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Abstract

One of the most fascinating processes in plant physiology and agronomy is the
capability of legumes to associate symbiotically with rhizobial bacteria and arbuscular
mycorrhizal (AM) fungi. The legumes supply photosynthates in exchange for nitrogen,
derived from biological N2 fixation, and soil nutrients mainly phosphate, obtained
from foraging of AM fungi from the soil. The rhizobial and arbuscular mycorrhizal
symbioses each may use 4-16% of recently fixed photosynthates to maintain their
activity, growth and reserves, but in turn, may supply 100% of the plant nutrient
requirements. The C costs of the symbioses are often assumed to limit plant
productivity due to photosynthate competition between the microsymbiont and the
host. In addition, the C costs are often used as an entry point to understand the
evolution of the symbioses.
It is intriguing that despite of the symbiotic C costs, plants associated with rhizobia
and/or AM fungi often produce more biomass and grains than fertilized plants.
Increases in plant growth are traditionally attributed to improved plant nutrition and
enhanced photosynthesis. 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 sink stimulation,
over and above the expected nutritional benefits from the symbioses. Sink stimulation
of photosynthesis is a consequence of increased C demand from photosynthesis, which
increases the export of triose-P from chloroplasts, recycling more inorganic
phosphates and activating more photosynthetic enzymes. In the thesis, I report a
literature study, which provides a framework for the quantification of sink stimulation
of photosynthesis. Apparently, sink stimulation of photosynthesis by symbioses just
equals the C costs, which in the long term is still beneficial for plant growth. Sink
stimulation of photosynthesis implies that plants and symbioses are not limited by
photosynthates, which means that the cost : benefit theories for symbioses need to be
re-conceptualized.
Photosynthesis is limited by three biochemical processes: rubisco activity, electron
transport, and triose-P export (often referred as sink limitation). In Chapter 3, I apply a
biochemical model expressing these three limitations in CO2 response curves of
soybean (Glycine max [L.] Merrill) inoculated with rhizobial strains with putative
different C costs (Bradyrhizobium japonicum CPAC 390 or CPAC 7) or fertilized with
KNO3, to understand the effects of rhizobial symbioses on the photosynthetic capacity.
Plants associated with putatively more expensive strains have higher photosynthetic
capacity than those associated with less ‘expensive strains’. The effect of sink

stimulation of photosynthesis is evident because plants with higher triose-P export
rates consistently had higher rates of electron transport and rubisco activity. These
results suggest that the C costs of rhizobial symbioses generate feedbacks between the
rates of triose-P export with rubisco activity and electron transport rates.
I also describe three subsequent experiments with two different soybean varieties
nodulated with two rhizobial strains or fertilized with two doses of KNO3 fertilizer.
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
cycle. Furthermore, nodulated plants maintained higher chlorophyll concentrations for
a longer period than N-fertilized plants. Both photosynthesis and N2 fixation were
synchronized over the plant cycle. One of the conclusions of Chapter 4 is that C costs
of rhizobial symbioses lead to sink stimulation of photosynthesis, which in turn, delays
leaf senescence. These mechanisms together are likely to contribute for increase in
plant productivity.
Overall, the thesis indicates that the C costs of symbioses are not disadvantageous,
as usually thought. Higher activity of rhizobial and AM fungal symbioses results in
sink stimulation of photosynthesis, which leads to higher plant growth over time. Sink
stimulation of photosynthesis implies that the microsymbionts and plants are not
limited by photosynthate. 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 bring advantages to the plant’s adaptation under elevated
CO2 concentration, because they remove the sink limitation of photosynthesis. It
means that effectiveness of the symbioses (the capacity to supply nutrients) is more
important than the C costs or the efficiency with which photosynthates are used.

Key words: biochemical model of leaf photosynthesis; carbon sink strength;
chlorophyll fluorescence; harvest index; leaf protein; leaf senescence; legumes;
photosynthetic nutrient use efficiency; Pi recycling; source-sink regulation; ureides
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General Introduction

Chapter 1

2

General introduction

1.1. Carbon metabolism of mycorrhizal and rhizobial symbioses
Plants have evolved in association with symbiotic soil microorganisms –
particularly, arbuscular mycorrhizal (AM) fungi and rhizobial bacteria – to overcome
nutrient limitations for growth. Indeed, these symbioses have common evolutionary
pathways, as they are commonly triggered by at least seven similar genes (Parniske,
2008). The AM fungi colonize the intraradical and surrounding soil spaces, absorb soil
nutrients, particularly P, and transfer them to the plants in exchange for photosynthates
(C). In the same way, rhizobial bacterial strains associate with plants of the family
Fabaceae (Leguminosae) by inducing formation of root nodules, fix atmospheric N2
and exchange reduced N for C. Each symbiosis has a complex C metabolism and may
require 4-16% of the photosynthetic production from their hosts (e.g. Pang and Paul,
1980, Finke et al., 1982, Harris et al., 1985).
In the AM symbiosis, C as hexoses is unloaded into the intraradical fungal hyphae
(more specifically through arbuscules), where they are converted into trehalose,
glycogen and chitin (Fig. 1.1). Hexoses are also decomposed to trioses and aggregated
into triacylglycerols (TAG) surrounded by a phospholipid monolayer, in which
stabilizing proteins are inserted. These TAG are transferred to extraradical hyphae,
used to support new hyphal growth, and in due time, stored in spores and vesicles. An
intense C turnover throughout the hyphae maintains a gradient that allows a constant C
supply from the host cells to the fungi (Smith and Read, 2008). In their turn,
extraradical hyphae absorb P and combine it with C skeletons (arginine) to form polyP granules. These poly-P granules are transported to intraradical hyphae by
cytoplasmic streaming, where they are decomposed and transferred to root cells with
the aid of P transporters (Fig. 1.1). Also other soil nutrients are absorbed by the
extraradical hyphae, but because of low P mobility in the soil and its usual low
concentration, P is the most important exchangeable nutrient in AM symbioses.
Furthermore, the rates of AM transfer of other nutrients (e.g. N) do not meet the plant
requirements (Smith and Read, 2008).
In rhizobial symbiosis, most of the C supplied by the plant to the nodule is utilized
to support the activity of the enzymatic complex of nitrogenase (E.C. 1.18.6.1), which
fixes N2 and requires at least 4 moles of reductants and 16 moles of ATP per mol of N2
fixed. The photosynthates unloaded into the cortical cells of the nodule are rapidly
reduced to organic acids and transferred to rhizobial cells where they are metabolized
to produce ATP and reductants (Fig. 1.2). Rhizobial symbioses face an intriguing
paradox: on the one hand, nitrogenase requires large amounts of energy, which is more
efficiently obtained by oxidative phosphorylation, but on the other hand, it is destroyed
and/or inactivated in the presence of oxygen. This paradox is resolved because a thick
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Figure 1.1. Flows of carbon, nitrogen and phosphorus between intraradical and extraradical
mycorrhizal mycelia and the root cell in an AM symbiosis. Redrawn from Bago et al. (2002).

layer of cortical cells in the outer side of the nodule regulates the diffusion of oxygen,
while an enzyme called leghemoglobin reductase (EC 1.6.2.6) supplies oxygen in low
concentrations but at high transport rates (Fig. 1.2).
The first product of N2 fixation is NH3, which is quickly protonated into NH4+,
bound with C skeletons and assimilated into glutamine and glutamate but finally into
amino acids, amides or ureides depending on the legume species (Fig. 1.2). Legumes
of the tribes Phaseoleae or Desmodieae translocate fixed N as ureides (allantoin and
allantoic acid) whereas legumes of most of the other tribes (e.g. Vicieae, Trifolieae)
translocate fixed N as amides (asparagine) (Giller, 2001). Ureides are more costly to
be synthesized and degraded in the leaves than amides, but carry more N per unit of C
(Minchin and Witty, 2005). Some rhizobial strains use C more efficiently than others,
due to the presence and activity of two enzymes: phosphoenolpyruvate carboxylase
(PEPC, E.C. 4.1.1.31), which can assimilate 30% of the CO2 initially released by
nodule respiration (Marschner, 1995), and uptake hydrogenase (E.C. 1.12.99.6), which
recycles the H2 produced by nitrogenase to increase the production of ATP and
protects nitrogenase, which is intolerant of H2 (Minchin and Witty, 2005).
The activity of both AM and rhizobial symbioses is down-regulated when there is
4

Xylem
Phloem

General introduction

Peribacteroid membrane

O2

Nodule cytosol
Leghemoglobin

Bacteroid
Electron
transport
chain

Carbon substrate

photosynthate

utilization
C4
carboxylic
acids

Mg-ATP

CO2

Mg-ADP

2H
Ferrodoxin
and
flavodoxin

Mo-Fe
Fe
protein protein

е–

Nitrogenase

Electrons carriers

+

N2

H2

H2

NH3

Uptake hydrogenase
(Hup+)

H2

NH4+

PEP
carboxylase

Carbon skeletons
Amino acids; amides; ureides

Figure 1.2. Relationships between nitrogenase and related reactions in bacteroids and the
cytosol of the host in legume nodules. Adapted from Marschner (1995).

an abundant supply of nutrients in the soil, which suggests that plants regulate C
delivered to microsymbionts when grown in fertile soil or when fertilizers are applied
(Treseder and Allen, 2002; Kiers and Denison, 2008). This thesis focuses on the
implications of diverted C partitioning to AM and rhizobial symbioses compared with
fertilized plants. An intriguing question guiding this study is thus whether plants can
overcome symbiotic C consumption by increasing the rate of photosynthesis.

1.2. Are symbioses limited by photosynthate supply?
Several studies on the C metabolism in plants associated with AM fungi and/or
rhizobia have demonstrated that each of these symbioses take up 4–16% of
photosynthates produced (e.g. Pang and Paul, 1980; Finke et al., 1982; Harris et al.,
1985). These studies often refer to the C transfer from the plant to the microsymbiont
as the C costs of the symbioses. These C costs are counterbalanced by the benefits of P
in the AM symbioses, and N in the rhizobial symbioses. The cost : benefit theory
suggests that (i) AM and rhizobial symbioses would only occur if plants are grown
under conditions of soil nutrient limitation, and (ii) plants should sanction symbioses
5
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Figure 1.3. Effects of plant and microsymbiont (rhizobia or AM fungi) nutrient limitation on
the microsymbiont biomass. At high soil nutrient availability, rhizobia and AM fungi will
receive little C from plants and will grow less. At lower soil nutrient availability, rhizobia or
AM fungi will receive more C because plants are N or P limited. At (very) low soil nutrient
availability, rhizobia, AM fungi and plant should be N or P limited, and microsymbiont
biomass will be low regardless of C allocation by the plants. Inspired by Treseder and Allen
(2002).

when they are not effective. Since symbioses are down-regulated under satisfactory
soil nutrient supply (Fig. 1.3), several authors have advocated that AM fungal
colonization or nodulation in plants supplied with satisfactory amounts of soil
nutrients indicate a parasitism-like relationship of the microsymbiont with the plant.
The dilemma of mutualistic versus parasitic behaviour implies that plants are limited
by their C metabolism, and decreases in plant growth result from the competition of
plant and microsymbiont for C resources or from microsymbiont cheating (e.g.
Johnson et al., 1997; Treseder and Allen, 2002; Klironomos, 2003; Kiers and Denison,
2008). However, for a large range of plant species and experimental conditions, there
is evidence that plants can overcome potential C competition with microsymbionts by
increasing the rate of photosynthesis (Fig. 1.4; Chapter 2), which suggests that
regulation of symbioses is determined by other mechanisms than simply cost : benefit
ratios. In this thesis, I try to understand the mechanisms by which photosynthesis is
increased in symbiotic plants (whether by nutrient stimulation or by carbohydrate
feedback), and the implications of such a physiological response to plant productivity.
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Figure 1.4. Index of change in photosynthesis (on leaf area basis) due to AM fungi and
rhizobial symbioses. Index of change = ( Sym − Nonsym) /( Sym + Nonsym) × 100 , where Sym
and NonSym are the rates of photosynthesis in symbiotic and non-symbiotic plants,
respectively. Indices vary from –100 to +100: negative and positive values indicate inhibition
or stimulation of photosynthesis, respectively. The index of change of this figure does not
correct for the effect of symbiotic nutrient acquisition, discussed in Chapter 2. Plant species:
F1, Allium porrum; F2, Capsicum annum; F3, Cucumis sativus; F4, Lactuca sativa; G1, Avena nuda;
G2, Cajanus cajan; G3, Glycine max; G4, Hordeum vulgare; G5, Phaseolus vulgaris; G6, Pisum
sativum; G7, Vicia faba; G8, Vigna unguiculata; P1, Artemisia annua; P2, Catharanthus roseus; P3,
Citrus aurantium; P4, Citrus reticulata; P5, Citrus unshiu; P6, Medicago sativa; P7, Plantago
lanceolata; P8, Psidium guajava; P9, Trifolium repens; S1, Solanum tuberosum; T1, Bouteloua
gracilis; T2, Panicum coloratum; T3, Zea mays. Data compiled from 51 studies, whose references

are listed at the end of this thesis under the heading “Additional References on Figure 1.4.”
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1.3. Symbioses and their relationship with plant photosynthesis
On a whole plant basis, increased total CO2 assimilation can be attributed to
increased plant growth due to improved nutrition (Marschner, 1995; Lambers et al.,
1998). On a leaf area basis, improved nutrition results in a higher concentration of
chlorophyll, photosynthetic enzymes for CO2 assimilation, ATP and inorganic P (Pi)
(e.g. Hikosaka and Terashima, 1995; Lovelock et al., 1997), which could stimulate
rates of photosynthesis. However, improved nutrition does not fully explain increased
rates of photosynthesis, probably because photosynthesis is also regulated by the
source-sink relations of the plant (Herold, 1980; Paul and Foyer, 2001). Because C
costs of symbioses increase the demand for photosynthates, I extend the concept of
sink regulation of photosynthesis (e.g. Paul and Foyer, 2001) to the interaction of
plants with AM and rhizobial symbioses. In this thesis, sink stimulation of
photosynthesis by AM fungal and rhizobial symbioses is conceptualized as a feedback
in which the C costs of symbioses stimulate the rates of photosynthesis over and above
nutritional effects due to increased C sink strength, a process associated with faster
rates of phloem loading and triose-P export.
In fact, sink stimulation of photosynthesis occurs because faster rates of triose-P
export inhibit starch accumulation in the leaves (chloroplasts), which has negative
effects on the enzymes of CO2 fixation metabolism (Azcón-Bieto, 1983; Goldschmidt
and Huber, 1992). As a matter of fact, there are other ways by which AM and rhizobial
symbioses could affect plant physiology and thus photosynthesis [such as hormones
(Goicoechea et al., 1997) and improved water relations (Augé, 2001)], however such
mechanisms are of less relevance in photosynthetic physiology when plants are well
supplied with water. Therefore, the theory of sink stimulation 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 chlorophyll to split H2O and
generate electrons, which are transferred through an electron gradient that supports the
production of ATP and NADPH. The energy captured is used by ribulose 1,5
biphosphate carboxylase/oxygenase (rubisco E.C. 4.1.1.39) in the chloroplasts to fix
atmospheric CO2, which is converted into sugars. These sugars can be rapidly exported
out of the leaves or temporarily stored in the chloroplasts. The C costs of symbioses
affect the partitioning of recently fixed C and thus affect the overall functioning of the
photosynthetic metabolism.
Farquhar et al. (1980) developed a model of the C3 photosynthesis, which includes
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Figure 1.5. Responses of CO2 assimilation (A) of leaves of N-fertilized soybeans (Glycine
max) to increasing intercellular CO2 concentration. Solid lines (AC) show that CO2
assimilation is limited by VC (Rubisco activity); dashed lines (Aj) show that CO2 assimilation
is limited by VJ (electron transport rates); and thick gray lines (At) shows it is limited by VT
(Triose-P utilization). The rates of CO2 assimilation fitted by the model are presented as circle
symbols, as the minimum estimate of three responses at a given intercellular CO2
concentration. The parameter values for the fitted model were: VCmax = 59.4 µmol CO2 m–2 s–
1
, J = 140.9 µmol e– m–2 s–1, TP = 6.3 µmol triose-P m–2 s–1. This model is applied in Chapter 3
to predict ‘sink removal’ or ‘sink stimulation’ of photosynthesis of nodulated soybean plants.

two main limiting processes of leaf CO2 assimilation: (1) kinetics of rubisco activity
(AC) and (2) electron transport rates and subsequent regeneration of ribulose 1,5
phosphate (AJ). Later, this model was extended to include a third limiting process: (3)
triose-P utilization or export (AT) (Sharkey, 1985; Harley et al., 1992; von Caemmerer
2000; Sharkey et al., 2007), which depends on the C sink strength of the plant. The
equations of this model are fitted to response curves of photosynthesis to increasing
CO2 concentrations (e.g. Fig. 1.5; von Caemmerer, 2000), often measured with the
open gas exchange system Li-6400 (LI-COR Inc., Lincoln, NE, USA). Whereas AC
and AJ limitations of photosynthesis are expressed at lower CO2 concentrations, the AT
limitation is expressed at high CO2 concentrations, particularly when associated with
high light intensities or low atmospheric O2 (Fig. 1.5), due to a feedback of weak C
sink strength on the rates of photosynthesis (Sharkey, 1985). In this thesis, I test the
hypothesis that the C sink strength of AM and rhizobial symbioses is large enough to
remove the AT limitation of photosynthesis.
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1.5. Objectives of the thesis

1.
2.
3.
4.

5.

6.

The objectives of the research described in this thesis were to:
Review the effects of AM and rhizobial symbioses on the rates of photosynthesis
and plant productivity, with emphasis on legumes;
Distinguish the effects of improved nutrition of AM and rhizobial symbioses from
the effects of increased C sink strength on the rates of photosynthesis;
Compare potential sink stimulation in AM and rhizobial symbioses;
Determine whether C costs of dual symbioses are additive or synergistic (i.e.
interaction between symbioses is such that the total effect is greater than the sum of
the individual effects), and assess the degree of sink stimulation in single and dual
symbioses;
Assess possible consequences of diverted C partitioning and sink stimulation of
photosynthesis by AM and rhizobial symbioses on leaf senescence, plant growth
and grain yield. (It has been suggested that increased photosynthesis prior to the
early phase of senescence could lead to a longer photosynthetically-active life of
leaves [Paul and Peliny, 2003] );
Implement the effect of sink stimulation of photosynthesis by AM and rhizobial
symbioses in a conceptual mechanistic plant/crop growth model.

1.6. Hypotheses
I formulated five main hypotheses:
1. AM and rhizobial symbioses stimulate the rates of photosynthesis beyond a simple
effect caused by the nutritional benefits.
2. Increases in the rates of photosynthesis in symbiotic plants are proportional to the
C costs of the symbioses.
3. AM and rhizobial symbioses are not limited by plant C availability.
4. Plant growth is not decreased proportionally to the C costs of symbioses because
the rates of photosynthesis are increased.
5. Symbiotic plants have higher rates of photosynthesis because the C costs of
symbioses remove the limitation of triose-P utilization. If removal of sink
limitation of photosynthesis does not explain increases in photosynthesis, then,
photosynthesis is increased due to internal feedbacks between the rates of triose-P
utilization, rubisco activity and electron transport rates.

