc.). I considered as controls both fertilized (with N, P
and/or K) and non-fertilized plants. I included experiments with sterile soils (with
inoculation) and non-sterile soils (with inoculum addition), but I only selected controls
and treatments that were exposed to similar experimental conditions. In case the same
data set was published more than once in difference sources, 1 selected the earliest
paper.

The parameters recorded were: grain yield and harvest index, grain protein and
lipid mass fractions. For this analysis, I considered ‘harvest index’ as the ratio of grain
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yield to the aboveground biomass, which has been named as: shoot dry weight, straw,
haulm and aboveground biomass by different authors. It was not possible to assure that
all the measurements have been made at dry weight basis. However, that limitation
does not affect the overall conclusions of my analysis because the meta-analysis uses
dimensionless ratios. If seed protein was not given, I calculated seed protein by
multiplying the seed N mass fraction by 6.25.

Plant, rhizobia and AM fungi species

By selecting studies with the criteria described above, I was able to analyse thirteen
different legume species. The most commonly investigated legume species were
common bean (Phaseolus vulgaris L.), chickpea (Cicer arietinum L.), mungbean
(Vigna radiata [L.] R. Wilczek), pea (Pisum sativum L.) and soybean (Glycine max [L.]
Merrill), but also other legumes were found: fababean (Vicia faba L.), lentil (Lens
culinaris Medikus), peanut (Arachis hypogaea L.), pigeonpea (Cajanus cajan [L.]
Millsp.), rice bean (Vigna umbellata [Thunb.] Ohwi & H. Ohashi) and vetch (Vicia
sativa L.).

According to literature cited, the rhizobial inoculants in the studies were
characterized by a diverse number of rhizobial strains. The most common rhizobial
species was Rhizobium leguminosarum, which was used as inoculant with common
bean, chickpea, fababean, lentil, pea, peanut, rice bean and vetch. The species
Bradyrhizobium japonicum was always used as inoculant with soybean, whereas
Bradyrhizobium sp. was usually inoculated with mungbean. Additionally other
rhizobial species were reported: Rhizobium ciceri (nowadays, Mesorhizobium ciceri)
inoculated with chickpea, R. phaseoli with mungbean and R. tropici with common
bean.

The analyses of the effects of AM symbioses considered nineteen AM fungal
species (data not shown); one study reported an unknown Glomus spp., and three
studies reported unknown AM fungal species. The most common AM fungal species
reported in the studies was Glomus mosseae, which was utilized in 12 studies and
inoculated with six different legume species: common bean, cowpea, fababean, lentil,
pea and soybean. The second most popular AM fungi species was Glomus
fasciculatum, utilized in seven studies and inoculated with chickpea, mungbean, rice
bean and soybean. Soybean was tested individually with 14 different AM fungal
species, including one study alone that tested nine different AM fungal species.
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Data Analyses

The analyses were performed as described by Gurevitch and Hedges (2001). First
the means of control and experimental groups (plants inoculated with rhizobia or AM
fungi) and their respective standard deviations were arranged in columns of Microsoft
Excel” worksheets. The natural log [/n] of the response ratio R is named /r and the
variance of the response ratios (v;) (Hedges et al., 1999; Rosenberg et al., 2000;
Gurevitch and Hedges, 2001) were calculated. The values of /r and v; were imported
to the statistical software package MetaWin 2.0 (Rosenberg et al., 2000). MetaWin
was used to perform further variance analyses considering the mixed-model for »
(number of data points) larger than 1, and fixed-model for »=1. The reciprocal of the
variance of each /r was used as the weight to estimate the 95% confidence intervals
(95% CI). The values of Ir were reverted to their exponent (R =e” ). When reading the
output of the meta-analysis, one should regard the response ratio ‘R’, significantly
positive if the lower limit of the 95% CI was larger than 1, and significantly negative if
the upper limit of the 95% CI was smaller than 1. If the lower 95% CI was lower than
1 and the upper confidence interval higher than 1, R was not significantly different
than 1.
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Appendix 3

Parameterization of GECROS (Genotype-by-Environment
interaction on CROp growth Simulator) for soybeans produced in
Southern Brazil

I simulated the soybean yields shown in Fig. 1 of the General Discussion with the
GECROS (Genotype-by-Environment interaction on CROp growth Simulator) model,
developed in Wageningen University by Yin and van Laar (2005). GECROS is
programmed in FST (FORTRAN Simulation Translator), and it can be downloaded
free of charge at: <http://www.cwe.wur.nl/UK/Downloads/Gecros/>.

GECROS simulates the rates of photosynthesis as limited by rubisco activity or
electron transport rates. The equations of rubisco-limited photosynthesis are given by
Farquhar et al. (1980), and the equations of electron transport-limited photosynthesis
by Yin et al. (2004), considering the stochiometry for the NADPH : ATP ratio as
required for the C; metabolism. GECROS assumes that N, fixation by legumes will
occur whenever the N uptake from the soil does not meet the crop N demands, but it
will be limited by photosynthate availability. The crop N demand is set equal to the
deficit in soil nitrogen supply of the preceding day, reflecting the possibility that it
may take some time for plants to respond to the signal of fixing required N. The value
of a potential N, fixation limited by photosynthate supply (V) is calculated as:

NﬁxE = max [0, (12/44)(PC - Rngx)/cﬁx]a

where, P¢ is the canopy gross photosynthesis (umol CO, m™> s™'), Ry 1s the sum of
the respiration of all non-growth components excluding the costs for N, fixation (umol
CO, m™~ s_l), and Cy, 1s the C costs for fixing N, which, in reality, range from 5 to12
g C g' N fixed (Cannell and Thornley, 2000).

The simulations were performed with the fitted values of maximum rates of
rubisco activity (Vemaxzs) and electron transport (Jiax0s5) of N-fertilized soybean plants,
as given in Chapter 3. The inputs for parameterization of GECROS are: weather data;
crop, genotype-specific and soil parameters; and management options (irrigation
and/or ammonium and/or nitrate fertilization). 1 obtained weather data from the
Laboratory of Ecophysiology at Embrapa-soybean, in Londrina, PR, Brazil. I
maintained most of the default values of the model (cf. Yin and van Laar, 2005) and
specific crop and soil parameters were obtained from three independent studies at the
same location (i.e. Oya et al., 2004; Sinclair et al., 2005; Franchini et al., 2007) of the
study that I wanted to compare (i.e. Hungria et al., 2006). Values are presented in
Table A3.1.
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Summary

One of the most fascinating processes in agronomy and plant physiology is the
capability of legumes to associate symbiotically with rhizobial bacteria and arbuscular
mycorrhizal (AM) fungi. The legumes provide photosynthates in exchange for
nitrogen derived from biological N, fixation and other soil nutrients, mainly
phosphate, obtained from AM fungal soil foraging. The rhizobial and arbuscular
mycorrhizal symbioses each may spend up to 4-16% of recently-fixed photosynthates
to maintain their activity, growth and reserves, but in turn, may supply 100% of the
plant requirements of N and P. The C costs of the symbioses are often assumed to lead
to a limitation for increasing plant productivity due to photosynthate competition
between microsymbiont and host. In addition, C costs are often used as entry point to
understand the evolution of the symbioses. It is intriguing that despite the symbiotic C
costs, plants associated with rhizobia and/or AM fungi may produce more biomass and
grain than fertilized plants. Increases in plant growth have been attributed traditionally
to enhanced plant nutrition and photosynthesis.

The work presented in this thesis gives evidence that plants — and particularly
legumes — are able to overcome any putative C limitation associated with rhizobial and
AM fungal symbioses, by increasing the rates of photosynthesis due to a sink
stimulation effect, above the expected nutritional effects from the symbioses. Sink
stimulation of photosynthesis is a consequence of increased C demand from the
photosynthesis process, which increases the export of triose-P from chloroplasts, thus
recycling more inorganic phosphates and increasing the activation of photosynthetic
enzymes. The mechanism of sink stimulation of photosynthesis is the same for
rhizobial and AM fungal symbioses.