10
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1.7. Outline of the thesis
Presumably sink stimulation of photosynthesis occurs in a wide range of plant
species, with different life cycles (e.g. Fig. 1.4). However, I perform most of the
analyses on legumes, because they allow for a direct comparison between AM and
rhizobial symbioses. Legumes were also chosen because they play essential roles,
particularly in tropical agro-ecosystems, as human food, fodder, green manure and,
more recently, as a source of biofuel. In addition, physiology of one legume species,
soybean (Glycine max (L.) Merrill), has been intensively studied over the last decades,
and that is important for cross-checking and understanding overall physiological
patterns. Furthermore, although the C costs of N2 fixation and nitrate uptake were
analysed in detail during the 1970s and 1980s, it remained undecided whether the C
costs of N2 fixation compromise the productivity of symbiotic legumes. If the C costs
of N2 fixation are indeed compensated by sink stimulation of photosynthesis, it is
interesting to know what the constraints are. This would allow us to maximize further
increases of productivity of legumes solely relying on N2 fixation.
In Chapter 2, I review the effects of AM and rhizobial symbioses on leaf
photosynthesis and leaf nutrition, considering a meta-analysis with data gathered from
published studies as available in the SCOPUS and the Web of Science data-bases. The
main key-words for this review were ‘photosynthesis’, ‘mycorrhiza’, ‘rhizobia’ and
‘legumes’. Photosynthesis can be measured at a whole plant basis and on a leaf area
basis; my focus was on leaf area basis, and when available, on leaf mass basis. The
response patterns obtained in this analysis were cross-checked with current
understanding in photosynthesis physiology.
In Chapter 3, I describe a glasshouse experiment with soybean inoculated with
rhizobia or fertilized with nitrate, in which the response curves of photosynthesis and
several leaf metabolites (starch, sugars, chlorophyll, ureides, total nitrogen) were
measured. Comparisons between nodulated and fertilized plants were based on plants
with similar shoot weight and leaf nutrient concentrations. I apply a biochemical
model of leaf photosynthesis to measured response curves of photosynthesis in order
to test the hypotheses of removal of sink limitation versus sink stimulation of
photosynthesis in plants reliant on N2 fixation (e.g. Fig. 1.5). I also attempted to
perform similar experiments with AM fungi, but there were several methodological
problems, including Mn toxicity and AM contamination in non-inoculated treatments,
which I briefly comment upon in Appendix 1.
In Chapter 4, I discuss the role of sink stimulation of photosynthesis on the delay of
leaf senescence based on two glasshouse experiments with soybean, in which I
measured instantaneous rates of photosynthesis and leaf metabolites (starch, sugars,

11
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chlorophyll, soluble proteins, ureides, total nitrogen) at four stages of plant
development.
In Chapter 5 (General Discussion), I use the knowledge acquired in the previous
chapters to analyse possible consequences of the diverted C partitioning and sink
stimulation of photosynthesis by AM and rhizobial symbioses on plant growth and
grain yield of grain legumes. I also discuss the implication of sink stimulation of
photosynthesis on the regulation of AM and rhizobial symbioses during plant
development, and I identify gaps in our understanding in photosynthetic feedbacks,
which have prevented an adequate inclusion of sink stimulation in crop models.
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Chapter 2
Are the rates of photosynthesis stimulated by the carbon sink
strength of rhizobial and arbuscular mycorrhizal symbioses?†

†

This chapter is published as:
Kaschuk, G., Kuyper, T.W, Leffelaar, P.A., Hungria, M., Giller, K.E., 2009. Are the rates of photosynthesis
stimulated by the carbon sink strength of rhizobial and arbuscular mycorrhizal symbioses? Soil Biology &
Biochemistry 41, 1233-1244.

Chapter 2

Abstract
Rhizobial and arbuscular mycorrhizal (AM) symbioses each may consume 4-16%
of recently photosynthetically-fixed carbon to maintain their growth, activity and
reserves. Rhizobia and AM fungi improve plant photosynthesis through N and P
acquisition, but increased nutrient uptake by these symbionts does not fully explain
observed increases in the rate of photosynthesis of symbiotic plants. In this paper, we
test the hypothesis that carbon sink strength of rhizobial and AM symbioses stimulates
the rates of photosynthesis. Nutrient-independent effects of rhizobial and AM
symbioses result in direct compensation of C costs at the source. We calculated the
response ratios of photosynthesis and nutrient mass fraction in the leaves of legumes
inoculated with rhizobial and/or AM fungi relative to non-inoculated plants in a
number of published studies. On average, photosynthetic rates were significantly
increased by 28 and 14% due to rhizobial and AM symbioses, respectively, and 51%
due to dual symbiosis. The leaf P mass fraction was increased significantly by 13%
due to rhizobial symbioses. Although the increases were not significant, AM
symbioses increased leaf P mass fraction by 6% and dual symbioses by 41%. The leaf
N mass fraction was not significantly affected by any of the rhizobial, AM and dual
symbioses. The rate of photosynthesis increased substantially more than the C costs of
the rhizobial and AM symbioses. The inoculation of legumes with rhizobia and/or AM
fungi, which resulted in sink stimulation of photosynthesis, improved the
photosynthetic nutrient use efficiency and the proportion of seed yield in relation to
the total plant biomass (harvest index). Sink stimulation represent an adaptation
mechanism that allows legumes to take advantage of nutrient supply from their
microsymbionts without compromising the total amount of photosynthates available
for plant growth.

Key words: source-sink regulation, sink stimulation of photosynthesis, legume,
harvest index, photosynthetic nutrient use efficiency, Pi recycling , sucrose, starch
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2.1. Introduction
Legumes associated with rhizobia and arbuscular mycorrhizal (AM) fungi show
improved performance and higher yields than non-symbiotic plants. These positive
effects of rhizobial and AM symbioses have been attributed to an improved nutritional
state (due to N supplied by rhizobia and P by AM fungi), which in turn leads to
increased photosynthetic rates and improved plant growth. Simultaneously, there is a
cost to the legume of rhizobial and AM symbioses, as each may consume as much as
4-16% of recently fixed photosynthetic carbon to maintain their activity (Table 2.1).
The photosynthate (C) derived from photosynthesis to maintain the performance of
these symbioses is often referred to as the “cost”, and the nutrients obtained through
the symbioses are often referred to as the “benefit” of the symbiont (Koide and Elliot,
1989; Fitter, 1991). The N and P acquired are the benefits from rhizobia and AM
fungi, respectively, and the C costs are expressed in terms of g C g–1 N and g C g–1 P.
There is evidence that AM fungi also play a role in the uptake of nitrate and
ammonium (e.g. Olsson et al., 2005; Smith and Read, 2008) which are assimilated and
transported within the mycelium as arginine, but compared with ectomycorrhizas, rates
of N uptake by AM hyphae are too small to contribute substantially to plant N
nutrition (Smith and Read, 2008).
The C costs of N acquisition by N2 fixation are compared with N acquisition by
NO3– uptake, based on several methods in Table 2.2. The C costs of N2 fixation are
almost exclusively incurred in the biochemical reactions of N2 fixation (Witty et al.,
1983; Ryle et al., 1984; Voisin et al., 2003). On a theoretical basis, the C costs of N2
fixation should range between 3.3 and 6.6 g C g–1 N, depending on the legumerhizobia combination, whereas NO3– reduction should not exceed 2.5 g C g–1 N
(Atkins, 1984, Minchin and Witty, 2005). Except for pea (Pisum sativum L.) (Minchin
and Pate, 1973), the costs of N acquisition through rhizobia are always higher than by
NO3– uptake (Table 2.2). The differences in C costs may be small and not always
statistically significant, but when integrated over the whole growth cycle the costs may
be substantial.
Literature on the C costs of P uptake via AM symbioses is less abundant. By
analyzing the radio-labelled 14CO2 allocation patterns, Harris et al. (1985) determined
that mycorrhizal roots spent 199 g C g–1 P whereas non-mycorrhizal roots receiving N
fertilizer or inoculated with rhizobia spent 129 and 127 g C g–1 P, respectively. The
carbon costs of P uptake by roots only was 130 and due to mycorrhizal hyphae was
twice as large (267 g C g–1 P) (Harris et al., 1985). Smith and Read (2008) argue that C
costs based on length are less for mycorrhizal hyphae because they are much thinner
than roots and can exploit larger soil volumes for the same amount of C. The C costs
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Growth/Respiration
Growth/Respiration
14
CO2 allocation
14
CO2 allocation
14
CO2 allocation
14
CO2 allocation
14
CO2 allocation
Growth/Respiration
Growth/Respiration

C allocation to Difference in net
Method
symbiont (%) photosynthesis (%)

Harris et al. (1985)
Harris et al. (1985)
Kucey and Paul (1982b)
Kucey and Paul (1982b)
Paul and Kucey (1981)

Harris et al. (1985)
Harris et al. (1985)
Kucey and Paul (1982b)
Kucey and Paul (1982b)
Pang and Paul (1980)
Paul and Kucey (1981)

Ryle et al. (1979a)
Finke et al. (1982)
Harris et al. (1985)
Harris et al. (1985)
Kucey and Paul (1982b)
Kucey and Paul (1982b)
Paul and Kucey (1981)
Ryle et al. (1979a)
Ryle et al. (1979a)

Reference

1. In all studies, the rates of photosynthesis were measured as C or CO2 uptake per g leaf dry weight per time. ND means that values were not determined.
2. The difference in photosynthesis was calculated as: Difference (%) =100×[(Photosynthesis in Symbiotic Plants / Photosynthesis in Fertilized Plants) – 1].

Rhizobia
Glycine max
Bradyrhizobium spp.
G. max
Bradyrhizobium japonicum
G. max
B. japonicum
G. max
B. japonicum
Vicia faba
Rhizobium leguminosarum
V. faba
R. leguminosarum
V. faba
R. leguminosarum
Vigna unguiculata Bradyrhizobium spp.
Trifolium repens
Rhizobium spp.
AM fungi
G. max
Glomus fasciculatum
G. max
G. fasciculatum
V. faba
Glomus mosseae
V. faba
G. mosseae
V. faba
G. mosseae
V. faba
G. mosseae
Rhizobia + AM fungi
G. max
B. japonicum + G. fasciculatum
G. max
B. japonicum + G. fasciculatum
V. faba
R. leguminosarum + G. mosseae
V. faba
R. leguminosarum+ G. mosseae
V. faba
R. leguminosarum+ G. mosseae

Plant species

Table 2.1. Carbon sink strength of symbioses and its effect on the rate of photosynthesis of legumes.
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of AM symbioses are mainly determined by the growth and maintenance of both
intraradical structures (vesicles, arbuscules, spores, hyphae) and extraradical mycelium
(plus spores) (e.g. Peng et al., 1993; Johnson et al., 2002), as effective AM symbioses
require an extensive hyphal network. There have been few measurements of the C
costs of mycorrhizal fungi (e.g. Bryla and Eissenstat, 2005) but most relate the C costs
directly to a proportion of the rates of photosynthesis (Table 2.1). The fraction of
fungal tissue in the mycorrhizal root biomass ranges from 2 to 13% in soybean
(Glycine max (L.) Merr.) (Bethlenfalvay et al., 1982a; 1982b; Harris et al., 1985;
Pacovsky and Fuller, 1988), 5 to 14% in Centrosema pubescens Benth. (Hepper,
1977), 6 to 7% in subterranean clover (Trifolium subterraneum L. ) (Olsson and
Johansen, 2000) and 0.5 to 5% in faba beans (Vicia faba L.) (Kucey and Paul, 1982a)
depending on the mycorrhizal fungal species, plant development, soil P supply and
growth conditions. Theoretical costs of fungal growth could be calculated considering
a quantitative assessment of fungal composition – proportions of carbohydrates, lipids,
proteins, nucleic acids and mineral nutrients – multiplied by the glucose requirements
for their synthesis and maintenance (cf. Penning de Vries et al., 1974).
However, there is much uncertainty about the exact composition of AM fungi,
although Bago et al. (2003) and others have indicated that C metabolism in
mycorrhizal hyphae is driven by constant synthesis and degradation of lipids. In
addition, the energy demand associated with lipid metabolism would increase the C
costs of AM symbioses. Few studies have reported quantitative assessments (Table
2.3), but even if we take the largest estimates, the sum of the components is not more
than half of the total dry weight. Table 2.4 gives hypothetical fungal compositions of 5
to 30% of carbohydrates, 20 to 60% of lipids and 10 to 50% of N compounds. These
estimates suggest that the C costs of growth and fungal respiration vary from 400 to
1500 mg C g–1 fungal tissue (Table 2.4).
Furthermore, there is evidence that C costs of both rhizobia and AM fungi are
additive (e.g. Harris et al., 1985). Dual symbioses are likely to have a additive effect
on the C costs if AM symbioses alleviate deficiency of P and micronutrients, and
indirectly stimulate the rate of N2 fixation, or if the enhanced N status of N2 fixing
legumes creates more demand for P (Smith and Read, 2008).
If the C invested in the symbioses is not, or insufficiently, compensated by
enhanced nutrient acquisition, growth of symbiotic plants will be less than that of nonsymbiotic plants. However, there is evidence for a nutrient-independent effect of the
symbioses, in which the C costs are compensated directly at the source by increased
photosynthetic rates (Table 2.1). In fact, photosynthesis may increase due to the C sink
strength of the symbioses (Pang and Paul, 1980; Harris et al., 1985; Wright et al.,
1998a; 1998b; Mortimer et al., 2008), and as consequence, more C is fixed per time
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IPH 159
CB 1809 and CB 756
not identified
USDA G3
USDA 3I1B71
WU 425
V 200
CB1809 and CB756
CB 756
CB 1809 and CB 756

Cajanus cajan
Glycine max
G. max
G. max
G. max
Lupinus albus
Pisum sativum
Trifolium repens
Vigna unguiculata
V. unguiculata

N2 fixation
(g C g-1 N)
5.0 to 14.3
6.3
5.8
2.5 to 7.6
7.1
10.2
5.9
6.6
12.3
6.8

NO3- reduction
(g C g-1 N)
ND
ND
ND
ND
4.3
8.1
6.2
ND
3.7
ND

ND means that C costs of NO3 reduction were not determined in the study

Rhizobium strain

Plant species
C:N balance/Respiration analysis
C:N balance/Respiration analysis
CO2 versus ARA/H2 regression
14
CO2 versus 15N2 allocation
C:N balance/Respiration analysis
C:N balance/Respiration analysis
C:N balance/Respiration analysis
C:N balance/Respiration analysis
C:N balance/Respiration analysis
C:N balance/Respiration analysis

Method

Table 2.2. Carbon consumed for N acquisition in nodulated and N-fertilized legumes

Rao et al. (1984)
Ryle et al. (1979b)
Patterson and LaRue (1983)
Warembourg (1983)
Finke et al. (1982)
Pate et al. (1979)
Minchin and Pate (1973)
Ryle et al. (1979b)
Minchin et al. (1980)
Ryle et al. (1979b)

Reference
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Glomus spp.
Glomus intraradices
Glomus fasciculatum
G. intraradices
G. fasciculatum
G. intraradices
Gigaspora gigantea
Gigaspora rosea
G. intraradices
G. intraradices
G. intraradices
Glomus etunicatum
Gigaspora margarita
G. intraradices
G. etunicatum
Glomus mosseae
G. mosseae
G. margarita

Allium porrum
C. sativus
Glycine max
Cucumis sativus
G. max
Trifolium pratense
T. pratense
Zea mays + Sorghum sudanense
Z. mays + S. sudanense
Z. mays + S. sudanense
Z. mays + S. sudanense
Z. mays + S. sudanense
not given
not given
not given
Lotus corniculatus
Allium cepa
A. cepa

Lipids (vesicles)
Lipids (spores)1
Lipids (hyphae)
Lipids (hyphae)1
Chitin (cell wall)
Chitin (cell wall)
Protein
Protein
Protein
Protein
Protein
Protein
Trehalose + Glucose
Trehalose + Glucose
Trehalose + Glucose
Nucleic acid (hyphae)
Phosphate (40% is Poly-P)
Phosphate (10% is Poly-P)

Compound

Estimates
(mg g fungal dry weight)
582.0
200.0
28.5
19.2
88.5
82.9
63.0
60.0
29.0
21.0
17.0
12.0
16.6
16.3
0.6
0.2
3.8
2.5
-1

Jabaji-Hare et al. (1984)
Olsson and Johansen (2000)
Pacovsky and Fuller (1988)
Olsson and Johansen (2000)
Bethlenfalvay et al. (1982a)
Frey et al. (1994)
Wright et al. (1996)
Wright et al. (1996)
Wright et al. (1996)
Wright et al. (1996)
Wright et al. (1996)
Wright et al. (1996)
Bécard et al. (1991)
Bécard et al. (1991)
Bécard et al. (1991)
Bütehorn et al. (1999)
Callow et al. (1978)
Solaiman et al. (1999)

Reference

1. In the study of Olsson and Johansen (2000), the proportion of dry weight was 90% in spores and 10% in hyphae, which included vesicles.

AMF species

Plant species

Table 2.3. Biochemical composition of several arbuscular mycorrhizal fungi in different plant species
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Table 2.4. Likely fraction of compounds of dry weight of arbuscular mycorrhizal mycelium
and the theoretical C costs for biosynthesis of fungal tissue for a mature symbiosis.
Compound

Carbohydrates
Lipids
N compounds
Nucleic Acids
Mineral uptake
Total C costs

g compound g compound mg C required g CO2 released mg C released
[g fungal tissue]– [g glucose] –1 [g fungal tissue] –1 [g glucose] –1 [g fungal tissue] –1
(D)
(A)
(B)
(C)
(E) 4
0.05 to 0.30
0.87
23.0 to 137.9
0.057
0.9 to 5.4
0.20 to 0.60
0.36
222.2 to 666.7
0.471
71.4 to 214.1
0.10 to 0.50
0.48
83.3 to 416.7
0.249
14.1 to 70.7
0.01 to 0.05
0.57
7.0 to 35.1
0.043
0.2 to 1.0
0.05 to 0.10
20.00
1.0 to 2.0
―
―
― 336.5 to 1258.4
86.6 to 291.2

1. (A) are hypothetical values.
2. (B) and (D) are values extracted from Penning de Vries et al. (1974), assuming that AMF takes up NO3– for its
own growth.
3. (C)=(A)/(B)×(12/30)×1000, where 12/30 converts glucose into C.
4. (E)=(A)×(D)/(B) ×(12/44)×1000, where 12/44 converts CO2 into C.

and per unit of nutrient, resulting in higher photosynthetic nutrient use efficiency
(Brown and Bethlenfalvay, 1988; Fay et al., 1996).
In this review, we consider the potential effects of rhizobial and AM symbioses on
the rates of photosynthesis, using the following questions to guide our literature
analysis:
a) Are the rates of photosynthesis stimulated by the carbon sink strength of rhizobial
and AM symbioses?
b) What is the evidence of sink stimulation under symbiotic conditions?
c) Is the magnitude of sink stimulation by rhizobia and AM symbioses similar?
d) Does sink stimulation of photosynthesis by symbioses increase yield?
e) Is sink stimulation by rhizobia and AM symbioses quantifiable, or does it remain a
theoretical concept?