In Chapter 2, I report a literature study, which provides the framework for the
quantification of sink stimulation of photosynthesis. Apparently, sink stimulation of
photosynthesis by symbioses just equals the C costs, which, although just equal, still
has benefits for plant growth in the long term. Sink stimulation of photosynthesis
implies that plants that associate with rhizobia and AM fungi are not limited by
photosynthates, which means that the cost : benefit theories for symbioses need to be
re-considered. Based on data from published studies I calculated the response ratios of
photosynthesis and nutrient mass fractions in the leaves of legumes which were either
inoculated with rhizobia and/or AM fungi or not. On average, photosynthetic rates
were significantly higher: 28 and 14% due to rhizobial and AM symbioses,
respectively, and 51% due to dual symbiosis. The leaf P mass fraction increased
significantly (13%) due to rhizobial symbiosis. Although the increase due to AM
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symbiosis was not significant, it increased leaf P mass fraction by 6% and dual
symbioses even by 41%. The leaf N mass fraction was not significantly affected by
any of the three possible symbioses. The higher response for photosynthesis than for
leaf N and P mass fractions supports the concept of microsymbiont-driven sink
stimulation of photosynthesis, beyond the expected nutritional effects.

Photosynthesis is limited by one out of three biochemical processes: rubisco
activity, electron transport and triose-P export (often referred to as sink limitation). In
Chapter 3, I assessed the photosynthetic capacity and the chlorophyll fluorescence in
soybean plants (Glycine max [L.] Merrill) inoculated with either two different strains
of Bradyrhizobium japonicum (CPAC 390 or CPAC 7) varying in effectiveness to fix
N,, or fertilized with NO;3; -N. Nodulated plants had 14-31% higher rates of
photosynthesis and accumulated less starch in the leaves than N-fertilized plants. |
found evidence that B. japonicum CPAC 390 needed more carbon to fix N, compared
with CPAC 7, but these increased carbon costs were accompanied by higher rates of
photosynthesis. By applying a biochemical model of leaf photosynthesis, that includes
the regulating mechanisms by rubisco activity, electron transport rates and triose-P
export, I have shown that soybean plants adapt their photosynthetic capacity to support
the stronger carbon sink, created by higher rates of N, fixation, through two likely
mechanisms: removal of sink limitation and direct sink stimulation. The adaptation of
the photosynthetic capacity in nodulated soybeans suggests that the photosynthate use
efficiency of symbioses (meaning lower C costs) is less important for plant growth
than effectiveness of N, fixation. Increasing the period of photosynthetic activity as a
result of biological N, fixation has important consequences for crop productivity.

In Chapter 4 three subsequent experiments are described with two different
soybean varieties, each one inoculated with two rhizobial strains or fertilized with two
doses of KNOs fertilizer, in which I measured the rates of leaf photosynthesis, and
concentrations of N, chlorophyll, ureides and protein in leaves at four stages of
development (V4, R2, R4 and RY). Plants associated with rhizobial symbioses always
had higher rates of photosynthesis and accumulated less starch in the leaves than N-
fertilized plants throughout the whole developmental cycle. Nodulated plants shifted
their N metabolism towards ureide accumulation when the reproductive stage started,
by which time leaf N concentration of nodulated plants was larger than in N-fertilized
plants. The carbon sink strength of N,-fixation increased photosynthetic N use
efficiency in the beginning of plant development. At later stages, the maximum leaf
protein concentrations of nodulated plants occurred a few days later than those of N-
fertilized plants, although average protein concentrations were similar between the
groups of plants. The chlorophyll concentration of nodulated plants remained high
until the pod-filling stage, whereas the chlorophyll concentration of N-fertilized plants
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started to decrease as early as the flowering stage. In fact, plants with a low C sink
strength accumulated starch in the leaves. Starch accumulation reduced photosynthesis
by hampering the gene expression of enzymes of CO, assimilation. Lower leaf
photosynthetic activity led to degradation of enzymes related to CO, assimilation,
which resulted in early leaf senescence. One of the conclusions of Chapter 4 is that C
costs of rhizobial symbioses increase the C sink strength of the plant, which in turn
stimulates photosynthesis and consequently delays leaf senescence.