2.2. Are the rates of photosynthesis stimulated by the carbon sink
strength of rhizobial and AM symbioses?
2.2.1. Limiting processes of photosynthesis
Plant photosynthesis can be expressed on a leaf area/mass basis or on a whole plant
basis, and it is important to realize that different measuring approaches may lead to
different conclusions. The general assumption is that rhizobial and AM symbioses
affect the whole plant photosynthesis because they improve plant nutrition and growth
(by increasing total leaf area), but there is also evidence that rates of photosynthesis
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Figure 2.1. Conceptual model depicting the effects of rhizobial and AM symbioses on the
photosynthesis of a leaf being affected by the metabolism of the whole plant. Symbols follow
the Forrester notation (Forrester, 1961). The effects of nutrient and sink stimulation are
highlighted.

per unit of leaf area may be increased.
We describe some of the processes that regulate photosynthesis when a leaf is
affected by the metabolism of the whole plant in Fig. 2.1. Photosynthesis produces
assimilates which are loaded into the phloem to be partitioned over the different
tissues acting as sinks, and respiratory processes (e.g. Yin and van Laar, 2005). Here,
the C sink strength of the symbioses is a fraction of photosynthates loaded into the
phloem to support either rhizobial or AM symbioses. Nutrient fertilization will
increase the growth rates of shoots and increase the plant size. Leaf photosynthesis
will remain at its steady state, but the overall C assimilation will increase on a whole
plant basis, because of an increase in total leaf area (e.g. Lambers et al., 1998).
However, if plants are dependent on rhizobial and AM symbioses, they will have
additional C costs, which will increase the rates of phloem loading (Fig. 2.1). The C
costs of rhizobia symbiosis will increase according to the nitrogenase activity, nodule
biomass, protein turnover and N assimilation, and the C costs of AM symbiosis will
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increase according to the formation of fungal biomass, nutrient uptake and possibly by
nutrient assimilation (see also Section 2.4). On the one hand, rhizobia and AM
symbioses increase the nutrient mass fraction in leaves (namely N and P) and therefore
may stimulate the rate of photosynthesis – nutrient stimulation (Section 2.2). On the
other hand, the C costs of rhizobial and AM symbioses increase the rate of phloem
loading, and therefore, stimulate the rate of photosynthesis – sink stimulation (Section
2.3)
Our current understanding is that leaf photosynthesis is limited by three
biochemical processes: rubisco (ribulose 1,5 biphosphate carboxylase/oxygenase, E.C.
4.1.1.39) activity, electron transport rates and consequent ribulose-1,5-biphosphate
regeneration (Farquhar et al., 1980), and triose-P utilization (Sharkey, 1985). Water
availability, temperature and nutrients, particularly N, P, and enzyme components and
co-factors (i.e. Mg, Fe, Cu, Mn) are important for the proper functioning of these
photosynthetic processes (Lambers et al., 1998; Cakmak and Engels, 1999).
Additionally, rubisco activity is limited by atmospheric CO2 concentration, the
electron transport rate is limited by light availability, and the triose-P utilization is
limited by the plant C sink strength (Farquhar et al., 1980; Sharkey, 1985; von
Caemmerer, 2000). Therefore, we assume that rhizobia and AM symbioses affect
photosynthesis by removing the limitation of rubisco activity and electron transport
rates through increases in leaf N and P mass fraction. Additionally, rhizobia and AM
symbioses and its related C costs increase photosynthesis by removing the triose-P
export limitation of photosynthesis.
2.2.2. Role of N and P acquisition
In rhizobial symbioses, the bacterial enzymatic complex nitrogenase (E.C.
1.18.6.1) breaks the highly-stable triple bond of N2 and reduces it to NH3. If a
successful symbiosis is established, biological N2-fixation can supply the majority of
the N required by legumes (Zapata et al., 1987; Hungria et al., 2005). Nitrogen is
essential for the synthesis of rubisco and for the synthesis of light-harvesting
chlorophyll (Evans, 1989; Hikosaka and Terashima, 1995). As N2 fixation enhances
leaf N mass fraction, it should stimulate the rate of leaf photosynthesis by increasing
rubisco activity and electron transport rates (e.g. Harley et al., 1992).
The relationship between N mass fraction in the leaves and the rates of
photosynthesis of C3 plants is not consistently linear. In fact, the gain in
photosynthesis decreases gradually with increases in rubisco content (Märchler et al.
1988; Hikosaka and Terashima, 1995; Nelson and Cox, 2004), and N partitioning in
the leaves changes according to the light environment (Hikosaka and Terahima, 1995),
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and/or photosynthate partitioning (Ono et al., 2001). Photosynthesis may not increase
above a threshold of leaf N sufficiency (~2% on dry weight basis) (e.g. Yin and van
Laar 2005).
The AM symbioses improve P acquisition by plants because the extraradical
mycelium grows beyond the nutrient depletion zone of the root system (Khaliq and
Sanders, 2000; Smith et al., 2003; Grimoldi et al., 2005; Cardoso and Kuyper, 2006).
Some plants are dependent on the P supply from the AM symbioses to grow well
(Smith and Read 2008). In photosynthesis, P is used for energy supply (ATP and
NADPH), participates in the regeneration of the CO2 acceptor ribulose biphosphate
(RUBP), and regulates the ratio of starch : sucrose biosynthesis (Cakmak and Engels,
1999; de Groot et al., 2003; Rychter and Rao, 2005). But the effect of P acquisition on
photosynthesis has been established only when P supply was strongly deficient
(Sawada et al., 1992; Fay et al., 1996; Black et al., 2000).
Both P addition and AMF colonization increase leaf area per unit of plant biomass
and thus also plant C assimilation on a whole plant basis (Lambers et al., 1998; Jia et
al., 2004; Grimoldi et al., 2005). When plants are grown under conditions of P
sufficiency or mild deficiency, leaf photosynthesis is not limited by ATP availability
or rubisco activation. Then, the increase of sink organs stimulates the rate of triose
phosphate export, which recycles orthophosphate (Pi) back into the chloroplasts and
triggers the enzymes that regulate photosynthesis (Fig. 2.2) (Flügge, 1995; Pieters et
al., 2001; Rychter and Rao, 2005). Under extreme P limitation, rates of photosynthesis
are reduced due to limitation in activation of the Calvin Cycle (lack of ATP and/or
substrate). Low Calvin cycle activation results in low carbohydrate production in the
leaves (such as of tomato, Lycopersicon esculentum Mill.) (de Groot et al., 2001). De
Groot et al. (2003) subsequently demonstrated that P deprivation limits the
carboxylation capacity, whereas N deprivation limits the rate of light harvesting and
electron transport activity. Although rates of photosynthesis decrease under N and P
limitation, plants may adapt to nutrient stress by maintaining a proportional
relationship between photosystem II and photosystem I (de Groot et al., 2003).
2.2.3. Carbon sink strength regulation
Stimulation of photosynthesis has classically been attributed to the increase in
nutrient supply, such as N and P and other nutrients (Lambers et al., 1998), although it
has often been suggested that there is a limit to this increase (Yin and van Laar, 2005).
A plant may achieve its potential rate of photosynthesis when the environmental
conditions are optimal and the limitation relies on intrinsic physiological factors, such
as the carboxylation rates limited by rubisco activity and by electron transport
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Figure 2.2. Mechanisms of sucrose and triose-phosphate export from the chloroplast to the
cytosol (after Flügge, 1995). The activation of rubisco leads to fixation of CO2 to ribulose 1,5
biphosphate, which is split into two molecules of triose phosphate. While molecules of
ribulose are regenerated in further steps of the Calvin Cycle, triose phosphates can be
converted either into starch (in the chloroplast) or sucrose (in the cytosol). The synthesis of
sucrose allows loading the phloem with photosynthates that are distributed over the sink
organs; synthesis of starch occurs within the chloroplasts as a temporary strategy of energy
reserve. With an increase in the sink strength, the exchange rates of triose for Pi increases and
stimulates the rate of photosynthesis. Starch stored during the day in the chloroplasts can be
hydrolyzed during the night but the process lags behind and cannot stimulate the actual
photosynthesis.

(Farquhar et al., 1980; Yin et al., 2004; Yin and van Laar, 2005). However, the
qualifier “potential” is at best conceptually imprecise and actually confusing because
the upper limit is obtained from averaging observed actual maximum rates.
Once the potential rate of photosynthesis in a given situation is achieved, the rates
of photosynthesis are assumed to become steady over time. The increase in
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photosynthates over the season is then attributed solely to increased leaf area (Yin and
van Laar, 2005). Contrary to this steady-state assumption, it has been demonstrated
that specific rates of photosynthesis are down-regulated during periods of low sink
activity, for example, after girdling, defruiting and sink removal, because of both
carbohydrate accumulation in the leaf and end-product inhibition feedback in the
Calvin Cycle (Lawn and Brun, 1974; Mondal et al., 1978; Ascón-Bieto, 1983;
Goldschmidt and Huber, 1992; Iglesias et al., 2002; Rychter and Rao, 2005;
McCormick et al., 2006; Dingkuhn et al., 2007). Alternatively, an increased C demand
stimulates photosynthetic activity, for example during the onset of flowering because
reproductive organs are being formed (e.g. Lawn and Brun, 1974). The reason is that
the strength of the new C sink speeds up the utilization of triose phosphate for sucrose
synthesis and the export towards the phloem, increasing the Pi recycling rate when
releasing Pi back to the chloroplast (Paul and Foyer, 2001) and activating the
regeneration of RUBP in the Calvin Cycle (Fig. 2.2). Furthermore, photosynthesis is
stimulated by increased triose export because the enhanced Pi availability increases the
activity of the electron transport chain for the photophosphorylation of ATP and
reductants, and prevents over-reduction of photosystem I (Bukhov, 2004). An
increased ATP : ADP ratio enhances the activation of the rubisco provided that there is
a high C demand from the sinks (Paul and Foyer, 2001).
2.2.4. What is the evidence for sink stimulation under symbiotic conditions?
One way to determine quantitatively sink stimulation of photosynthesis in plants
that have been colonized by rhizobia and AM fungi is by comparing the changes in
photosynthesis and nutrient acquisition of symbiotic plants to those from nonsymbiotic plants. It is possible to assess the size of such change by calculating a
response ratio, an dimensionless ratio between the values of a parameter of the
experimental treatment including symbiosis and the control treatment without
symbiosis (Gurevitch and Hedges, 2001). Sink stimulation would be supported when
the response ratio of photosynthesis is higher than the response ratio of nutrient
acquisition by symbioses. To test this hypothesis, we gathered data on any study which
reported both photosynthesis and leaf nutrient mass fractions as affected by rhizobial
and/or AM symbioses, and calculated the response ratios (Tables 2.5, 2.6 and 2.7).
When interpreting the output of this meta-analysis (Gurevitch and Hedges, 2001), one
should regard the response ratio significantly positive if the lower limit of the 95%
confidence intervals (CI) is larger than 1, and negative if the upper limit of the 95% CI
is smaller than 1. If the lower confidence interval is lower than 1 and the upper
confidence interval higher than 1, the response ratio is not significantly different from
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1. There are significant differences between the response ratios of photosynthesis and
nutrient acquisition when the values of the confidence intervals of the two different
response ratios do not overlap.
Table 2.5 and 2.6 give the response ratios of rhizobial and AM legume plants,
respectively. Brown and Bethlenfalvay (1987) demonstrated that neither rhizobia nor
AM fungi caused an increase in the nutrient mass fractions in the leaves of soybean,
but they increased the rate of photosynthesis by 5 and 17%, respectively. The
differences between the response ratios of photosynthesis and nutrient mass fractions
in the leaves were significant (P<0.05; Table 5 and 6). In a comparable study, Brown
and Bethlenfalvay (1988) demonstrated that the C sink strength of rhizobia and AMF
led to an increased photosynthetic nutrient use efficiency. We hypothesize that the C
sink strength of the symbioses led to a higher rate of triose-P export, a higher rate of Pi
recycling, and, as a consequence, to a higher activation state of the Calvin cycle, which
implies a higher rate of CO2 fixation in the leaves. As the entry of CO2 through
stomata was larger, there was a lower nutrient requirement for the formation of
photosynthetic proteins and reductants (e.g. rubisco and ATP). Therefore, increased
photosynthetic nutrient use efficiency by a symbiotic legume is an expression of sink
stimulation of photosynthesis.
Analysis of the data from the study by Harris et al. (1985) demonstrated (although
with low statistical significance) that a soybean symbiosis with rhizobia (Table 2.5)
and with a combination of rhizobia and AM fungi (Table 7) resulted in higher response
ratios of photosynthesis than the response ratio of nutrient acquisition. Harris et al.
(1985) pointed out that C costs of N and P acquisition were higher in soybeans
associated with rhizobia than in soybeans fertilized with N, but the total biomass of
symbiotic and non-symbiotic soybean was similar at the end of the study (9 weeks).
Higher costs of nutrient acquisition would imply lower biomass if the rate of
photosynthesis would not have been increased. Indeed, Harris et al. (1985) suggested
that C sink strength of symbioses stimulated the rate of photosynthesis.
The study of Jia et al. (2004) allowed a comparison of the effects of rhizobial and
AM colonization on faba beans under low and high nutrient conditions. The rate of
photosynthesis increased considerably due to rhizobia or AM fungi under low nutrient
conditions. Under low nutrient conditions, both rhizobia and AM fungi individually
(Table 2.6) or combined (Table 2.7) resulted in higher response ratios of
photosynthesis than response ratios of nutrient acquisition (significant in the case of
rhizobial plants). The poor response of photosynthesis to the inoculation of rhizobia
and AM fungi under high nutrient conditions can be explained by down-regulation of
the symbioses (Schulze, 2004; Bittman et al., 2006).
Wright et al. (1998b) demonstrated a consistent increase in the rate of
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1.

1.85 (1.52-2.24)
2.15 (1.54-3.00)
1.09 (0.93-1.29)
1.16 (1.05-1.28)

R. leguminosarum bv.viciae
R. leguminosarum bv.viciae
R. leguminosarum bv.viciae
R. leguminosarum bv.viciae

1.13 (1.03-1.23)
1.30 (1.18-1.43)
1.51 (0.77-2.97)
1.08 (0.99-1.18)

1.03 (0.78-1.35)
1.28 (0.97-1.69)

Leaf P
1.02 (0.95-1.10)

1.47 (1.33-1.62)
1.62 (1.49-1.75)
1.06 (1.01-1.10)
1.08 (1.03-1.14)

0.92 (0.70-1.22)
1.11 (0.84-1.46)

Leaf N
0.76 (0.73-0.79)

Jia et al. (2004)
Jia et al. (2004)
Jia et al. (2004)
Jia et al. (2004)

Harris et al. (1985)
Harris et al. (1985)

Brown and Bethlenfalvay (1987)

Reference

Harris et al. (1985) did not report the variability of their observations and therefore, based on the work of Jia et al. (2004), .who reported a variability of
6%, we assumed that 10% would not underestimate the real variability. This approach has been used by other authors (Ostonen et al., 2007) to overcome
lack of data.

The equation is: Response Ratio = (value in symbiotic plant / value in non symbiotic plant), where i may be the photosynthesic rate (on leaf area basis), the
leaf N or the leaf P mass fraction. The values in parenthesis represent the confidence interval at 95% probability.

The response ratio was performed following the guidelines for a meta-analysis, considering the fixed model, as described by Gurevitch and Hedges (2001).
The significance of the response ratios was calculated with the statistical software package MetaWin 2.0 (Sunderland, MA, USA, Sinauer Associates). The
meta-analysis considered the use of mean, standard deviation and replicates of both control and treatment. The weighted average considers that larger
studies are counted more heavily than smaller studies.

1.13 (0.85-1.48)
1.07 (0.81-1.42)

B. japonicum

Glycine max
G. max
6 weeks
9 weeks
Vicia faba
Low N, 54 days
Low N, 63 days
High N, 54 days
High N, 63 days

Response Ratio1
Photosynthesis
1.05 (0.95-1.16)

B. japonicum
B. japonicum

Rhizobia strain

Plant species

Table 2.5. Response ratios in the rate of photosynthesis, leaf N and P concentration due to rhizobia symbioses.
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photosynthesis of mycorrhizal white clover (Trifolium repens L.) compared with nonmycorrhizal plants, in both nutrient-poor and nutrient-amended conditions, during at
least 55 days. Two data points from Wright et al. (1998b), from a series of eight
observations, allow direct comparison of the nutrient mass fraction in the leaves
between the two main treatments. The response ratios of photosynthesis were
significantly larger than the response ratios of nutrient mass fractions in the symbioses
at the later stage of plant development (Table 2.6). The authors emphasized the effects
of C sink strength by AM associations on the photosynthetic metabolism of the plants.
At the 14th day of the experiment, the rates of photosynthesis were more than 3.2
times higher in the mycorrhizal plants than in the non-mycorrhizal plants (Wright et
al., 1998b). Further investigation revealed that the increase in the rates of
photosynthesis was correlated with an increased expression of the enzymes cell wall
invertase (E.C. 3.2.1.26) and sucrose synthase (E.C. 2.4.1.13) in the roots of
mycorrhizal white clover, which reflected increases in the C sink strength of the
mycorrhizal symbiosis (Wright et al., 1998a).
Also Mortimer et al. (2008) demonstrated that the rate of photosynthesis of
common beans (Phaseolus vulgaris L.) was increased due to increased C sink strength
of the AM symbioses (higher below-ground respiration), while there was little
evidence of changes in nutrient mass fraction in the leaves. Table 2.6 presents the
response ratios of the rate of photosynthesis and the nutrient accumulation in the
leaves of common beans from that experiment. Although the statistical significance
was not strong, there was a higher increase in the rate of photosynthesis than in the
leaf nutrients, especially at low P supply.
Considering all data in a meta-analysis, photosynthetic rates were significantly
increased by 28 and 14% due to rhizobial and AM symbioses, respectively, and 51%
due to dual symbiosis (Tables 2.5, 2.6 and 2.7). The leaf P mass fraction was increased
significantly by 13% due to rhizobial symbioses. Although the increases were not
significant when the confidence intervals are considered, the leaf P mass fraction
increased by 6% by AM symbioses and 41% due to dual symbioses. The leaf N mass
fraction increased by 13% due to rhizobial symbioses and 23% by dual symbioses.
It is important to note that the studies analysed in this paper were not originally
designed to test sink stimulation, but they provided evidence that sink stimulation
occurred to compensate the C costs of the extra nutrient acquired through the
symbioses. In the studies listed in Tables 2.5, 2.6 and 2.7, photosynthesis rates were
expressed on a leaf area basis whereas nutrients were expressed on a dry weight basis.
One implication is that photosynthesis expressed on a dry weight basis would differ
slightly from that expressed on a leaf area basis (e.g. Harris et al., 1985). For example,
AM symbiosis increased photosynthesis by 9 and 6% on a leaf area basis (Table 2.5),
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1.00 (0.68-1.48)
0.50 (0.37-0.67)
1.00 (0.48-2.10)
0.64 (0.30-1.38)

Wright et al. 1998b
Wright et al. 1998b
Wright et al. 1998b
Wright et al. 1998b

Mortimer et al. 2008
Mortimer et al. 2008
Mortimer et al. 2008
Mortimer et al. 2008
Mortimer et al. 2008
Mortimer et al. 2008

Mortimer et al. (2008) did not report the variability of their observations in leaf N and P mass fractions and therefore, we assumed a variability of 10%.

0.75 (0.46-1.23)
0.67 (0.48-0.92)
0.71 (0.53-0.96)
0.40 (0.24-0.67)

1.02 (0.78-1.35)
1.10 (0.84-1.46)
1.05 (0.80-1.39)
0.97 (0.73-1.28)
0.94 (0.71-1.24)
1.04 (0.79-1.38)

Jia et al. (2004)
Jia et al. (2004)
Jia et al. (2004)
Jia et al. (2004)

3.

unknown
unknown
unknown
unknown

0.94 (0.72-1.25)
0.93 (0.71-1.23)
1.00 (0.76-1.32)
0.90 (0.68-1.19)
0.98 (0.74-1.29)
0.98 (0.74-1.29)

1.06 (0.96-1.17)
1.16 (1.08-1.24)
1.03 (0.98-1.08)
1.04 (0.99-1.10)

Dates mentioned from the work of Wright et al. (1998b) are approximate.