Overall, the work presented indicates that a higher activity of rhizobial and AM
fungal symbioses results in sink stimulation of photosynthesis, which leads to a higher
plant growth. There is evidence that plants inoculated with efficient rhizobial and AM
fungal species increase the ratio of grain to aboveground biomass (harvest index),
which indicates that the effects of sink stimulation are significant over the plant cycle.
Sink stimulation of photosynthesis implies that symbioses and plants are not limited by
photosynthates. Despite the C costs, grain yield is increased due to rhizobial and AM
fungi inoculation, both in pots and field experiments. Increased rates of photosynthesis
in initial stages of plant development delay the rates of leaf senescence in the later
stages of plant development. The C costs of symbioses are advantageous to plants’
ability to adapt under elevated CO, concentration, because they remove the sink
limitation of photosynthesis. For both rhizobial and AM fungal symbioses, sink
stimulation of photosynthesis implies that symbiotic plants are not limited by
photosynthates, but rather by soil nutrients such as N and P, which has consequences
for the cost : benefit theory. In fact, plants are able to invest in symbioses as much as
needed to satisfy their demand for N and P. The limitations of both rhizobial and AM
fungi are not related to photosynthate availability, but rather to effectiveness of each
individual symbiosis. In the case of AM fungal symbiosis, their effectiveness in P
uptake is, however, also limited by the availability of P in the soils.
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Samenvatting

Een van de meest fascinerende processen in de agronomie en plantenfysiologie is
dat wortels van vlinderbloemigen in staat zijn om symbiosen aan te gaan met bepaalde
bacterién (rhizobia) en arbusculaire-mycorrhizaschimmels (AM schimmels) door
fotosyntheseprodukten (koolstof) uit te wisselen tegen enerzijds stikstof, die door
biologische stikstofbinding van moleculaire luchtstikstof (N,) verkregen wordt, en
anderzijds andere nutriénten, vooral fosfaat, die door AM schimmels verkregen wordt
door de bodem beter te exploreren en exploiteren.

Rhizobia en AM schimmels kunnen de volledige vraag van de plant naar nutriénten
verzorgen. Toename in plantengroei wordt traditioneel toegeschreven aan een
toegenomen plantenvoeding en daardoor een toename in de fotosynthese. Zowel de
rhizobia als de AM schimmels kunnen elk 4 tot 16% van recent vastgelegde koolstof
verbruiken teneinde in hun activiteit, groei en reserves te voorzien. Men gaat er over
het algemeen van uit dat deze koolstofkosten van de symbiosen kunnen leiden tot een
beperking van de productiviteit van de plant als gevolg van concurrentie om koolstof
tussen de symbiont en de gastheer. Het concept van koolstofkosten wordt daarnaast
vaak gebruikt als startpunt om de evolutie van de symbiosen te begrijpen.

Het is een intrigerend maar slecht begrepen verschijnsel dat ondanks de kosten die
met symbiosen gepaard gaan, planten die in symbiose leven met rhizobia en/of AM
schimmels meer biomassa en zaden produceren dan bemeste planten met dezelfde
voedingstoestand.

In dit proefschrift wordt bewijsmateriaal aangedragen dat vlinderbloemigen — en
waarschijnlijk ook andere planten — in staat zijn om de veronderstelde
koolstoflimitering, welke samenhangt met de symbiosen met rhizobia en AM
schimmels, te boven te kunnen komen, door middel van het verhogen van de
fotosynthesesnelheid. Dit effect (sink stimulation, putstimulering: stimuleren van
fotosynthese door verhoogd gebruik door de put, d.w.z. de symbionten) treedt op naast
het effect van het verbeteren van de voedingstoestand van de plant. Putstimulering van
fotosynthese is een gevolg van een toegenomen koolstofvraag van het
fotosyntheseproces, welke de export van triose-fosfaat vanuit de chloroplasten
stimuleert en daarmee de circulatie van anorganisch fosfaat stimuleert en bij de
fotosynthese betrokken enzymen activeert. Het mechanisme van putstimulering van
fotosynthese is hetzelfde bij rhizobium en bij AM schimmel symbiose.

In Hoofdstuk 2 rapporteer ik een literatuurstudie die het kader verschaft voor het
kwantificeren van putstimulering van fotosynthese. De resultaten van die studie geven
aan dat putstimulering van fotosynthese door symbiosen gelijk is aan de
koolstofkosten. Desondanks lijkt deze putstimulering toch voordelen te bieden voor de

141



plant op de lange termijn. Putstimulering van fotosynthese houdt in dat planten die
symbiose aangaan met rhizobia en AM schimmels niet door fotosyntheseprodukten
worden gelimiteerd, hetgeen betekent dat de kosten : baten-theorie€n voor symbiosen
moeten worden herzien. In hoofdstuk 2 heb ik resultaten samengevat van
gepubliceerde onderzoeken, en daarbij de verhouding berekend van fotosynthese en
massafracties van stikstof en fosfaat in de bladeren van vlinderbloemigen die al dan
niet waren geinoculeerd met rhizobia en/of AM schimmels. Gemiddeld genomen
waren de fotosynthesesnelheden beduidend hoger: respectievelijk 28 en 14% bij
symbiose met rhizobia of AM schimmels, en 51% als symbiose met beide tegelijk
plaatsvond. De massafractie van fosfaat in het blad nam significant toe (13%) door de
symbiose met rhizobia. Hoewel de toename als gevolg van de AM symbiose niet
significant was, verhoogde deze de massafractie van fosfaat in het blad met 6% en
symbiose met rhizobium en AM schimmel zelfs met 41%. De massafractie van stikstof
in het blad werd niet significant beinvloed door deze symbiosen. De sterkere reactie op
fotosynthese vergeleken met de verhoging in de massafracties van stikstof en fosfaat in
het blad ondersteunt het idee van een door de symbiont gestuurde putstimulering van
fotosynthese, die uitgaat boven de verwachte effecten op de nutriéntenvoorziening van
de plant.

Fotosynthese wordt gelimiteerd door een van de volgende drie biochemische
processen: activiteit van het enzym Rubisco, electrontransport en triosefosfaatexport
(vaak putlimitering genoemd). In Hoofdstuk 3 heb ik de fotosynthesecapaciteit en de
chlorophylfluorescentie vastgesteld in sojaboon (Glycine max [L.] Merrill) die ofwel
waren geinoculeerd met 2 verschillende stammen van Bradyrhizobium japonicum
(CPAC 390 of CPAC 7) welke variéren in hun effectiviteit om luchtstikstof te binden,
ofwel werden bemest met nitraatstikstof. Planten met wortelknolletjes vertoonden een
14-31% hogere fotosynthesesnelheid en hoopten minder zetmeel op in de bladeren dan
planten die met stikstof waren bemest. Ik vond aanwijzingen dat B. japonicum CPAC
390 hogere koolstofkosten met zich meebracht om luchtstikstof te binden vergeleken
met CPAC 7, maar deze hogere koolstofkosten gingen samen met hogere
fotosynthesesnelheden.

Door middel van een biochemisch model van fotosynthese, dat de
regelmechanismen omvat van activiteit van Rubisco, electrontransport en
triosefosfaatbenutting, heb ik laten zien dat sojaboon zijn fotosynthesecapaciteit
aanpast teneinde de sterkere koolstofput, ontstaan door verhoogde snelheid van
stikstofbinding, te compenseren door twee waarschijnlijke mechanismen: het
wegnemen van putlimitering en directe putstimulering. De aanpassing van de
fotosynthesecapaciteit bij sojaboon met wortelknolletjes doet vermoeden dat de
gebruiksefficiéntie van fotosyntheseproducten (inhoudende lagere koolstofkosten)
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minder van belang is voor plantengroei dan de effectiviteit van stikstofbinding.
Daarnaast bleek de levensduur van bladeren van planten met rhizobia hoger te zijn dan
die van planten die met nitraat waren bemest. Deze toename van de periode van
fotosyntheseactiviteit als gevolg van biologische stikstofbinding heeft belangrijke
consequenties voor gewasproductiviteit.