1.10 (1.04-1.17)
1.24 (1.00-1.53)
1.21 (0.83-1.77)
1.27 (0.95-1.69)

G. etunicatum
G. etunicatum
G.etunicatum
G. etunicatum
G.etunicatum
G. etunicatum

1.40 (1.29-1.53)
1.66 (1.52-1.80)
1.75 (0.87-3.52)
1.35 (1.22-1.50)

Brown and Bethlenfalvay (1987)

References

2.

1.17 (1.10-1.25)
1.14 (1.01-1.28)
1.22 (1.13-1.31)
1.07 (0.99-1.17)
0.94 (0.82-1.09)
0.97 (0.86-1.09)

unknown
unknown
unknown
unknown

Leaf N
0.87 (0.83-0.92)

For definition see Table 2.5.

1.69 (1.34-2.14)
2.00 (1.43-2.80)
1.06 (0.90-1.26)
1.09 (0.91-1.31)

G. mosseae

Glycine max
Vicia faba
Low N, 54 days
Low N, 63 days
High N, 54 days
High N, 63 days
Phaseolus vulgaris
Low P, 17 days
Low P, 24 days
Low P, 31 days
High P, 17 days
High P, 24 days
High P, 31 days
Trifolium repens
Irrigated with water, 35 days
Irrigated with water, 50 days
Nutrient solution, 35 days
Nutrient solution, 50 days

Response Ratio1
Leaf P
0.73 (0.67-0.79)

1.

Photosynthesis
1.17 (1.06-1.30)

AMF

Legume

Table 2.6. Response ratios in the rate of photosynthesis, leaf N and P concentration due to AMF symbioses.
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Jia et al. (2004) worked with an unknown AM fungi.

R. leguminosarum bv. viciae2
R. leguminosarum bv. viciae2
R. leguminosarum bv. viciae2
R. leguminosarum bv. viciae2

2.

2.46 (1.94-3.12)
3.08 (2.24-4.22)
1.25 (1.03-1.51)
1.28 (1.12-1.47)

B. japonicum + G. fasciculatum
B. japonicum + G. fasciculatum

For definition see Table 2.5.

1.23 (0.93-1.62)
1.14 (0.86-1.50)

B. japonicum + G. mosseae

Glycine max
G. max
6 weeks
9 weeks
Vicia faba
Low N, 54 days
Low N, 63 days
High N, 54 days
High N, 63 days

1.

Photosynthesis
1.22 (1.12-1.33)

Rhizobia + AMF

Legume

1.54 (1.36-1.75)
1.79 (1.68-1.92)
1.95 (1.00-3.82)
1.46 (1.35-1.58)

1.83 (1.39-2.41)
1.30 (0.99-1.72)

Leaf P
0.68 (0.62-0.75)

Response Ratio1

1.64 (1.50-1.79)
1.77 (1.63-1.91)
1.14 (1.08-1.20)
1.19 (1.14-1.25)

1.22 (0.92-1.61)
1.23 (0.93-1.62)

Leaf N
0.72 (0.68-0.77)

Jia et al. (2004)
Jia et al. (2004)
Jia et al. (2004)
Jia et al. (2004)

Harris et al. (1985)
Harris et al. (1985)

Brown and Bethlenfalvay (1987)

Reference

Table 2.7. Response ratios of photosynthesis rates, leaf N and P concentration due to combined rhizobia and AM fungi symbioses.
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whereas it increased by 23 and 6% on a dry weight basis (Table 2.1) in the sixth and
ninth week, respectively. However, we believe that variation will exist in the
magnitude of the photosynthetic responses depending on the unit of measurement
considered, but that the trends are similar.
We calculated the additive effects by summing the responses of only nodulated or
only AM plants as compared to non-inoculated plants, to obtain an estimation of dual
symbioses on the rate of photosynthesis (Table 2.8). When comparing the calculated
rates with the observed rates, we conclude that rate of photosynthesis is increased in an
additive way when plants form combined symbioses. Should sink stimulation turn out
to be less than additive, combined symbioses would compromise plant performance
and productivity in order to maintain their own C supply, unless negative interactions
between the symbionts would dominate during a phase when both are well-established.
2.2.5. Is the magnitude of sink stimulation by rhizobia and AM symbioses the same?
The magnitude of sink stimulation of photosynthesis will depend on the intrinsic
regulation of the symbioses, according to plant nutritional 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 follow the increase in the C sink
strength of symbioses. The C sink strength in rhizobial associations is determined to a
large extent by the rate of N2-fixation. The reason is that N2-fixation requires a large
amount of energy provided by intense oxidative phosphorylation by bacteroids
(Minchin et al., 1981; Atkins, 1984; Minchin and Witty, 2005) whereas the costs for
growth and maintenance of nodule biomass vary little throughout the plant cycle
(Witty et al, 1983; Ryle et al., 1984; Voisin et al., 2003).
Nodule development and N2-fixation are regulated throughout plant development,
such that the highest rates of N2-fixation in various crops take place in the period from
flowering to early pod filling when N demand is greatest (Lawn and Brun, 1974;
Bethlenfalvay and Phillips, 1977; Ryle et al., 1984; Warembourg and Fernandez,
1985; Hungria and Neves, 1986; Senaratne and Ratnasinghe, 1993). Zapata et al.
(1987) suggested that plants may meet N demand from the soil or from N fertilizer in
the beginning because the demand is low and N uptake is effective, but they have to
rely on N2-fixation after flowering. During these periods, efficient nodulation is
essential and sink stimulation of photosynthesis occurs. As rates of N2-fixation are
maintained at high energetic costs, C limitation would represent a threat for the
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Statistics are presented as in each original study. Different letters in the same row are significantly different at P<0.05. In the data from Paul and Kucey
(1981), the rates in AMF and Rhizobia+AMF are higher at P<0.05 and Rhizobia is higher at P<0.10 in relation to the control.

The correlation of observed and estimated rates with rhizobia + AMF is R2 =0.995 with P<0.01 for the two tailed test.

4.

Sivaprasad and Rai (1985)
Sivaprasad and Rai (1985)
Sivaprasad and Rai (1985)

Kucey and Paul (1982b)
Kucey and Paul (1982b)
Paul and Kucey (1981)

Brown and Bethlenfalvay (1987)

Reference

3.

2.10
5.85
0.37

8.50
7.49
19.60

estimated1,4
18.50

The data from Sivaprasad and Rai (1985) was converted with the equation Bq mg–1= CPM / (60×20), where CPM is the 14C counting of atom decays per
minute per sample, which divided by 60 (seconds) becomes Bq. Bq is divided by 20, because that is the weight of the sample in milligrams.

2.00 c
5.40 d
1.10 c

8.23 a
9.24 a
20.20

observed
18.50

Rhizobia+AMF

2.

1.55 ab
4.05 b
0.02 ab

7.92 b
7.32 b
18.20

16.00

Rhizobia

The equation for additive effects is described as: Additive effect=M+R–C, where M, R and C are the rates of photosynthesis in mycorrhizal plants, rhizobial
plants and control (without any symbiosis) plants, respectively.

1.95 bc
4.60 c
1.00 bc

7.60 b
6.96 b
18.80

18.00

AMF

1.

1.40 a
2.80 a
0.65 a

7.02 c
6.79 c
17.40

mg 14C g–1 shoot C h–1
mg 14C g–1 shoot C h–1
mg 14CO2 g–1 shoot C h–1

C-activity (Bq mg-1)2
14
C-activity (Bq mg–1)
14
C-activity (Bq mg–1)

15.50

µmol CO2 m–2 leaf s–1

Glycine max
Vicia faba
5 weeks
6 weeks
5 weeks
Cajanus cajan
25 days
35 days
60 days

14

Control3

Unity

Plant specie

Table 2.8. The additive effects of rhizobia and AM fungi on photosynthesis
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success of rhizobial symbioses. High-yielding varieties associated with highly efficient
N2-fixing rhizobial strains have a relatively high activity of nodule
phosphoenolpyruvate carboxylase (PEPC; E.C. 4.1.1.31) (Atkins, 1984), which might
indicate a need for increasing the C uptake. While the presence of enzymes such as
uptake hydrogenase (E.C. 1.12.7.2; Hungria et al., 1989) and PEPC (Atkins, 1984),
which recycle energy in the nodule, overcomes some of the problems, C limitation is
mainly resolved through an increased rate of photosynthesis.
High N availability in soil may lead to down-regulation of the nitrogenase activity
and nodule viability (Schulze, 2004). The N-feedback mechanism presumes that N
compounds in the phloem sap moving into nodules regulate the rate of N2-fixation
(Parsons et al., 1993). Hartwig (1998) reasoned that symbiotic N2-fixation is regulated
by the plant’s N sink demand and suggested that nitrogenase activity is modulated by
sensing the plant N : C ratio, possibly through phloem translocatable compounds. A
reduced catabolism in the leaves also resulted in an increased concentration of ureides
and amino acids, and therefore resulted in reduced nitrogenase activity and N2-fixation
(King and Purcell, 2005). A way of achieving such regulation may be related to a
complex amino-acid cycling mechanism both determined by the plant and the rhizobia
(Lodwig et al., 2003). Therefore, as sink stimulation is related to the process of N2fixation, down-regulation of N2-fixation in the nodules would result in downregulation 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 extent determined by the growth and
maintenance of both the intra- and extraradical mycelium (Johnson et al., 2002),
particularly because mycelia accumulate a large amount of lipids, the synthesis of
which is among the most energy-demanding of organic compounds (Table 2.3). The
costs of P uptake through membranes are estimated to be similar in both hyphae and
root tips, even though the P uptake system of AM fungi has a higher affinity than that
of plants (Smith and Read, 2008). In annual crops, such as soybean and faba bean, the
biomass of AM fungi follows a logistic growth curve, which increases up to plant
flowering (Bethlenfalvay et al., 1982a, 1982b; Kucey and Paul, 1982a). After
flowering, the fungi stop growing and require C only for maintenance (Kucey and
Paul, 1982a), although they can continue to accumulate lipids (Bago et al., 2003).
However, the relative costs of AM symbiosis are larger early in plant development
when AM fungal colonization is indispensable for plants because the root system is
still small and hyphae are more efficient in reaching P, which is poorly-mobile in soil
(Grant et al., 2005; Bittman et al., 2006).
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Root AM fungal colonization and photosynthate supply are correlated with the P
concentration in the external growth medium (Peng et al., 1993, Olsson et al., 2002;
Valentine and Kleinert, 2007), but there are no direct effects of the medium P
concentration on the metabolism of extraradical hyphae (Olsson et al., 2002). In fact,
photosynthate supply to AM mycelia is proportional to plant demand for P, with feedbacks in short-term alleviation of P stress (Valentine and Kleinert, 2007). Therefore,
plants with a higher leaf P mass fraction down-regulate the carbohydrate supply to the
AM mycelia (Menge et al., 1978), comparable with the effects of phloem N
concentration on nodulation. Under severe P limitation in the soil, increasing P supply
by fertilization may favour the AM fungal colonization until the deficiency is
alleviated (Bolan et al., 1984) because severe P deficiency limits photosynthesis, but
AM fungal colonization will be reduced if P supply is further increased and plant
growth is no longer limited by P (Peng et al., 1993, Bittman et al., 2006).
2.2.6. Does sink stimulation of leaf photosynthesis by symbioses increase yield?
Sink stimulation of leaf photosynthesis could increase yield if increased
photosynthesis is productively used. There is evidence that both rhizobia and AM lead
to changes in dry matter partitioning that affect the harvest index, the ratio seed yield :
total plant dry weight. If an inoculated plant produces more seeds than the noninoculated counterpart, and the harvest index is higher as well, it follows that less leaf
area was made available to produce grains while the C costs with symbioses were
compensated by the photosynthesis. It is important to note that, although large
amounts of C in rhizobial symbioses are transferred to the nodule, 21 to 52% of the C
first allocated to the nodules may be returned via the xylem as incorporated organic N,
ureides or amides (Minchin et al., 1981). The cycling of amides and ureides to form
proteins and other plant compounds in nodulated plants may save a part of the newly
assimilated C, which in turn supports the formation of extra plant biomass.
Conversely, AM fungi use the C allocated to build their own biomass, and
consume more C in maintenance respiration than for nutrient uptake. In that case, sink
stimulation by the carbon sink strength of AM symbioses may not result in higher
plant biomass, because higher photosynthesis may be accompanied by increased root
symbiont respiration (Paul and Kucey, 1981; Harris et al., 1985; Johnson et al., 2002;
Valentine and Kleinert, 2007; Mortimer et al., 2008). Furthermore, the P is taken up by
hyphae, converted to polyphosphates, and transported in motile vacuoles until P can be
transferred to the root vessels with the aid of transporter proteins (Smith and Read,
2008). That suggests that P transfer from fungal hyphae to the plant does not result in
increased C availability for plant growth.
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There is evidence that rhizobial symbiosis increases legume grain yields by
increasing the harvest index. Kantar et al. (2003) noted that the largest values of
harvest index were well correlated with greater numbers of nodules and Xavier and
Germida (2002; 2003) demonstrated that larger harvest indices were correlated with
increased total N content in the shoot, which means that plants performed better under
symbiotic conditions.
Positive effects of an AM association on yield and harvest index seem to depend on
the plant-AM fungal association. In experiments with soybean (Ross, 1971; Kuo and
Huang, 1982), all AM fungal species stimulated an increase in yield and harvest index,
but in experiments with lentil (Lens culinaris Medikus) and pea (Xavier and Germida,
2002; 2003) positive effects of AM colonization were not always evident. In fact,
certain plant-AM fungal combinations are more successful than others in promoting
plant growth (Smith and Read, 2008). Although several other factors are important for
plant productivity (water, nutrients, soil physical properties, etc.), changes in the
harvest index suggest that sink stimulation of photosynthesis by symbioses, in addition
to the effects of improved plant nutrition, could have consequences for crop yields.
Furthermore, sink stimulation of photosynthesis could possibly lead to an increased
period of leaf activity or delayed senescence (Paul and Peliny, 2003), which in turn
could increase the potential period for plant growth and grain filling. Paul and Peliny
(2003) stated that higher photosynthesis prior to the early phase of senescence may
actually lead to a longer photosynthetically-active life of leaves. Indeed, Ono et al.
(2001) showed that when the demand for carbohydrates is weak, leaves accumulate
sugars and start to senesce. Conversely, low leaf sugar concentration leads to an
increase in photosynthesis or to delayed leaf senescence. In soybeans, the synergistic
effects of prolonged N acquisition and the stimulation of photosynthesis by the
rhizobial symbioses postponed the degradation of leaf protein and chlorophyll (AbuShakra et al., 1978), which could result in larger yields. The effects of AM symbiosis
on leaf senescence await more detailed investigation.
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 give reasonable evidence for an strong
effect of rhizobial and mycorrhizal symbioses on the rates of photosynthesis, which
goes beyond the influence of nutrient acquisition. However, given the low number of
published studies, containing comparable measurements of photosynthesis and leaf
nutrients, further experimental testing is clearly required. Sink stimulation has been
identified as one possible explanation for the differences in responses between nutrient
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fertilized plants and symbiotic plants by many authors (e.g. Pang and Paul, 1980;
Harris et al., 1985; Wright et al., 1998a; 1998b; Mortimer et al., 2008), but the order of
magnitude of this phenomenon has not been measured accurately. We realize that
testing sink stimulation of photosynthesis by the carbon sink strength of symbioses
raises several difficulties, particularly because it is difficult to determine the linear
relationships between C costs and the sink stimulation of photosynthesis. In fact, to
test sink stimulation, we should ensure symbiotic and fertilized plants with similar size
at same developmental stage. Additionally, we should be aware of changes in the
nutrient metabolism of symbiotic and fertilized plants and the root mass and activity.
In the case of mycorrhizal symbioses, under stress conditions other than nutrient
limitations (i.e. drought, heavy metals, etc.), fungi may also play a protective role in
plant physiology, although their relative costs : benefits are difficult to measure (Fitter,
1991).
One way to test sink stimulation of photosynthesis is by measuring response curves
of photosynthesis of nutrient-fertilized and symbiotic plants and identifying accurately
the physiological mechanisms (von Caemmerer, 2000) that regulate the rates of
photosynthesis under symbiotic conditions. Hopefully, those measurements will
strengthen our understanding of how much sink stimulation is relevant throughout the
plant cycle. If the C sink strength would be quantifiable, it should be expressed in
terms of photosynthesis limitation due to triose-P export from the chloroplasts (e.g.
Sharkey, 1985; Harley and Sharkey, 1991; Harley et al., 1992; von Caemmerer, 2000).
2.2.8. Towards better models of photosynthesis by including sink stimulation
If the phenomenon of sink stimulation is included in simulation models of
photosynthesis, we could analyse to what extent photosynthesis can be increased to
compensate for C costs of symbioses and we could assess possible changes in the
harvest index of crops due to symbiotic associations. In natural ecosystems, sink
stimulation of photosynthesis by rhizobial and AM symbioses is most likely to be
observed in well-irradiated environments, such as savannas, grasslands or forests of
pioneer plant species rather than in closed dense forests, because sink stimulation
requires that photosynthesis is not primarily limited by light, water and CO2. Cropping
systems, specialized systems subjected to different management which may affect the
symbioses (Hungria et al., 2005; Cardoso and Kuyper, 2006), may take advantage of
the sink stimulation effect because it may improve yields in an efficient way.
However, estimating the magnitude of sink stimulation under field conditions will
remain a hard task. It is therefore necessary to improve models to assess the
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possibilities of manipulating sink stimulation of photosynthesis in favour of higher
yields.

2.3. Conclusions
Whereas sink stimulation of photosynthesis as a function of strong sinks in the
plants (i.e. fruits, storage organs and seeds) has been described previously (Herold,
1980; Paul and Foyer, 2001), in this paper we extended the concept to the C sink
strength of root symbioses on the rates of photosynthesis. The C sink strength of
rhizobial symbioses is mainly related to the respiration associated with rates of N2
fixation, whereas the C sink strength of AM symbioses is mostly associated with the
growth respiration of mycelium. The C sink strength of both symbioses is regulated
according to the nutritional demand of the plant. We identified three potential
manifestations of sink stimulation of photosynthesis by the C sink strength of rhizobial
and AM symbioses: increased photosynthetic nutrient efficiency, increased harvest
index and delayed leaf senescence. Increased nutrient acquisition through rhizobial
and AM symbioses does not fully explain the increase in the rates of photosynthesis of
symbiotic legumes. Increased photosynthetic nutrient efficiency and harvest index
seem to be equally important in the two symbioses, whereas delayed leaf senescence
has not been observed in AM symbiosis.
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Abstract
Legumes associated with rhizobia spend large amounts of photosynthate in symbiotic
N2 fixation, but still produce more biomass than their comparative N-fertilized plants.
An explanation could be that legumes improve their photosynthetic capacity to
compensate the carbon costs of rhizobial symbioses. We assessed photosynthesis and
the chlorophyll fluorescence in soybean (Glycine max) plants inoculated with two
different strains of Bradyrhizobium japonicum (CPAC 390 or CPAC 7), varying in the
effectiveness to fix N2, or fertilized with NO3–. Nodulated plants had 14-31% higher
rates of photosynthesis and accumulated less starch in the leaves than N-fertilized
plants. There was evidence that B. japonicum CPAC 390 had higher carbon costs of N2
fixation compared with CPAC 7, but the increases in carbon costs were accompanied
by higher rates of photosynthesis. By applying a biochemical model of leaf
photosynthesis, including the limitations of rubisco activity, electron transport rates
and triose-P utilization, we show that soybean plants adapt their photosynthetic
capacity to support the stronger carbon sink created by faster rates of N2 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 rhizobial symbioses (meaning lower C costs) is less
important for plant growth than effectiveness for N2 fixation.

Key words: biochemical model of leaf photosynthesis, carbon sink strength,
chlorophyll fluorescence, legumes, rhizobia
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3.1. Introduction
Biological N2 fixation is a costly biochemical process, which affects the
partitioning of photosynthates (C) and the nitrogen (N) metabolism of nodulated
legumes. Soybean (Glycine max (L.) Merrill) relying on rhizobial symbioses expend 912% of current photosynthate in N2 fixation (Harris et al., 1985), but acquire more N
and yield more than N-fertilized plants under field conditions (Hungria et al., 2006).
There is evidence that legumes support the high C costs of N2 fixation by increasing
the rate of photosynthesis (Harris et al., 1985; Brown and Bethlenfalvay, 1987; Zhou
et al., 2006), but these increases are not explained exclusively by increased leaf N.
Brown and Bethlenfalvay (1987) and de Veau et al. (1990) observed higher rates of
photosynthesis in nodulated soybean plants compared with N-fertilized plants, despite
the nodulated plants having a lower leaf N concentration. Zhou et al. (2006) showed
that an excessive and unbalanced nutrition of N-fertilizers in soybeans severely
reduces photosynthetic rates.
It has been often suggested that rates of photosynthesis of nodulated legumes are
stimulated by the C sink strength of nodule activity (Harris et al., 1985; Brown and
Bethlenfalvay, 1987; Ainsworth et al., 2004; Zhou et al., 2006). In fact, one of the first
products of photosynthesis is triose-P, which can be converted to starch and stored
temporarily in the chloroplast, or, to sucrose which is transported through the phloem
to non-photosynthetic organelles. Sucrose and starch syntheses are competing
reactions and depend on the C sink strength of the plants. Plants with a stronger C sink
from nodule activity tend to accumulate less starch in the leaves (Huber and Israel,
1982) and unload more sucrose into the phloem, which in turn, accelerates the
exchange rate of triose phosphate per orthophosphate and triggers the enzymes related
to CO2 fixation (Paul and Foyer, 2001).
In this study, we combined modelling and glasshouse experiments, including
measurements of CO2 response curves of photosynthesis, to understand the
mechanisms by which photosynthesis of nodulated plants is increased compared with
N-fertilized plants. To this end, we selected two rhizobial strains varying in their
effectiveness of N2 fixation. A widely used biochemical model, in which
photosynthesis is calculated to be limited by three physiological processes: Rubisco
activity, electron transport rates (Farquhar et al., 1980) and triose phosphate utilization
(TPU) (Sharkey, 1985), was applied. The third, TPU limitation is commonly observed
if photosynthetic assimilates cannot be fully utilized by sinks, as commonly occurred
under high light or high CO2 conditions. Our hypothesis was that nodulated plants
have higher photosynthetic rates, at least partly due to an indirect effect, namely
removal of the TPU limitation by nodule activity. Plants supporting higher rates of N2
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fixation should result in higher rates of photosynthesis. Therefore, we expected that
photosynthesis of nodulated plants could be predicted with a reduced model in which
the TPU-limitation is removed, using parameters related to Rubisco activity and
electron transport derived from fitting of CO2 response curves of photosynthesis in Nfertilized plants. However, if simulations would not show convergence between
observed and predicted photosynthesis of nodulated plants, then this would support an
alternative explanation that photosynthesis is increased not only by removal of TPU
limitation but also due to direct C sink stimulation.

3.2. Material and Methods
3.2.1. Experiment setup
Soybean (cv. BRS 154, of determinate growth) was inoculated with two
Bradyrhizobium japonicum strains or fertilized with a nutrient solution containing
KNO3. The Bradyrhizobium strains were CPAC 390 and CPAC 7 (=SEMIA 5080,
both natural variants of SEMIA 586 = CB 1809). Plants were cultivated in 2.5 kg
capacity plastic pots filled with a mixture of sterilized sand and vermiculite (1:1).
Seeds were surface-sterilized according to Vincent (1970) before sowing. All plants
received sterilized N-free solution (Broughton and Dilworth, 1971) with the pH
adjusted to 6.8. Development stages were defined according to Fehr et al. (1971). The
non-inoculated plants received a KNO3 20.8 mM nutrient solution three times at
vegetative stage (emergence, V4, and V5, which means four and five nodes on the
main stem beginning with the unifoliate node, respectively) and one time at
reproductive stage (R1, one flower at any node), in total, an amount of 210 mg N per
plant. Rhizobia were grown in yeast mannitol (YM) medium according to Vincent
(1970) up to the density of 109 cells ml–1; and 1 ml of the suspension was added per
seed of the inoculated treatments at sowing. Seven seeds were sown in each pot, and
plants were thinned to one plant per pot at V1 stage (5 d). We started to measure leaf
gas exchange at stage R2 (35 d, flower at node immediately below the uppermost
nodes with a completely unrolled leaf) and finished measurements before the stage R4
(40 d, pod 2 cm long at one of the four uppermost nodes with a completely unrolled
leaf).
The experimental station is located at Londrina-Paraná State, Brazil, where the
length of visible light was 13 h 34 min on 18/02/2008 (planting) and 11 h 34 min on
02/04/2008 (harvest). Maximum photosynthetic active radiation (PAR) in the
glasshouse averaged 600 µmol quanta m–2 s–1 during the growth period. Temperatures
in the glasshouse during the period of the experiment averaged 33/22 °C (day/night).
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3.2.2. Gas exchange and chlorophyll fluorescence measurements
The measurements of responses of photosynthesis (A) to increasing intercellular
CO2 concentrations (Ci) –A/Ci curves– and the chlorophyll fluorescence were
performed simultaneously on the youngest fully expanded leaf, using the open gas
exchange system Li-6400 (LI-COR Inc., Lincoln, NE, USA) with an integrated
fluorescence chamber head Li-6400-40 (LI-COR Inc.). We randomly chose one leaf of
each treatment per day, and, started the measurements about 11:00 h and stopped no
later than 16:30 h. A full response curve took 50 min to 1 h to be completed. During
the measurements, the air temperature in the glasshouse varied from 33 to 36 °C. An
area of 2 cm2 of leaf was enclosed in a broadleaf chamber (6 cm2), which received a
steady flow rate of 500 µmol air s–1 with different air CO2 concentrations (Ca, µmol
CO2 mol–1 air) for each step. The first step consisted of 20 min of dark adaptation, and
Ca of 350 µmol mol–1 to ensure a steady-state activation of Rubisco (Long and
Bernacchi, 2003). The second step consisted of re-adaptation of leaf to actinic light for
0.1 min. Then, the Ca was decreased to 50 µmol mol–1, and then increased
progressively to 100, 150, 200, 250, 350, 500, 650, 1000, 1500 and 2000 µmol mol–1.
The parameters of chlorophyll fluorescence were measured at each CO2 concentration.
The different Ca were obtained automatically with a CO2 injector System (Li-cor 640001), which mixed CO2-free air and high pressure pure liquefied CO2. The leaf chamber
ambient air composition was adjusted to maintain steady-state of ambient O2
concentration (210 mmol mol–1), PAR of 1000 µmol quanta m–2 s–1 and leaf
temperature of 32 °C. The leaf-to-air vapour pressure difference varied from 1.5 to 3.0
kPa. All of CO2 exchange data were corrected for leakage of CO2 into and out the leaf
cuvette, using thermally killed leaves according to Flexas et al. (2007). The
fluorescence parameters quantum efficiency of linear transport through PSII (ФPSII,
mol e– mol–1 quanta) and photochemical quenching (qP, unitless) were determined
with the Li-6400 by exposing the leaves to various light treatments.
3.2.3. Shoot sampling
The leaves used for photosynthesis measurements were labelled and, when all the
measurements of CO2 response curves were finished (stage R3/R4), were harvested in
the afternoon (16.30 h), frozen in liquid nitrogen and stored at –80 °C for sugar and
starch analyses. The remaining shoots were dried at 60 °C for 48 h and weighed.
Leaves were ground for total N and ureide-N analyses. Roots and nodules were
thoroughly but gently washed with tap water and dried at 60 °C for 48 h. After that,
nodules were detached, counted and weighed.
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3.2.4. Leaf chemical analyses
Soluble sugars and starch were extracted by ethanol (Hungria, 1994). The soluble
sugars (hexoses and their methylated derivatives) were determined based on Dubois et
al. (1956). The total starch was analyzed according to the enzymatic method of
McClearly et al. (1997) using a commercial assay kit (K-TSTA, Megazyme
International Ireland Ltd, Bray, Republic of Ireland). Total ureide content was
extracted according to Hungria (1994) and determined with the method of Vogels and
van der Drift (1970). Total N was extracted from 100 mg of dry ground leaves with a
sulfuric acid digestion according to the Kjeldahl method. The obtained leaf N was then
converted to leaf N content (g N m–2) using specific leaf area. Chlorophyll content was
determined with the chlorophyllmeter SPAD 502 (Konica Minolta Sensing, Inc.,
Osaka, Japan). Each replicate consisted of an average of three SPAD values, measured
at different points of the leaf. The average SPAD values were converted to chlorophyll
content (mg chlorophyll m–2 leaf) based on a preliminary calibration. The calibration
consisted of measuring SPAD values in three spots of 30 different soybean leaves.
From each spot, a leaf disc (3.67 cm2) was punched. Leaf disks were submerged in 25
ml of 80 % acetone and the flasks were covered with aluminium film and incubated in
the dark at 10 °C for 72 h. Then, the absorbances of the samples were read at 645 nm
and 663 nm as recommended by Linder (1974). The chlorophyll content was
calculated with the equation provided by Arnon (1949), using the coefficients derived
by McKinney (1941).
3.2.5. Biochemical Model of Leaf Photosynthesis
We used the model of Farquhar et al. (1980), later modified by Sharkey (1985), for
C3 photosynthesis to analyze photosynthetic regulations of our experimental plants.
The model assumes that A (µmol CO2 m–2 s–1) is determined by three limiting
processes: carboxylation limited by Rubisco activity (AC), by electron transport (AJ),
and by TPU (AP) according to the equation:
A = min( AC , AJ , AP )

For simplicity of our model analysis we assumed no significant mesophyll
resistance, as our aim is to use a simple model as a means to understand
photosynthesis differences in inoculated and N-fertilized soybean plants. With this
assumption, the first two limiting processes [AC, AJ (based on the NADPH demand)]
can be described as follows:
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AC =

VC max ⋅ (C i − Γ*)
− Rd
C i + K m C (1 + Oi K mO )

where, VCmax is the maximum rate of Rubisco carboxylation, Rd is the mitochondrial
respiration in the light (µmol CO2 m–2 s–1), assumed to be directly related to VCmax at
25°C (Watanabe et al., 1994) as: Rd = 0.0089 ⋅ VC max ; and, Γ* is the CO2 compensation
point in the absence of Rd, estimated as Γ* = 0.5 ⋅ Oi ⋅ ( K mC / K mO )(VO max / VC max )
(Farquhar et al., 1980).
AJ = J ⋅

Ci − Γ *
− Rd ,
4 ⋅ Ci + 8 ⋅ Γ *

where, J is the rate of linear electron transport at the light level of measurement (i.e.
1000 µmol m–2 s–1 in our case).
Net CO2 assimilation, determined by the third limiting process, is simply:
AT = 3 ⋅ TP − Rd ,

where, TP is the rate of triose phosphate export. It is is multiplied by 3 because three
mol of CO2 can be fixed for every mol of triose-P made available (Harley and
Sharkey, 1991).
To account for small fluctuations in leaf temperature during measurements, we
included temperature response functions in the model analysis. The temperature
dependent kinetics for the calculation of VCmax, KmC, KmO and Rd was described by an
Arrhenius function normalized with respect to 25°C (von Caemmerer, 2000):
Parameter(T) = Parameter( 25°C) e [(Tl - 25 )EParameter /( 298 R ( 273+Tl ))] ,

where parameter can be VCmax, Rd, KmC or KmO; Tl is the leaf temperature (°C); E is the
energy activation energy and R is the universal gas constant. The temperature
dependent kinetics for the calculation of J and TP with respect to 25°C was described
by Medlyn et al. (2002):
Parameter(T) = Parameter( 25°C)⋅e

E Parameter (Tl - 25 )
298 R ( 273+Tl )

1 + e ( 298 S Parameter − DParameter )/( 298 R)
⋅
,
1 + e [(Tl + 273 ) S Parameter -DParameter ]/ R (Tl + 273 )

where parameter is J or TP, S is the entropy term, Ε and D are the energies of
activation and deactivation, respectively. Input values for parameters related to the
above temperature response are given in Table 3.1, mainly based on Bernacchi et al.
(2001), who also assumed a negligible mesophyll-diffusion resistance of CO2 transfer.
Similarly, parameters for the temperature response of the VOmax/VCmax ratio, required
for calculating Γ*, were also based on Bernacchi et al. (2001).
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To predict A for the nodulated plants using parameters estimated for the Nfertilized plants, the effects of different leaf N contents in these plants on the VCmax and
J were accounted for by applying a linear relationship:
VC max = VC max (fert ) + 60.0[N (nod ) − N (fert ) ]
J = J (fert ) + 98.1[N (nod ) − N (fert ) ] ,

where N(nod) and N(fert) are the leaf N content (g N m–2 leaf) in nodulated and Nfertilized plants, respectively. The coefficients 60.0 and 98.1 were obtained from the
observations by Harley et al. (1992), since it has been 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 test of equality of error variances
and normality was checked for normal distributions, and then submitted to one-way
ANOVA with SPSS 15.0.1 for windows (SPSS Inc., 1989-2006). The model-fitting of
the A vs. Ci response curves was programmed with the non-linear least-squares
regression of the Gauss method in the PROC NLIN of the SAS 9.1.3 Software for
Windows (SAS Institute Inc., Cary, NC, USA). The input 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 saturated CO2 concentrations were 35 µmol m–2 s–1
and 28 µmol m–2 s–1 in plants nodulated with B. japonicum CPAC 390 and CPAC 7,
respectively, which was 31 and 14% more than in N-fertilized plants. At an
atmospheric concentration of 350 µmol mol–1 CO2, net photosynthesis of plants
nodulated with B. japonicum CPAC 390 was 23% higher than in plants nodulated with
B. japonicum CPAC 7 or fertilized with N (Fig. 3.1a). Photosynthesis related well with
ФPSII and the photochemical quenching (qP) as assessed by chlorophyll fluorescence
measurements. The ФPSII provides an estimate of the quantum yield of linear electron
flux through PSII, and the qP gives indication of the excitation energy within PSII to
drive electron transport. Both ФPSII and qP were consistently higher in nodulated
plants, particularly those nodulated with CPAC 390, than in N-fertilized plants.
Plants of the three treatments grew well under glasshouse conditions, and despite
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Table 3.1. Parameters used in the photosynthesis model of this study.
Symbol Description
Input value
K mC 25
Michaelis-Menten constant for CO2 at 25°C 405 µmol mol-1
K mO 25
Michaelis-Menten constant for O2 at 25°C
278 mmol mol-1
Activation energy for KmC
79,430 J mol-1
E KmC
Activation energy for KmO
36,380 J mol-1
E KmO
EVC max
Activation energy for VCmax
65,330 J mol-1
EJ

ETP
E Rd
DJ
DTP
SJ
S TP
R

Activation energy for J
Activation energy for TP
Activation energy for Rd
Deactivation energy for J
Deactivation energy for TP
Entropy term for J
Entropy term for TP
Universal gas constant

37,000 J mol-1
53,100 J mol-1
46,390 J mol-1
200,000 J mol-1
201,800 J mol-1
650 J K-1 mol-1
650 J K-1 mol-1
8.314 J K-1 mol-1

Reference
Bernacchi et al. (2001)
Bernacchi et al. (2001)
Bernacchi et al. (2001)
Bernacchi et al. (2001)
Bernacchi et al. (2001)
Farquhar et al. (1980)
Harley et al. (1992)
Bernacchi et al. (2001)
Medlyn et al. (2002)
Harley et al. (1992)
Harley et al. (1992)
Harley et al. (1992)
Farquhar et al. (1980)

of differences in leaf photosynthesis, all treatments produced similar amounts of shoot
biomass (Table 3.2). Inoculated plants supported adequate nodule biomass at stage R2
regardless of Bradyrhizobium strain, whereas N-fertilized plants were void of nodules.
Differences in photosynthesis could not be explained by leaf N concentration –
although plants nodulated with CPAC 390 had slightly higher (but not significant) leaf
N concentrations than plants nodulated with CPAC 7 or fertilized with N. The
chlorophyll and N concentration in the leaves did not differ significantly between
treatments (Table 3.2).
Higher rates of photosynthesis at saturated CO2 concentrations were associated
with lower accumulation of starch in the leaves. N-fertilized plants accumulated 1.9
and 2.4 times more starch than plants nodulated with CPAC 7 and CPAC 390,
respectively (Table 3.2). Soluble sugars did not differ between the three treatments. As
a result, the starch to sugar ratios decreased with increases in photosynthesis at
saturated CO2 concentrations. N-fertilized plants had the lowest rates of
photosynthesis and had the highest starch to sugar ratio, whereas plants nodulated with
CPAC 390 had the highest rates of photosynthesis and the lowest starch to sugar ratio.
Higher rates of photosynthesis were also associated with higher N : starch ratio. Plants
nodulated with CPAC 390 had the highest rates of photosynthesis and higher N :
starch ratios than N-fertilized plants. Plants nodulated with CPAC 7 had intermediate
rates of photosynthesis and also an intermediate N : starch ratio in the leaves (Table
3.2).
Although leaf N concentration and N : starch ratio tended to be higher, and the
concentration of ureide-N was lower in plants nodulated by CPAC 390 compared with
those nodulated by CPAC 7, no significant differences were found when only
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Table 3.2. Shoot and nodule dry weight, contents of N, chlorophyll, ureide-N, starch and sugar in the
leaves of soybeans (cv. BRS 154) inoculated with two Bradyrhizobium japonicum strains (CPAC 7 or
CPAC 390) or fertilized with N. Mean ± Standard Deviation; n=4 for shoot, n=3, otherwise.
Parameter

CPAC 390

CPAC 7

N-fertilized

P-value

2.4 ± 1.0
0.5 ± 0.1

2.7 ± 0.3
0.6 ± 0.0

2.5 ± 0.1
0.0

ns

36.2 ± 1.4

32.3 ± 6.7

29.9 ± 10.4

ns

Chlorophyll (g m―2)

142.6 ± 1.0

153.5± 11.8

154.1 ± 9.5

ns

Ureide-N (µmol g―1 DW)
Starch (mg g DW)

298.8± 48.0 ab
32.8 ± 16.7 b

341.4 ± 95.0 a
42.3 ± 12.7 b

170.8 ± 29.7 b
79.9 ± 7.5 a

0.039
0.012

Sugar (mg g―1DW)

48.6 ± 5.3

43.5 ± 16.2

48.6 ± 5.3

ns

Starch : Sugar ratio

0.7 ± 0.3 b

1.0 ± 0.2 ab

1.6 ± 0.4 a

0.023

Shoot* (g DW plant―1)
―1

Nodule (g plant

)

―1

Leaf N (mg N g

DW)

―1

1.3 ± 0.5 a
0.8 ± 0.2 ab
0.4 ± 0.1 b
0.041
N : starch ratio
*Shoot biomass was measured in a second trial, repeated under the same conditions up to the same
developmental stage. Different letters indicate differences at P >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 photosynthesis to A vs. Ci response
curves allowed us to estimate the three parameters: J (µmol e– m–2 s–1), VCmax (µmol
CO2 m–2 s–1) and TP (µmol triose-P m–2 s–1). Plants nodulated with CPAC 390 strain
had significant higher values of TP and VCmax than plants nodulated with CPAC 7 strain
or fertilized with N (Fig. 3.2). There was more variability in the estimated J of Nfertilized plants than of nodulated plants and therefore, the rate J in N-fertilized plants
was similar to J of plants nodulated with CPAC 7. The estimated J of plants nodulated
with CPAC 390 was significantly higher than of plants nodulated with CPAC 7.
To test the hypotheses on sink limitation removal versus direct sink stimulation of
photosynthesis, we parameterized the full model of leaf photosynthesis with the Nfertilized plants, and then used these parameter estimates to predict the rates of
photosynthesis of nodulated plants, by excluding the photosynthesis limitation of TPU
(reduced model). Parameterization of the full model of leaf photosynthesis considering
Rubisco, electron transport and TPU limitations for the N-fertilized plants is shown in
Fig. 3.3, together with the concentration of intercellular CO2 at which a transition
from one to another limitation is expected. The best least-squares estimates of the
parameter values were: VCmax = 59.4 µmol CO2 m–2 s–1, J = 140.9 µmol e– m–2 s–1 and
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Figure 3.1. Measured responses of (a) photosynthesis, (b) ФPSII and (c) photochemical
quenching (qP) to increasing CO2 concentrations in leaves of soybeans (cv. BRS 154)
inoculated with Bradyrhizobium japonicum (CPAC 390 or CPAC 7), or fertilized with N.