In Hoofdstuk 4 worden drie experimenten beschreven met twee verschillende
rassen van sojaboon welke ofwel in symbiose leefden met twee verschillende stammen
van rhizobia ofwel werden bemest met twee niveaus van nitraat. In deze experimenten
heb ik de snelheden van bladfotosynthese, en de concentraties van stikstof, chlorophyl,
ureide en eiwit in de bladeren gemeten bij vier ontwikkelingsstadia (V4, R2, R4 and
R5). Planten met rhizobia hadden altijd hogere fotosynthesesnelheden en hoopten
minder zetmeel op in de bladeren dan de met stikstof bemeste planten gedurende de
hele ontwikkelingscyclus. Planten van wortelknolletjes met rhizobia verschoven hun
stikstofmetabolisme naar ophoping van ureide wanneer het reproductieve stadium
begon, op welk tijdstip de stikstofconcentratie in de bladeren van symbiotische planten
groter was dan bij met stikstof bemeste planten. De sterkte van de koolstofput door
stikstofbinding door rhizobia verhoogde de stikstofgebruiksefficiéntie van de
fotosynthese in het begin van de plantontwikkeling. In latere stadia traden de
maximale eiwitconcentraties in de bladeren van symbiotische planten een paar dagen
later op dan bij stikstofbemeste planten, hoewel de gemiddelde eiwitconcentraties
gelijk waren in beide typen behandelde planten. De chlorophylconcentratie van
planten met rhizobia bleef hoog tot het stadium van peulvulling, terwijl die van met
stikstof bemeste planten al bij bloei begon af te nemen. Planten met een lage
koolstofputsterkte hoopten zetmeel op in de bladeren. Deze zetmeelophoping
reduceerde de fotosynthese door de genexpressie van de enzymen van CO,-assimilatie
te hinderen. Een lagere fotosyntheseactiviteit leidde tot afbraak van enzymen die met
de CO,-assimilatie gerelateerd zijn, hetgeen resulteerde in bladsterfte op een eerder
tijdstip dan planten met een hogere sterkte van de koolstofput. Een van de conclusies
van Hoofdstuk 4 is dat de koolstotkosten van symbiose met rhizobia de
koolstofputsterkte van de plant bevordert, hetgeen op zijn beurt de fotosynthese
stimuleert en de bladsterfte vertraagt.

Over het geheel genomen laat het in dit proefschrift beschreven onderzoek zien dat
een hogere symbioseactiviteit met rhizobia en/of AM schimmels putstimulering van
fotosynthese tot gevolg heeft, hetgeen leidt tot een hogere plantengroei. Er zijn voorts
sterke aanwijzingen dat planten die zijn geinoculeerd met efficiénte soorten rhizobia
en AM schimmels de verhouding tussen zaden en bovengrondse biomassa (de
oogstindex) verhogen, hetgeen erop wijst dat de effecten van putstimulering
significant zijn gedurende de groeicyclus van de plant. Putstimulering van
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fotosynthese houdt in dat zowel de symbionten als de planten niet koolstofbeperkt zijn.
Ondanks deze koolstofkosten is de zaadopbrengst hoger vanwege inoculatie met
rhizobia en AM schimmels, zowel in pot- als in veldexperimenten. Verhoogde
fotosynthesesnelheden in de beginstadia van plantontwikkeling vertragen de snelheid
van bladsterfte in de latere ontwikkelingsstadia van de planten.

De koolstofkosten van symbiosen zijn voordelig voor de aanpassing van de planten
aan verhoogde CO, concentraties, omdat zij de putlimitering van fotosynthese
wegneemt.

Voor zowel de symbiose met rhizobia als met AM schimmels betekent
putstimulering van fotosynthese dat symbiontische planten niet koolstofbeperkt zijn,
maar beperkt worden door bodemnutriénten zoals stikstof en fosfaat, hetgeen
consequenties heeft voor de kosten : baten theorie. Het lijkt er op dat planten in staat
zijn om zoveel als nodig is te investeren in symbiosen om te voldoen aan hun vraag
naar deze nutriénten. De beperkingen van zowel rhizobia als AM schimmels zijn niet
zozeer gerelateerd aan de beschikbaarheid van fotosyntheseprodukten, alswel aan de
effectiviteit van elke individuele symbiose. Voor symbiose met AM schimmels geldt
daarnaast dat hun effectiviteit in fosfaatopname ook wordt beperkt door de
beschikbaarheid van P in de bodem.
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Resumo