TP = 6.3 µmol triose-P m–2 s–1. Before applying the reduced model to predict
photosynthesis of nodulated plants, the estimates of J and VCmax were corrected for the
small differences in leaf N content between nodulated and fertilized plants.
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Figure 3.2. Parameters TP, VCmax and J, obtained by curve-fitting of A/Ci response curves of
photosynthesis in leaves of soybeans inoculated with Bradyrhizobium japonicum strains
(CPAC 7 or CPAC 390) or fertilized with N. Bars indicate 95% confidence intervals.

The reduced model predicted the rates of photosynthesis in plants nodulated with
CPAC 7 well, but strongly underestimated the rates of photosynthesis in plants
nodulated with CPAC 390 (Fig. 3.4). The higher measured rates of photosynthesis of
plants nodulated with CPAC 390 than predicted by removal of sink (TPU) limitation
suggests that photosynthesis was directly sink-stimulated. The linear regression
between predicted and measured rates of photosynthesis for plants nodulated with
CPAC 390 had larger intercept and slope values than those estimated for plants
nodulated with CPAC 7 (Fig. 3.5). Since the intercept of the regression gives an
indication of agreement between measured and predicted A at the low Ci range, the
large intercept value for the CPAC 390 treatment suggests that photosynthesis was
already stimulated in plants nodulated with CPAC 390 well before the TPU limitation,
which is expected to occur at saturated intercellular CO2 concentrations.

3.4. Discussion
The photosynthetic C costs of N2 fixation through rhizobial symbioses are highly
variable among different legumes, strains and their respective combinations, and may
utilize between 50 to 80% more photosynthates than the uptake and reduction of NO3
(Minchin et al., 1981; Minchin and Witty, 2005). In this study, soybean plants were
inoculated with two isoline Bradyrhizobium strains with apparent different C costs of
N2 fixation. Although there were no significant differences in shoot weight, leaf N
concentration and nodule mass, plants nodulated with CPAC 390 strain had higher N :
starch and lower ureide-N concentration in the leaves than plants nodulated with
CPAC 7 (Table 3.2), indicating that more starch was withdrawn for each N fixed.
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Figure 3.3. Model fit to A/Ci response curves measured on leaves of N-fertilized soybean
plants. Best least-squares estimates of the parameter values were: VCmax = 59.4 µmol CO2 m–2
s–1, J = 140.9 µmol e– m–2 s–1, TP = 6.3 µmol triose-P m–2 s–1.

Furthermore, the application of the full model of leaf photosynthesis predicted that
plants nodulated with CPAC 390 had higher rates of TP ―meaning higher
photosynthate export from chloroplast― than those plants inoculated with CPAC 7 or
fertilized with N (Fig. 3.2). We surmise that differences in TP between plants
nodulated with the two strains were due to different C costs of N2 fixation (Minchin et
al., 1981; Minchin and Witty, 2005). Nodule biomass did not differ in plants nodulated
by the two strains (Table 3.2). All these results suggest that energy efficiency, in terms
of gram C required per gram N fixed, differed between nodule strains. Since the C
costs of N2 fixation are largely determined by nodule respiration (Witty et al., 1983;
Ryle et al., 1984; Voisin et al., 2003), the larger amounts of C per N fixed required by
CPAC 390 compared with CPAC 7 must have been due to higher rates of respiration
in nodules formed by CPAC 390.
Phillips (1980) suggested legume growth could be improved by increasing the
energy efficiency of N2 fixation, in other words by reducing the relative costs in terms
of g C g N–1. Thus a rhizobial strain with less C costs of N2 fixation would be
preferred for use in inoculants. However, since plants nodulated with CPAC 390 had
much higher rates of photosynthesis than those nodulated with CPAC 7, our results
suggest that soybean plants can compensate for the increased C costs for N2 fixation
by increasing photosynthesis. We provide evidence to support earlier suggestions
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Figure 3.4. Measured and predicted photosynthetic response curves with increasing
intercellular CO2 concentrations of leaves of soybeans inoculated with Bradyrhizobium
japonicum strains (CPAC 7 or CPAC 390). Predicted values were obtained by the model
parameterized with the A/Ci response curves of N-fertilized plants (Fig. 3.1), but excluding
the TPU limitation and correcting for increased leaf N concentration.

that photosynthesis can be directly stimulated by an increased C sink strength from
nodule activity (e.g. Harris et al., 1985; Brown and Bethlenfalvay, 1987; de Veau et
al., 1990; Ainsworth et al., 2004; Zhou et al., 2006).
We assessed ФPSII and qP of nodulated and N-fertilized plants across a range of
intercellular CO2 concentrations. The ФPSII and qP integrate the overall functioning of
PSII (Maury et al., 1993; Baker, 2008) and give an indication of the efficiency of the
light-harvesting and conversion processes. In fact, provided that water and nutrients do
not limit leaf metabolism, the capacity of electron transport rates exceed those of the
enzymatic reactions of CO2 fixation, even at moderate light intensities and elevated
atmospheric CO2 concentration (Farquhar et al., 1980; Stitt, 1986; Bukhov, 2004).
However, there is a negative feedback on the electron transport chain whenever the
harvested energy is not fully utilized by photosynthesis and other interconnected
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Figure 3.5. Linear regression between measured and predicted rates of photosynthesis in
leaves of soybeans inoculated with Bradyrhizobium japonicum strains (CPAC 7 or CPAC
390).

processes such as N reduction; the excess energy must be released as heat to prevent
the formation of reactive O2 species (Pammenter et al., 1993; de Groot et al., 2003;
Bukhov, 2004). This feedback results in reduced ФPSII and qP of chlorophyll
fluorescence (Baker, 2008). Contrary to Maury et al. (1993), who observed differences
between N-fertilized and nodulated plants, but did not observed differences between
plants nodulated with two different B. japonicum strains, we observed that plants
nodulated with CPAC 390 had higher ФPSII and qP than plants nodulated with CPAC
7. This was confirmed by the linear electron transport rate (J) estimated from gas
exchange data using the model (Fig. 3.2). The model predicted that there was a
difference in J between plants nodulated with CPAC 390 and plants nodulated with
CPAC 7, but the estimated J in the N-fertilized plants did not differ significantly from
the other treatments. Plants depending on NO3― reduction may sustain high rates of
electron transport because, apart from the demand for reductants to support CO2
fixation, N-fertilized plants utilize reductants to reduce NO3– (e.g. Pate, 1980; Cen and
Layzell, 2003; Yin et al., 2006). With regard to the nodulated plants, J of those
nodulated with CPAC 7 were possibly down-regulated by lower TPU rates in
comparison with those plants nodulated with CPAC 390, since electron transport is
highly regulated by (e.g. Sharkey et al., 1988), and tightly coupled to (Yin et al., 2009)
the TPU limitation.
We set out to test the hypothesis that nodulated plants have higher rates of
photosynthesis to compensate for increased C costs from N2 fixation. There are two
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plausible explanations for increased rates of photosynthesis: removal of sink limitation
or direct sink stimulation of photosynthesis. Removal of sink (TPU) limitation of
photosynthesis explained the increases in the plants nodulated with CPAC 7 (Fig. 3.4);
so the difference in A shown in Fig. 3.1 between plants nodulated with CPAC 7 and Nfertilised plants can be explained by the observed small difference in leaf N between
the two treatments (Table 3.2). By contrast, the increase in photosynthesis in the plants
nodulated with CPAC 390 was explained more by direct sink stimulation of
photosynthesis. Furthermore, there were differences between the intercepts of the
linear regressions of predicted and measured rates of photosynthesis on plants
nodulated with CPAC 390 and CPAC 7 (Fig. 3.5). This suggests that direct sink
stimulation of photosynthesis in the plants nodulated with CPAC 390 occurred at
levels of Ci well lower than the saturated CO2 concentration at which the TPU
limitation is expected. The biochemical model of photosynthesis we used does not
consider feedbacks between the three limiting processes of photosynthesis. However,
there is evidence that photosynthetic electron transport is inhibited when synthesis of
starch and sucrose limits the rate of CO2 fixation (Sharkey et al., 1988; Pammenter et
al., 1993). We suggest that a model has to consider these feedback effects if it is used
to fully predict the effects of direct sink stimulation by C costs of N2 fixation on the
photosynthesis.
In conclusion, soybean plants adapt their photosynthetic capacity to support
different C sink strengths of N2 fixation, possibly through two mechanisms: removal
of sink limitation or by direct sink stimulation. Our analysis suggests that which
mechanism plays a major role may depend on the potential effectiveness of N2 fixation
of each Bradyrhizobium strain.
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Abstract
Biological N2 fixation can fulfil the N demand of legumes but may cost as much as
14% of the current photosynthesis. This photosynthate (C) sink strength would result
in loss of productivity if the rates of photosynthesis were not increased to compensate
the costs. We measured the rates of leaf photosynthesis, concentrations of N, ureides
and protein in leaves of two soybean cultivars (Glycine max [L.] Merrill) differing in
potential shoot biomass production, either associated with Bradyrhizobium japonicum
strains, or amended with NO3― fertilizer. Our results show that the C costs of
biological N2-fixation can be compensated by increased photosynthesis. Nodulated
plants shifted the N metabolism towards ureide accumulation after the reproductive
stage started, by which time leaf N concentration of nodulated plants was greater than
in N-fertilized plants. The carbon sink strength of N2-fixation increased photosynthetic
N use efficiency in the beginning of plant development. At later stages, although
average protein concentrations were similar between the groups of plants, the
maximum leaf protein of nodulated plants occurred a few days later than those of Nfertilized plants. The chlorophyll concentration of nodulated plants remained high until
the pod-filling stage whereas the chlorophyll concentration of N-fertilized plants
started to decrease as early as the flowering stage. These results suggest that due to
higher C sink strength and efficient N2 fixation, nodulated plants achieve higher rates
of photosynthesis and have leaf senescence delayed.

Key words: carbon sink strength, ureides, starch, leaf protein, chlorophyll
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4.1. Introduction
Biological N2 fixation can fulfil the N demand of legume crops such as soybean
(Glycine max (L.) Merrill), resulting in a significant increase in plant total N
accumulation and higher N concentration in grains (Imsande, 1988) compared with Nfertilized plants. However, in terms of N acquisition these benefits are accompanied by
an increase in respiration costs by 14% or more on the current photosynthesis when
compared with fertilized soybean (Finke et al., 1982; Chapter 2). Nitrate assimilation
results in costs of up to 2.5 g C g–1 N assimilated, whereas N2 fixation costs as much as
5.2 to 18.8 g C g–1 N (Minchin and Witty, 2005). Therefore, N2 fixation would be
limited by photosynthate availability if there was not a simultaneous increase in the
rates of photosynthesis (Lawn and Brun, 1974; Abu-Shakra et al., 1978; Fujita et al.,
1988a; Imsande, 1988).
As N is essential for the synthesis of rubisco – responsible for CO2 fixation – and
for the synthesis of light-harvesting chlorophyll, N2 fixation could enhance leaf N
concentration and therefore stimulate photosynthesis (Evans, 1989; Hikosaka and
Terashima, 1995). However, leaf N concentration and photosynthesis increase linearly
only until a critical N concentration in the leaves is reached (e.g. Robertson et al.,
2002). Beyond that, it is likely that a further increase in leaf N concentration will result
in partial deactivation of the photosynthetic machinery (Mächler et al., 1988; Hikosaka
and Terashima, 1995; Cheng and Fuchigami, 2000). Furthermore, the rates of
photosynthesis also respond to factors other than leaf N concentration, such as
environmental conditions and the changes in the source : sink ratios of the plant (Lawn
and Brun, 1974; Mondal et al., 1978; Wittenbach, 1982, 1983; Crafts-Brandner and
Egli, 1987; Ainsworth et al., 2004). There are reports showing that a decrease in the
sink : source ratio by removing pods at the reproductive stage, decreases the rates of
photosynthesis in soybean (Wittenbach, 1982, 1983; Crafts-Brandner and Egli, 1987).
In addition, probably because of changes in the sink : source ratio, the absence of
nodules decreases the response of photosynthesis to elevated CO2 (Ainsworth et al.,
2004). Therefore, increases in the sink : source ratio due to larger C costs of N2
fixation compared with NO3– uptake (Minchin and Witty, 2005) are likely to increase
the rates of photosynthesis of soybean in symbiosis, regardless of the N effect, due to
changes in the sink : source ratio.
We performed a study to examine the effect of soybean inoculation with efficient
N2-fixing rhizobia on photosynthesis ― on leaf area basis, not on a canopy basis! ― in
comparison with N-fertilized plants. Our first hypothesis is that increased C sink
strength from N2 fixation leads to an increase in the rates of leaf photosynthesis,
regardless of the N effect. We also predict that nodulated plants with lower shoot
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biomass increase leaf photosynthesis more than nodulated plants with higher shoot
biomass. Our second hypothesis is that increased photosynthesis combined with
efficient N2 fixation increases the duration of leaf activity in photosynthesis and
thereby delays leaf senescence.

4.2. Material and Methods
4.2.1. Experiment 1
Two different soybean cultivars were subjected to four treatments in the
glasshouse: two rhizobial strains and two N treatments, each applied separately. In the
inoculation treatments two different strains of Bradyrhizobium japonicum [CPAC 7
(=SEMIA 5080) and CPAC 390] were used. The soybean cultivars were BRS 154 and
BRS 262, both early cultivars with high yield potential but with differences in the
potential harvest index. Plants were planted in 2.5 kg capacity plastic pots filled with a
mixture of sand and vermiculite (1:1). Sand was soaked overnight in 5% hydrochloric
acid, washed thoroughly with distilled water, mixed with vermiculite and autoclaved at
120 °C for 1 h. Seeds were surface-sterilized before sowing (soaking in 96% alcohol
for 1 min; 0.25% sodium hypochlorite for 3 min; and rinsing with sterile distilled
water four times). All plants received sterilized N-free solution (Broughton and
Dilworth, 1971) with the pH adjusted to 6.8. The non-inoculated plants received two
different doses of KNO3, consisting of 175 or 350 mg of N, split into 5 applications
until the completion of stage R4 (45 days, pod 2 cm long at one of the four uppermost
nodes with a completely unrolled leaf; Fehr et al., 1971). Rhizobia were grown in
yeast medium according to Vincent (1970) up to the density of 109 cells ml–1; and 1 ml
of this suspension was pipetted on each seed of the inoculated treatments during
sowing. Seven seeds were sown in each pot, and plants were thinned to one plant per
pot at stage V1 (5 days, completely unrolled leaf at the unifoliolate node; Fehr et al.,
1971). There were sixteen replicates of each treatment in the beginning of the
experiment. Four replicates of each treatment were harvested at V4 (25 days, four
nodes on the main stem beginning with the unifoliate node; Fehr et al., 1971), four
replicates at R2 (37 days, flower at node immediately below the uppermost nodes with
a completely unrolled leaf), four at R4 and the last four at R5 (50 days, seeds
beginning to develop; Fehr et al., 1971). Each set of treatments was arranged in a
completely randomized design.
The experimental station is located in Londrina, Brazil, at the latitude of 23°,11’ S,
where the duration of visible light was 11 h 45 min on 17th May 2007, 11 h 31 min on
19th June 2007 and 11 h 33 min on 3rd July 2007. The photosynthetic active radiation
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(PAR) in the greenhouse varied on average from 400 to 600 µmol photons m–2 s–1
during the period. Temperatures during the period of the experiment were on average
32/21 °C (day/night).
4.2.2. Experiments 2 and 3
The experiment was repeated in the following year and was performed under
similar conditions as experiment 1. Temperatures during the period of the experiment
were on average 33/22 °C (day/night) and PAR varied from 400 to 600 µmol photons
m–2 s–1. The duration of visible light was 13 h 34 min on 18th February 2008 and 10 h
58 min on 2nd May 2008. Four replicates of each treatment were harvested at R2 to
evaluate nodulation, starch and soluble sugar content (experiment 2). Four other
replicates of each treatment served for measurement of the leaf chlorophyll content
from the R2 stage onwards (from here onwards, considered as Experiment 3).
4.2.3. Analyses of photosynthesis
At the time of each measurement, plants were first removed from the glasshouse to
open air in order to increase the exposure to solar radiation, then after 30 min of
acclimatisation, photosynthetic rates were measured on the third expanded leaf
between 10:00 h and 11:00 h. Gas exchange was measured using a LI-6400 portable
photosynthesis system, at saturating light of 1500 µmol photons m–2 s–1. During the
measurements, leaf-to-air vapour pressure deficit varied between 2.2 and 3.0 kPa,
relative humidity between 32 and 41% and leaf temperature between 28 and 33 °C
(measured with a thermocouple in the leaf chamber).
4.2.4. Shoot sampling
The leaves used for measurements of photosynthesis were detached from the stems,
immediately weighed, frozen in liquid nitrogen and stored in a freezer at –80 °C. Parts
of the leaves reserved for ureide analysis were used to estimate moisture content to
express the data on a dry weight basis. Roots and nodules were carefully washed with
tap water and dried at 60 °C for 48 h. After that, nodules were detached, counted and
weighed. Shoots were dried, weighed and added to the weights 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 ground leaves with the Kjeldahl method
as described by Alves et al. (1994). Photosynthetic N use efficiency (PNUE) was
calculated as the ratio of the rates of photosynthesis [actual rates (µmol CO2 m–2 s–1)
multiplied by 0.044 to obtain mg CO2 m–2 s–1] and the N content in the leaves [N (mg
g-1) times 54.125 g m–2 leaf]. The constant 54.125 g m–2 was obtained by averaging the
specific leaf weight of 24 genotypes by Hesketh et al. (1981).
4.2.6. Leaf ureides-N
After weighing, frozen leaves were dried at 60 °C to constant mass, and ground.
One hundred mg were used to extract ureides according to Hungria (1994). Ureides
were determined according to the method of Vogels and van der Drift (1970).
4.2.7. Leaf protein content
About 1.3 g of frozen fresh leaves was ground using a mortar and pestle in liquid
nitrogen followed by extraction using 15 ml of buffer as described by Catt and Millard
(1988). The homogenate was incubated in ice with rotation in a laminar flow hood for
2 h. The homogenate was centrifuged at 12,000 rpm for 20 min and the supernatant
was filtered in 45 µm pore membranes. The soluble protein content was determined
using a colorimetric assay (Bradford, 1976).
4.2.8. Leaf soluble sugars and starch
Leaves were harvested in the afternoon (16:30 h), immediately frozen in liquid N,
and stored at –80 °C until required. Then, they were ground under liquid N and a
sample of 150-200 mg of ground material was transferred to 2 ml tubes. The samples
were washed with 100% acetone, stirred and centrifuged at 6,000 rpm for 5 min
several times until the supernatant was yellow-beige transparent. The tubes were
opened and the samples dried in a laminar flow chamber. The pellets were suspended
in 1.5 ml 80% ethanol, stirred a few seconds, incubated in boiling water for 20 min,
and centrifuged three times each at 10,000 rpm for 10 min. The supernatants of each
sample were assembled and stored in the refrigerator. The supernatant contained the
soluble sugars and the pellet contained the starch. The soluble sugars were determined
based on the method described by Dubois et al. (1956). The total starch was analyzed
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according to the enzymatic method of McClearly et al. (1997) using a commercial
assay kit (K-TSTA, Megazyme International Ireland Ltd, Bray, Republic of Ireland).
4.2.9. Chlorophyll content
Chlorophyll content was determined with the chlorophyllmeter SPAD 502 (Konica
Minolta Sensing, Inc., Osaka, Japan). Each replicate consisted of an average of three
SPAD values, measured at different points of the leaf. The leaves were labelled for
subsequent measurements. The average SPAD values were converted to chlorophyll
content (mg chlorophyll m–2 leaf) based on a preliminary calibration. The calibration
consisted of measuring SPAD values in three spots of 30 different soybean leaves.
From each spot, a leaf disc (3.67 cm2) was punched. Leaf disks were submerged in 25
ml of 80% acetone and the flasks were covered with aluminum foil and incubated in
the dark at 10 °C for 72 h. The absorbances of the samples were read at 645 nm and
663 nm as recommended by Linder (1974). The chlorophyll content was calculated on
a leaf area basis, with the equation provided by Arnon (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 content were analysed by fitting
quadratic regressions as variables dependent on time (days after emergence) with
SPSS 15.0.1 for windows (SPSS Inc., 1989-2006). The quadratic functions were
differentiated to determine the maximum values (days). The maximum values of
photosynthesis and protein content were obtained after filling the original quadratic
functions with the maximum values of the derivative functions.
4.2.11. Statistical analyses
The experimental design was a split plot with soybean cultivar as the main factor
and N-source (i.e. two rhizobia strains versus two rates of N fertilization) as the splitplot factor (n = 4). The data set was tested for homogeneity with Levene’s test of
equality of error variances and Q-Q plots to test for normality of the data. Data on
nitrogen, protein and ureide-N contents were log-transformed to achieve near-normal
distributions. Shoot biomass, nodules, photosynthesis, nitrogen, protein, ureides-N,
PNUE, sugars and starch were treated as independent measurements. The N-fertilized
plants which eventually produced nodules were discarded from the analyses. The data
set was analysed considering an unbalanced treatment structure by GenStat 11th
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P-value
N source
Cultivar
N source × Cultivar

N source
B. japonicum
KNO3
Cultivar
BRS 154
BRS 262
Rhizobial strain
CPAC 7
CPAC 390
KNO3
350 mg N
175 mg N

BRS 154
B. japonicum CPAC 7
B. japonicum CPAC 390
KNO3 (350 mg N)
KNO3 (175 mg N)
BRS 262
B. japonicum CPAC 7
B. japonicum CPAC 390
KNO3 (350 mg N)
KNO3 (175 mg N)

Cultivar and N source

Nodule
(g DW plant–1)
V4 R2 R4 R5

Table 4.1. Nodule and shoot biomass, N-ureide and protein in leaves of two soybean cultivars inoculated with two rhizobia strains or receiving
two rates of N-fertilizer (Experiment 1).
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Edition (VSN International Ltd., Hernel Hempstead, United Kingdom, 2008). The
square root of chlorophyll contents (Experiment 3) against time was considered as
repeated measurements. Each pairing of cultivar or N-source was analysed
independently with the F-test at P<0.05.

4.3. Results
4.3.1. Nodulation and shoot biomass
Both soybean cultivars, either rhizobia-inoculated or N-fertilized, grew well under
greenhouse conditions but shoot biomass of cultivar BRS 262 was 1.5 times larger
than BRS 154 at R2 stage, and 1.2 times larger at R4 stage (Table 4.1). N-fertilized
soybean produced more shoot biomass than nodulated soybeans up to R4 stage.
Nodule biomass increased over time in both soybean cultivars. There was abundant
nodulation in the roots of inoculated plants, but no nodulation in the N-fertilized plants
up to the R4 stage. After the R4 stage, a few nodules were formed on N-fertilized,
non-inoculated plants (data not shown), and those plants 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-fertilized plants was greater than that
of nodulated plants in the vegetative stage V4, but from R2 onwards nodulated plants
always accumulated more ureides than N-fertilized plants (Table 4.1). There were no
significant differences in leaf protein between nodulated or N-fertilized plants at V4,
R2 and R5 stages (Table 4.1). At R4, the average leaf protein concentration of
nodulated plants was significantly higher than that of N-fertilized plants. The soluble
protein concentration in the leaves ranged from 16.9 to 83.6 mg g–1 leaf dry weight
(Table 4.1).
At the beginning of the experiment (V4 stage), soybean receiving N fertilizer
accumulated more N in the leaves than nodulated plants, but later (from the R4 stage
onwards), nodulated plants had a higher N concentration in the leaves (Table 4.2). At
V4 stage, nodulated plants had greater PNUE than N-fertilized plants, but there was no
difference in later stages.
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0.38
0.33

0.37
0.33

0.37
0.32
0.32
0.31

0.42
0.38
0.29
0.42

ns
ns
ns

0.57
0.71

0.47
0.48

0.55
0.57

0.47
0.66

0.41
0.43
0.73
0.77

0.53
0.52
0.47
0.64

ns
ns
ns

0.43
0.42

0.50
0.40

0.47
0.41

*0.45
0.42

0.54
0.36
0.36
0.34

0.47
0.44
0.52
0.46

PNUE (µg CO2 mg–1 N s–1)
V4
R2
R4
R5

* indicates that differences between the two groups with N source, cultivar, rhizobial strain and rates of KNO3 are significant at P<0.05 by the F-test.

P-value
Cultivar
N source
Cultivar × N source

N source
B. japonicum
KNO3
Cultivar
BRS 154
BRS 262
Rhizobial strain
CPAC 7
CPAC 390
KNO3
350 mg N
175 mg N

BRS 154
B. japonicum CPAC 7
B. japonicum CPAC 390
KNO3 (350 mg N)
KNO3 (175 mg N)
BRS 262
B. japonicum CPAC 7
B. japonicum CPAC 390
KNO3 (350 mg N)
KNO3 (175 mg N)

Cultivar and N source

Table 4.2. Rates of leaf photosynthesis, leaf N, and photosynthetic N use efficiency (PNUE) of soybeans inoculated with two rhizobia strains or
receiving two doses of N-fertilizer (Experiment 1).
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4.3.3. Rates of photosynthesis
Nodulated plants had higher rates of photosynthesis than N-fertilized plants (Table
4.2). At the V4 stage, rates of photosynthesis were in the range of 12.0 to 16.8 µmol
CO2 m–2 s–1 in nodulated and 8.5 to 12.5 µmol CO2 m–2 s–1 in N-fertilized plants. At
reproductive stages, the rates of photosynthesis in both nodulated and N-fertilized
plants increased. The highest rates of photosynthesis in N-fertilized plants were
observed at stage R2 (17 to 21 µmol CO2 m–2 s–1), whereas the largest rates of
photosynthesis in the nodulated plants were observed at stage R4 (23.5 to 30.4 µmol
CO2 m–2 s–1) (Table 4.2). Although the difference was only significant at R2 stage, on
average plants of lower shoots (BRS 154) had higher rates of leaf photosynthesis (not
canopy!) than those of higher shoots (BRS 262). Rates of photosynthesis were not
correlated with leaf N concentration (data not shown).
4.3.4. Maximum values of leaf protein and rates of photosynthesis
We analysed the relationship between leaf protein and rates of photosynthesis
using quadratic functions over the duration of our experiment. The adjusted R2 was
consistently higher in nodulated than in N-fertilized plants (Table 4.3). The estimated
maximum rates of photosynthesis were larger in nodulated plants than in N-fertilized
plants, and these maximum rates occurred two days later. The estimated maximum
protein concentration were also greater in nodulated plants (65.9 mg g–1 DW)
compared with N-fertilized plants (49.2 mg g–1 DW). The regressions predicted that
the maximum protein contents in the nodulated plants would be achieved six days later
than in the N-fertilized plants, but R2 of N-fertilized plants was too low. A more
realistic comparison considering nodulated plants at the one hand and fertilized plants
with 350 mg of N on the other hand, gives a delay of just three days.
4.3.5. Starch and soluble sugars in the leaves
In Experiment 2, starch concentration in the leaves at R2 stage ranged from 6.0 to
9.9 mg g–1 fresh weight in nodulated plants and from 10.7 to 15.9 in N-fertilized plants
(Table 4.4). There were no differences between the soybean cultivars but there was a
large difference between nodulated and N-fertilized soybeans (Table 4.4). The average
soluble sugars content in the leaves was 8.8 mg g–1 fresh weight in both nodulated and
N-fertilized plants, but the ratio starch : soluble sugars was significantly higher in Nfertilized than in nodulated plants.
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66
27.2
18.9
25.0
21.6
26.9
27.9
20.1
18.0

40
40

40
42

38
39

Photosynthesis
(µmol CO2 m–2 leaf s–1)

40
38

Day

0.17
0.19

0.43
0.74

0.27
0.30

0.55
0.19

Adjusted R2

0.036
0.022

<0.001
<0.001

<0.001
<0.001

<0.001
0.001

P-value

62.7
65.4
50.9
35.8

32
68

59.1
55.9

65.9
49.2

Protein
(mg g–1 leaf DW)

35
35

29
35

35
29

Day

0.23
0.02

0.43
0.31

0.19
0.41

0.50
0.09

Adjusted R2

0.013
ns

<0.001
0.004

0.001
<0.001

<0.001
0.028

P-value

* The Adjusted R2 refers to goodness of quadratic regressions, with a P-value obtained after the F-test for the regressions. No statistical test was performed for the differences
of pairs.

N source
B. japonicum
KNO3
Cultivar
BRS 154
BRS 262
Rhizobial strain
CPAC 7
CPAC 390
KNO3
350 mg N
175 mg N

Cultivar and N source

Table 4.3. Date and estimated maximum values of photosynthesis and maximum leaf protein concentration of two soybean cultivars inoculated
with two rhizobia strains or receiving two doses of N-fertilizer (Experiment 1)*.
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BRS 154 + 350 mg N

BRS 154 + 175 mg N

BRS 262 + CPAC 7

BRS 262 + CPAC 390

BRS 262 + 350 mg N

BRS 262 + 175 mg N

Figure 4.1. Chlorophyll degradation in leaves of rhizobia-inoculated and N-fertilized
soybeans (experiment 3). The measurements started on 26th March 2008 (Day 1) at stage R2.
On day 32, all plants were at R5 stage, but the leaves of two plants of the cultivar BRS 154
fertilized with 350 mg of N had senesced already. On day 39, all plants were at stage R6/R7,
except for those of BRS 154 + 350 mg of N and two plants 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 measurements revealed that there was no
effect of cultivar on chlorophyll concentration, but there was a strong effect of the N
source. The effects of cultivar were significant at P=0.055, the effects of the N source
were significant at P<0.001, and the interaction of cultivar × N source was significant
at P=0.017. At R2 stage (day 1), average chlorophyll concentration was 140 mg m–2 in
the nodulated plants, and 155 mg m–2 in the N-fertilized plants (Experiment 3; Fig.
4.1). At the 16th day (R4/R5 stage), chlorophyll concentration averaged 226 mg m–2 in
nodulated, and 172 mg m–2 in N-fertilized soybean. From stage R4/R5 onwards,
soybean started to degrade chlorophyll and showed symptoms of leaf senescence
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Table 4.4. Nodule biomass, sugar, starch and starch-to-sugar ratio in leaves of soybeans
inoculated with two rhizobia strains or receiving two doses of N-fertilizer (Experiment 2).
Cultivar and N source

BRS 154
B. japonicum CPAC 7
B. japonicum CPAC 390
KNO3 (350 mg N)
KNO3 (175 mg N)
BRS 262
B. japonicum CPAC 7
B. japonicum CPAC 390
KNO3 (350 mg N)
KNO3 (175 mg N)
N source
B. japonicum
KNO3
Cultivar
BRS 154
BRS 262
Rhizobial strain
CPAC 7
CPAC 390
KNO3
350 mg N
175 mg N

Soluble sugars
(mg g–1 FW)

Starch
(mg g–1 FW)

Starch-toSugar
Ratio

0.6
0.5
0
0

9.2
9.6
8.7
ND

7.7
6.0
15.9
ND

0.9
0.7
1.9
ND

0.5
0.5
0
0

9.1
7.2
10.3
7.1

9.9
9.7
11.5
10.7

1.1
1.3
1.2
1.5

0.5
0

8.8
8.8

*8.4
12.4

*1.0
1.5

0.5
0.5

9.3
8.4

9.5
10.5

1.1
1.3

0.6
0.5

9.2
8.4

8.8
7.8

1.0
1.0

0
0

9.8
7.2

13.8
10.7

1.5
1.5

ns
ns
ns

0.022
ns
0.045

0.037
ns
0.009

Nodules
(g DW plant–1)

P-value
N source
Cultivar
N source × Cultivar
ns= not significant difference at P≥0.05 by the F-test.

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

4.4. Discussion
Our study demonstrated that soybean which nodulated with very effective N2
fixing rhizobia have higher rates of photosynthesis than N-fertilized plants, regardless
of the leaf N concentration (Table 4.2). These results confirm that N2 fixation is a
more efficient way for legumes to stimulate photosynthesis than N fertilizer (Brown
and Bethlenfalvay, 1988; de Veau et al., 1990; Zhou et al., 2006). Although leaf N
concentration of N-fertilized plants declined in later stages, photosynthesis was not
limited by leaf N. The threshold for N limitation of photosynthesis at adequate light
supply is assumed to be between 15 and 20 mg N g–1 leaf (Robertson et al.; 2002), and
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in our study, even plants with smaller N concentrations accumulated more N than
these suggested thresholds. Recently, we described the N-independent effect of
rhizobia on photosynthesis, by which the rates of photosynthesis are stimulated by the
photosynthate (C) sink strength of the symbioses (Chapter 2). Assuming that C costs
of N2 fixation are higher than of NO3– uptake (Minchin and Witty, 2005), our data
support the hypothesis that a higher C sink strength of N2 fixation increases the rate of
photosynthesis. Noteworthy is that this phenomenon can be exacerbated in a cultivar
with lower shoots (Table 4.1). With the present experimental set-up, we could not
estimate the rates of N2 fixation, but we utilized N and ureides-N in the leaves as
indicators for effective N2 fixation. However, ureide-N is only a good indicator for N2
fixation in the reproductive stages of nodulated soybean (Matsumoto et al., 1977;
Herridge, 1982). Ureide-N is strongly related to the rates of N2 fixation, as
demonstrated by experiments with [15N]-nitrogen gas (Ohyama and Kumazawa, 1978)
and acetylene reduction assays (McClure and Israel, 1979; Herridge, 1982; van
Berkum et al., 1985), but may also be high prior to reproductive stages in plants
receiving high rates of N fertilization (Polayes and Schubert, 1984).
An important evidence for increased C sink strength due to N2 fixation was that Nfertilized plants accumulated more starch in the leaves despite lower rates of
photosynthesis than nodulated plants (Table 4.4). That suggests that nodulated plants
achieved higher rates of photosynthesis because they had larger demand for
photosynthate. Previous studies have demonstrated that greater photosynthate demands
prevent the accumulation of carbohydrates in the leaves, and triggers the enzymatic
machinery of the Calvin Cycle (Azcón-Bieto, 1983; Goldschmidt and Huber, 1992;
Paul and Foyer, 2001). The higher starch content in N-fertilized soybean suggests that
photosynthesis in these plants is not limited by substrate (either ribulose biphosphate
or CO2), enzymes (N and proteins), light or water. Furthermore, as both rhizobiainoculated and N-fertilized soybean received the same amount of P in the nutrient
solution, photosynthate export is not limited by inorganic P (Foyer and Spencer, 1986;
Fredeen et al., 1989). Therefore, differences in photosynthesis between nodulated and
N-fertilized soybeans are most likely caused by increased C sink strength of the
symbioses.
We also assessed the effects of nodulation on leaf senescence. Ono et al. (1996,
2001) demonstrated that leaves with low demand for photosynthates accumulate
sugars and accelerate the symptoms of leaf senescence. We found strong evidence for
the delay of leaf senescence in nodulated soybean as they always showed higher rates
of photosynthesis (Table 4.2), and sustained high concentrations of chlorophyll for a
longer time (Fig. 4.1). Two processes occur simultaneously. First, N2 fixation delays N
removal from the leaves to the seeds by supplying N at current plant N demands (e.g.
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+
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Photosynthesis

+

Carbohydrates

Leaf senescence

C sink strength
C : N ratio

N2 fixation

Figure 4.2. Conceptual diagram of delayed leaf senescence in soybeans with efficient
nodulation. The C sink strength of N2 fixation changes the sink : source ratio of soybeans, and
lowers the accumulation of carbohydrates in the leaves. High accumulation of carbohydrates
lowers the rates of photosynthesis and triggers the process of leaf senescence. Low
accumulation of carbohydrates stimulates the rates of photosynthesis, which in turn allows
maintaining high rates of N2 fixation. Arrows indicate the feedbacks between processes.