Um dos processos mais fascinantes em agronomia e fisiologia vegetal ¢ a
capacidade das leguminosas se associarem com rizobios e fungos micorrizicos
arbusculares (AM). As leguminosas fornecem fotossintatos (C) em troca de nitrogénio
(N), proveniente da fixacdo biologica do N,, e outros nutrientes do solo,
principalmente fésforo (P), obtidos pela explora¢do do solo pelos fungos AM. Cada
uma das simbioses, rizobiana ou micorrizica, pode consumir de 4% a 16% do C fixado
pela planta para manter a sua atividade, crescimento e reservas, mas, em contrapartida,
pode suprir até 100% dos requerimentos nutricionais das plantas. Os custos de C das
simbioses sdo frequentemente responsabilizados por limitar a produtividade das
plantas, devido & competi¢do entre o microssimbionte e o hospedeiro por C. Além
disso, tais custos sdo frequentemente usados como ponto de entrada para entender a
evolugdo das simbioses. E intrigante que, apesar dos custos de C com as simbioses,
plantas associadas com rizobios e fungos AM podem produzir maior biomassa e mais
graos do que plantas recebendo fertilizantes quimicos. Incrementos no crescimento
vegetal sdo, tradicionalmente, atribuidos a uma melhoria do estado nutricional da
planta e da fotossintese.

O trabalho apresentado nesta tese mostra evidéncias de que plantas —
particularmente leguminosas — sdo capazes de superar qualquer suposta limitacdo de
C, aumentando as taxas de fotossintese acima dos efeitos nutricionais esperados pelas
simbioses. O estimulo da fotossintese pela forca-dreno ¢ uma conseqiiéncia do
aumento da demanda por C sobre a fotossintese que, por sua vez, aumenta a taxa de
utilizacdo de triose-P dos cloroplastos, reciclando mais fosfatos inorgéanicos e ativando
mais as enzimas fotossintéticas. O mecanismo de estimulo da fotossintese pela forca-
dreno ¢ o mesmo para simbioses rizobianas e micorrizicas.

No capitulo 2, eu reporto um estudo de literatura, que fornece um arcabougo
tedrico para a quantificagdo do estimulo da fotossintese pela forca-dreno das
simbioses. Aparentemente, a fotossintese estimulada pela for¢a-dreno iguala os custos
de C e, mais ainda, traz beneficios para o crescimento das plantas em longo prazo. O
estimulo da fotossintese pela for¢a-dreno implica em que as plantas associadas com
rizobios e fungos AM ndo sdo limitadas por C, o que significa que as teorias do
custo:beneficio das simbioses precisa ser re-consideradas. Baseado em dados
publicados, eu calculei as razdes de resposta da fotossintese e da concentragdo de
nutrientes nas folhas de leguminosas inoculadas com rizobio e/ou fungos AM em
relacdo as plantas ndo inoculadas. Em média, as taxas de fotossintese foram
significativamente aumentadas, em 28% e 14%, respectivamente, devido as simbioses
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rizobianas e micorrizicas. A concentracdo de P nas folhas foi aumentada em 13%
devido as simbioses rizobianas. Embora os aumentos ndo fossem significativos,
simbioses micorrizicas aumentaram a concentracdo de P nas folhas em 6%, ¢ as
simbioses duplas (rizobios + AM) em 41%. A concentracdo de N nas folhas ndo foi
significativamente afetada por nenhuma das simbioses. Uma maior resposta da
fotossintese em relagdo a resposta na concentragdo de N e P nas folhas sustenta o
conceito de estimulo da fotossintese induzida pela simbiose, superior a esperada pelos
efeitos nutricionais.

A fotossintese ¢ limitada por um dos trés processos bioquimicos: atividade da
enzima rubisco, transporte de elétrons, e utilizacdo da triose-P (frequentemente
referida como limitagdo de dreno). No Capitulo 3, eu avaliei a capacidade
fotossintética e a fluorescéncia da clorofila em plantas de soja [Glycine max L.
(Merrill)] recebendo N mineral (como NO;3), ou inoculadas com duas estirpes
diferentes de Bradyrhizobium japonicum, CPAC 7 ou CPAC 390, caracterizadas por
diferencas na eficiéncia de fixacdo de N,. Plantas noduladas tiveram taxas de
fotossintese 13% a 41% (para CPAC 7 e CPAC 390, respectivamente) maiores e
acumularam menos amido nas folhas do que plantas fertilizadas. Eu encontrei
evidéncias de que a estripe CPAC 390 apresentou custos mais elevados de C na
fixagdo de N,, quando comparada com a CPAC 7; contudo, o maior custo foi
acompanhado por taxas mais elevadas de fotossintese. Aplicando um modelo
bioquimico de fotossintese, que inclui as limitagdes de atividade da rubisco, do
transporte de elétrons e das taxas de utiliza¢do de triose-P, eu mostrei que plantas de
soja adaptam sua capacidade fotossintética para sustentar um dreno maior causado
pela fixacdo de N,, através de dois possiveis mecanismos: remo¢ao da limitacdo de
dreno e estimulo direto pelo dreno. A adaptacdo da capacidade fotossintética em soja
nodulada sugere que a eficiéncia pela qual o C ¢ utilizado pela simbiose rizobiana ¢
menos importante para o crescimento da planta do que a capacidade efetiva de fixagdo
de N,.

No capitulo 4, sdo descritos trés experimentos subseqiientes conduzidos com duas
variedades de soja noduladas com duas estirpes de rizobio, ou recebendo duas doses de
N-mineral (como KNOs). Nesses experimentos, eu medi as taxas de fotossintese, as
concentragdes de N total, N-ureidos e proteinas nas folhas em quatro estagios de
desenvolvimento (V4, R2, R4 e R5). Plantas associadas com simbioses rizobianas
sempre apresentaram taxas mais elevadas de fotossintese e acumularam menos amido
do que as plantas que receberam N-mineral durante todo o ciclo. Plantas noduladas
acumularam mais ureidos ao partir do inicio do periodo reprodutivo. Ao mesmo
tempo, a concentragdo de N nas folhas das plantas noduladas aumentou em relagcdo ao
das plantas fertilizadas. A concentracdo de clorofila de plantas noduladas se manteve
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elevada até o periodo de enchimento de grdos, enquanto que a concentracdo de
clorofila das plantas fertilizadas comegou a diminuir j& no florescimento. Na verdade,
plantas com baixa forca-dreno acumularam mais amido nas folhas. O actiimulo de
amido diminuiu a fotossintese por bloquear a expressdo génica de enzimas de
assimilagdo de CO,. A baixa atividade fotossintética levou a degradacdo de enzimas
relacionadas a fixacdo de CO,. Uma das conclusdes do Capitulo 4 € que os custos de C
das simbioses rizobianas aumentam a forca-dreno da planta e, como conseqiiéncia,
ocorre um incremento na fotossintese e um atraso na senescéncia foliar.

O trabalho apresentado nesta tese indica, sobretudo, que uma maior atividade das
simbioses rizobianas e micorrizicas resulta em estimulo da fotossintese por forca-
dreno, a qual leva ao maior crescimento da planta ao longo do tempo. Existem
evidéncias de que plantas inoculadas com rizdbios e fungos AM eficientes aumentam a
razdo de graos produzidos pela biomassa da parte aérea (indice de colheita), o que
indica que os efeitos do estimulo pela for¢a-dreno sdo significativos ao longo do ciclo
da planta. O estimulo da fotossintese pela forga-dreno implica em que as plantas
simbidticas ndo sdo limitadas por C. Apesar dos custos de C, a produtividade de graos
¢ aumentada em func¢@o da inoculagdo com rizobios e fungos AM, tanto em ensaios de
casa de vegetacdo, como a campo. Incrementos nas taxas de fotossintese nos estagios
iniciais do desenvolvimento da planta retardam as taxas de senescéncia foliar nos
estdgios mais avancados de desenvolvimento da planta. Os custos de C das simbioses
trazem vantagens para a adaptacdo das plantas a concentragdes elevadas de CO,,
porque eles removem a limitacdo de dreno da fotossintese. Em ambas as simbioses
rizobiana e micorrizica, o estimulo da fotossintese pela for¢a-dreno implica em que as
plantas simbioticas ndo sdo limitadas por C, mas sim pelos nutrientes do solo, como o
N e o P, que trazem consequéncias na teoria do custo:beneficio. Na verdade, as plantas
sdo capazes de investir em simbioses tanto quanto necessario para satisfazer a sua
demanda por N e P. A limitagdo de ambas as simbioses ndo ¢ uma questdo de
disponibilidade de C, mas sim da efetividade de cada simbiose. No caso da simbiose
micorrizica, a sua eficiéncia na captura de P também ¢ limitada pela disponibilidade de
P no solo.
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