Minchin et al., 1980); and second, C sink strength stimulates leaf activity and
increased photosynthesis (Table 4.3). The two processes together are consistent with
the hypothesis of Paul and Peliny (2003), who suggested that higher rates of
photosynthesis prior to the early phase of senescence lead to a longer
photosynthetically-active life.
We confirmed our second hypothesis by showing a 2-to-3-days-delay in the peak
of photosynthesis and leaf protein in nodulated plants in comparison to N-fertilized
plants receiving 350 mg of N (Table 4.3). Also Abu-Shakra et al. (1978) observed that
nodulated soybeans with higher nitrogenase activity had prolonged periods of
photosynthetic activity. They suggested that a longer photosynthetic activity is related
to a higher N availability in the leaves as a consequence of high N2 fixation. In fact,
the view that N alone regulates leaf senescence is too simplistic. Wittenbach (1982,
1983) and Crafts-Brandner and Egli (1987) removed the pods of poorly nodulated
soybeans receiving high amounts of N-fertilizer, which delayed the N reallocation, but
did not prevent the decrease in the rates of photosynthesis. That means that under such
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conditions, leaf photosynthesis was not limited by N, rather it was limited by C sink
strength of the pods (Wittenbach 1982, 1983; Crafts-Brandner and Egli, 1987).
In Fig. 4.2, we summarize the feedbacks from N2 fixation to photosynthesis and
leaf senescence, based on our results and previous studies. It indicates that the C sink
strength of N2 fixation prevents accumulation of sugars in the leaves, and, probably by
triggering the Calvin Cycle, stimulates the rates of photosynthesis. Increased rates of
photosynthesis and higher N demand during the reproductive stage stimulates the rates
of N2 fixation. In turn, N2 fixation compensates for the degradation of proteins and
chlorophyll while lowering the carbohydrate concentration in the leaves, which finally,
delays leaf senescence.
In conclusion, we demonstrate that C costs of N2 fixation are compensated by
increased leaf photosynthesis. We also show that allowing soybeans to fully rely on N2
fixation does not compromise yield. Furthermore, due to higher leaf activity and
continued N supply, N2 fixation potentially delays leaf senescence, which increases the
period of pod filling.
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Sink stimulation of leaf photosynthesis by the C costs of rhizobial and
arbuscular mycorrhizal fungal symbioses
5.1. Introduction
Both rhizobial and arbuscular mycorrhizal (AM) symbioses change the partitioning
of plant photosynthate (C) due to their intense metabolism to support nutrient
acquisition for the plants, and maintenance of their own growth and reserves (Minchin
and Witty, 2005; Smith and Read, 2008). In this thesis I demonstrate that changes in
partitioning are accompanied by increases in the rates of photosynthesis in many plant
species independent of nutrient effects (Chapter 2). ‘Sink stimulation of
photosynthesis by the C costs of symbioses’ had been mentioned many times, without
being properly defined, as a likely explanation for the photosynthetic differences
between symbiotic and fertilized plants (e.g. Pang and Paul, 1980; Harris et al., 1985;
Wright et al., 1998a, 1998b; Mortimer et al., 2008). This thesis is apparently the first
attempt to define this phenomenon properly.
Chapter 2 demonstrates that, while rhizobial and AM symbioses generally improve
the leaf N and P mass fractions, increases of photosynthesis occur over and above this
nutrient effect due to C sink stimulation. My thesis shows that the rhizobial symbiosis
changes the C partitioning of soybean [Glycine max (L.) Merrill] resulting in higher
triose-P export and less accumulation of starch in the leaves (Huber and Israel, 1982;
Chapter 3). As a consequence of increased C sink strength by rhizobial and AM
symbioses, the rates of photosynthesis of symbiotic plants are increased. Sink
stimulation of photosynthesis occurs because higher rates of triose-P export and
recycling of inorganic P into the chloroplasts activates the enzymes of CO2
assimilation (Paul and Foyer, 2001; Chapter 2). If the C sink strength is low, triose-P is
not rapidly exported, but converted into starch and stored temporarily in the
chloroplasts. Increased starch accumulation in the chloroplasts has a negative effect on
the activation of photosynthetic enzymes and hampers CO2 assimilation (Azcón-Bieto,
1983; Goldschmidt and Huber, 1992).
Some authors have been sceptical about sink stimulation of photosynthesis by AM
symbioses (e.g. Black et al., 2000; Grimoldi et al., 2005) because they argue that sink
stimulation usually is observed in legumes associated with effective nodulation [e.g.
soybean, Harris et al., 1985; clover (Trifolium repens L.), Wright et al., 1998a, 1998b]
and stimulation of photosynthesis could have been an artefact of improved shoot N
nutrition. However, I disagree with that view, first, because the effects of improved N
nutrition were not apparent in those studies involving legumes as both mycorrhizal and
non-mycorrhizal plants were nodulated (Chapter 2), and, second, because sink
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stimulation occurs over and above a nutrient effect, through a rapid sugar export from
the chloroplast and orthophosphate recycling (Chapter 3).
In this thesis I also show that starch accumulation in the leaves leads to an
acceleration of leaf senescence (Ono et al., 2001; Chapter 4). In soybean, rhizobial
symbiosis simultaneously changes the C partitioning and prolongs the period of N
accumulation in the shoots, which delays degradation of photosynthetic enzymes and
postpones leaf senescence (Abu-Shakra et al., 1978; Chapter 4). Also in cowpea
[Vigna unguiculata (L.) Walp.], N2 fixation reduces the proportion of senesced leaves
in the end of the growing period (Minchin et al., 1980). Although effects of AM
symbiosis on leaf senescence await confirmation, I think that both rhizobial and AM
symbioses should favour a longer period of leaf activity since both affect
photosynthetic rates through C feedbacks.
In this chapter, I contextualize the findings of my thesis within our current
understanding of the physiological regulation of rhizobial and AM symbioses. I also
consider the effects of sink stimulation of photosynthesis and symbioses on plants
under elevated atmospheric CO2 and under field conditions.

5.2. Regulation of rhizobial symbioses
Relevant literature ascribes the regulation of N2 fixation in legumes to three main
mechanisms: C limitation, oxygen limitation, and nitrogen-feedback regulation (e.g.
Mahon, 1983; Vance and Heichel, 1991; Schulze, 2004). The regulation by C
limitation is based on studies which showed that nitrogenase activity is instantaneously
suppressed when shoots are darkened or excised (Lawn and Brun, 1974; Bethlenfalvay
and Phillips, 1978), or photosynthesis is inhibited by bentazon spray (Bethlenfalvay et
al., 1979), whereas it is rapidly increased when shoots are exposed to elevated light
intensities (Lawn and Brun, 1974; Bethlenfalvay and Phillips, 1978) and CO2
concentrations (Hardy and Havelka, 1975). The regulation by oxygen limitation is
based on the fact that nitrogenase activity is highly dependent on the oxidative
phosphorylation of photosynthates to produce ATP, and nodules have a layer of
cortical cells, which decreases O2 diffusion following a physiological stress (Layzell
and Hunt, 1990; King and Layzell, 1991). The nitrogen-feedback regulation assumes
that N2 fixation is stimulated proportionally to plant N demand, and it is reduced when
surplus organic N flows through the phloem sap into the nodule (Parsons et al., 1993;
Neo and Layzell, 1997; Lodwig et al., 2003; King and Purcell, 2005). None of these
arguments alone offers a complete explanation for the regulation of N2 fixation in root
nodules, but all three could occur in a chain in the same symbiosis.
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Vance and Heichel (1991) and Schulze (2004) argued that C limitation is not a
crucial regulatory mechanism under non-stressful conditions for photosynthesis (i.e.
sufficient light, CO2 and water) because photosynthetic capacity of legumes can cover
the C costs of N2 fixation. Indeed, experiments reported in Chapters 3 and 4 of this
thesis demonstrated that photosynthesis is increased proportionally to compensate the
C costs of rhizobial symbioses. Actually, after reading the paper by Bethlenfalvay and
Phillips (1978), I concluded that their results also fit within the hypothesis of sink
stimulation of photosynthesis, since N2-fixing pea plants consistently sustained higher
rates of photosynthesis than N-fertilized plants at all light intensities, despite lower N
mass fraction in the shoots. Nevertheless, Vance and Heichel (1991) and Schulze
(2004) emphasized that the argument of C limitation of N2 fixation was based on
experiments performed during the reproductive stage, exactly when N2 fixation could
be affected by the plant source-sink relations due to C competition between seeds and
nodules. Vance and Heichel (1991) proposed that C is unloaded into the nodules
according to their C sink strength. They defined C sink strength as the product of sink
size times specific sink activity. Given that the construction costs of nodule biomass
are small and the nodule activity costs, mainly N2 fixation, are much higher (Witty et
al., 1983; Ryle et al., 1984; Voisin et al., 2003), the higher the rates the N2 fixation the
higher the C sink strength.
Considering that N2 fixation increases gradually, peaks at early pod filling, and
then falls abruptly (e.g. Lawn and Brun, 1974; Bethlenfalvay and Phillips, 1977;
Senaratne and Ratnasinghe, 1993), one could argue that N2 fixation is indeed limited
by C availability at specific stages of plant development (e.g. Vance and Heichel, 1991;
Schulze, 2004). However, I challenge this argument because in Chapter 4 of my thesis,
I show that photosynthesis is synchronized with N2 fixation over time (Bethlenfalvay
and Phillips, 1977; Abu-Shakra et al., 1978) and in Chapter 3, the increases in
photosynthesis are proportional to expected increases in C costs of N2 fixation.
Furthermore, the argument of C limitation through source-sink relations has not
been confirmed by removing pods and defoliation in determinate and indeterminate
soybean varieties (Fujita et al., 1988a; 1988b) because N2 fixation seems to be
regulated by the N demand in the plant. In the experiments of Fujita et al. (1988a,
1988b), pod removal and defoliation did not change the proportion of C partitioned to
nodules, probably because pod removal also decreased the plant N demand. After pod
removal, there was a remarkable decrease in N2 fixation in a determinate soybean
variety, whereas it was not significantly affected in an indeterminate variety. If N2
fixation were limited by C availability, then pod removal would overcome that
limitation. Given that pod removal only had a positive effect on the rates of N2 fixation
of indeterminate varieties, Fujita et al. (1988a, 1988b) concluded that N2 fixation is
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regulated by the plant N demand, and so, indeterminate varieties continue supporting
N2 fixation because they demanded more N for an uninterrupted shoot growth. More
recent studies confirm that the triggering agent for down-regulation of N2 fixation is
indeed the return of nitrogenous compounds, particularly amino acids, flowing through
the phloem into the nodules (Parsons et al., 1993; Neo and Layzell, 1997; Lodwig et
al., 2003; King and Purcell, 2005).
Therefore, I suggest to combine the three arguments of regulation of N2 fixation:
when the plant perceives that N2 fixation is not required any more, because
nitrogenous compounds are returned via phloem to the nodule, the nodule oxygen
barrier is adjusted to reduce nodule activity. Lower nodule activity decreases the C
sink strength, which in turn, reduces the amount of C unloaded into the nodule. As
already pointed out in Chapter 2, short-term stimulation of N2 fixation after
stimulation of photosynthesis by increased CO2 concentration (e.g. Hardy and Havelka,
1975) and light (Bethlenfalvay and Phillips, 1977) can be an artefact of the dilution of
nitrogenous compounds in relation to C accumulated in the plant sap (Parsons et al.,
1993). However, in the long term, both photosynthesis and N2 fixation are likely to be
limited by the ability of the plant to consume and/or store C and nitrogenous
compounds.
The fact that both photosynthesis (Chapters 2, 3 and 4) and N2 fixation (this
Chapter) can be stimulated according to plant C and N demand gives inspiration for
two hypotheses. First, legumes can allow ‘cheating’ (contrary to Kiers and Denison,
2008) by ineffective rhizobial strains, as cheating would only be a constraint for the
partnership if C availability was a limiting factor (Millard et al., 2007). Second, highyielding legume varieties (e.g. soybean) can achieve their genetic potential
productivity by relying solely on biological N2 fixation (e.g. Hungria et al., 2005;
Salvagiotti et al., 2008).
The performance of a rhizobial symbiosis is measured by two attributes:
infectiveness (capacity of nodulating in the presence of other strains) and effectiveness
(capacity to fix N2). These two attributes are supposed to be traded-off according to
compatibility between host and rhizobial strain and environmental conditions. A
promiscuous legume species (e.g. common bean) may establish partnerships with
several different rhizobial strains, and some may be not sufficiently effective (Michiels
et al., 1998; Alberton et al., 2006, Kaschuk et al., 2006). A less promiscuous legume
(e.g. Brazilian soybean varieties) establishes partnerships with fewer strains, which
eventually are more effective (Alberton et al., 2006). Abundant nodulation and
effective N2 fixation in common bean and soybean, respectively, indicate that legumes
are capable of consistently supporting any rhizobial partnership, regardless of its
effectiveness. In fact, since nodule biomass represents a very small proportion of the C

78

General Discussion

costs of rhizobial symbioses (e.g. Witty et al., 1983; Ryle et al., 1984, Voisin et al.,
2003), fully ineffective nodules would not compromise plant growth provided that N is
available in the soil or supplied as fertilizer.
Although legumes have lower photosynthetic nutrient efficiencies than cereal
species such as wheat and maize due to differences in shoot N mass fractions (≥3%
versus ≤2%, for legumes and grasses, respectively) (Vance and Heichel, 1991), their
photosynthetic rates respond consistently more to improved availability of light and/or
CO2 (e.g. Pammenter et al., 1993; Chapter 3). In terms of plant growth, it is unlikely
that nodulation or N2 fixation is limited by photosynthetic capacity. In agronomic
terms, legume yields will not be limited by the C costs (e.g. Skøt et al., 1986; Minchin
and Witty, 2005) but it will be limited by lack of inoculation with highly effective N2
fixing strains. In Chapter 3, I showed that inoculation of rhizobial strains differing in
effectiveness led to different responses of plant photosynthesis, and modelling of
photosynthetic limitations confirmed that increased photosynthetic rates were
proportional to increases in the C sink strength of each symbiosis.
There is no direct relationship between C costs of N2 fixation and plant growth. As
a matter of fact, there have been some reports showing that increased C costs of N2
fixation resulted in greater plant dry weight (Skøt et al., 1986; Twary and Heichel,
1991; Vance and Heichel, 1991). Therefore, a lower C use efficiency of a rhizobial
symbiosis, meaning less C used per N fixed (Phillips, 1980) is not relevant for plant
growth when the effectiveness (more N fixed per time/or nodule biomass) of the same
symbiosis is high (e.g. Skøt et al., 1986; Twary and Heichel, 1991; Vance and Heichel,
1991). However, I understand that this high effectiveness should be synchronized with
plant N demand throughout plant development, particularly in the initial and final
stages of development. Thus, regardless of the C costs, to maximize plant growth it is
important that N2 fixation starts as early as possible during plant development, as
occurred in the experiment of Skøt et al. (1986) with the more ‘expensive’ rhizobial
associations, and lasts for a longer period as well (Abu-Shakra et al., 1978; Herridge
and Rose, 2000; Chapter 4). I think that, due to sink stimulation of photosynthesis,
early N2 fixation could improve photosynthetic N use efficiency (Brown and
Bethelenfalvay, 1988) by activating a higher proportion of rubisco (E.C. 4.1.1.39)
(Abu-Shakra et al., 1978; Bethlenfalvay and Phillips, 1978) and improving the
photochemical efficiency (Maury et al., 1993; Chapter 3). If the plant management (e.g.
by inoculation with effective strains, good plant establishment, proper soil
environmental conditions, etc.) favours early nodulation and N2 fixation, both N2
fixation and photosynthesis should be proportionally up-regulated, resulting in
stronger benefits to plant growth.
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5.3. Regulation of AM symbioses
Biochemical signalling (i.e. production of plant strigolactones) triggers the initial
steps of the establishment of AM symbiosis (e.g. Bouwmeester et al., 2007). The AM
symbiosis is only effective after the fungi have sufficiently grown and colonized the
roots and then, the surrounding soil (Sanders et al., 1977; Smith and Read, 2008).
There is a positive correlation between plant/root growth and fungal biomass
(Bethlenfalvay et al., 1982a, 1982b; Buwalda et al., 1982; Fredeen and Terry, 1988),
and, it is important that plants receive a ‘starter’ amount of nutrients (including P) to
optimally benefit from AM symbioses (Bolan et al., 1984; Treseder and Allen, 2002).
In addition, there is evidence that fertilization with N, associated with a high light
intensity, can indirectly stimulate the AM colonization and fungal biomass due to
increased plant P demand and growth (e.g. Hepper, 1983).
Even though there are diverse potential advantages from AM symbiosis for plant
growth (e.g. improved water relations, reduced disease expression and hormone
stimulation), the most important benefit is an improved P nutrition (occasionally Zn
and Cu) of mycorrhizal plants (Smith and Read, 2008). In fact, several studies have
shown that AM symbioses are regulated by both soil P availability and P internal mass
fractions. The percentage of AM colonization, sporulation and number of entry points
are negatively related to the soil P supply (Fredeen and Terry, 1988; Amijee et al.,
1989; Fay et al., 1996; Nielsen et al., 1998). The negative effects of increased soil P
supply on AM colonization and on C transfer to the AM hyphae could be attributed to
a lower dependency of the plant on the soil nutrient uptake by the extraradical hyphae
(e.g. Menge et al., 1978; Peng et al., 1993, Olsson et al., 2002; Valentine and Kleinert,
2007). Indeed, this is consistent with recent findings that revealed that P starvation
induces the production of strigolactones, which in turn, promote mycorrhizal
colonization of host plants (Bouwmeester et al., 2007). In fact, it is expected that
plants will invest more in AM symbiosis if they do not meet their P demands
(Valentine and Kleinert, 2007; Landis and Fraser, 2008).
Until recently, P uptake through the AM pathway was assumed to be an additive
process to the root pathway. However, evidence is increasing that P uptake by the AM
pathway is the prevailing process, even if there is no improvement in plant nutrient
concentrations and/or growth responses of mycorrhizal plants (Smith et al., 2003, 2004,
2009; Grimoldi et al., 2005). Smith et al. (2003, 2004) highlighted that previous
studies often connected the regulation of AM symbiosis with root colonization, which
proved to be a misleading approach. However, plants can take great advantage from an
extensive extradical hyphal network extending beyond the root nutrient depletion zone,
even if the initial P availabilities are high (Smith and Read, 2008). Smith et al. (2009)
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hypothesized that depression in plant growth of mycorrhizal plants under high P
fertility (e.g. Peng et al., 1993; Eissenstat et al., 1993) is not an issue of C limitation, as
it is usually believed. According to Smith et al. (2009), depression in growth of
mycorrhizal plants under high P fertility could be explained by the fact that
mycorrhizal plants switch off their own root P transporters and end up relying on an
ineffective AM fungus.
Mycorrhizal plants grow bigger and accumulate more P on a mass fraction basis,
which is peculiar, because plant growth usually is accompanied by fairly constant
nutrient mass fractions (Marschner, 1995; Smith and Read, 2008). If P is accumulating,
then P uptake is not limiting plant growth, and many authors have suggested that
growth of mycorrhizal plants is limited by C availability (Eissenstat et al., 1993; Smith
and Read, 2008). Other studies have suggested that plant growth of mycorrhizal plants
is limited by nutrients (e.g. N, K or other) other than P (e.g. Cardoso et al., 2004).
The C limitation of AM symbioses was presumed because under high P availability,
some mycorrhizal plant species have smaller dry weights than non-mycorrhizal plants
(e.g. Eissenstat et al., 1993; Peng et al., 1993). Indeed, several studies have shown that
both plant and fungal biomass are larger when photosynthesis is increased by elevated
light intensity and CO2 concentration (e.g. Haynan, 1974; Daft and El-Giahmi, 1978;
Buwalda and Goh, 1982; Bethlenfalvay and Pacovsky, 1983; Alberton et al., 2005).
However, the studies that advocated C limitation of the AM symbiosis (e.g Peng et al.,
1993; Eissenstat et al., 1993) have so far overlooked the fact that mycorrhizal plants
(as well as nodulated plants) are capable of increasing their rates of CO2 assimilation
to compensate for the symbiotic C costs (e.g. Harris et al., 1985; Brown and
Bethlenfalvay, 1987; Fay et al., 1996; Wright et al., 1998a, 1998b). In Chapter 2, I
describe the role of increased C sink strength of rhizobial and AM symbioses in
stimulating photosynthesis over and above the nutritional effects of the symbioses.
Furthermore, one strong line of evidence that plants are not limited by C availability is
a natural feedback in the rates of photosynthesis, when plants with a weak C sink
strength are grown under elevated CO2 (Moore et al., 1999; Ainsworth et al., 2004;
Millard et al., 2007).
Plants cannot anticipate the fungal partners for their best interest. There have been
several studies (e.g. Carling and Brown, 1980; Klironomos, 2003) showing that plants
associate with a large range of AM fungi species differing in symbiotic effectiveness –
the relative benefit (i.e. plant growth) of mycorrhizal plants in relation to nonmycorrizal plants. This promiscuity suggests that plants are not capable to sanction
ineffective AM fungi species (contrary to the model of Kiers and Denison, 2008). I
agree with Millard et al. (2007) that for a majority of circumstances, plants are not
limited by photosynthetic capacity but rather by soil nutrient availability, and therefore,
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plants should invest C in AM symbioses until their nutrient (P, say) requirements are
satisfied, even thought such ‘investment’ does not guarantee a positive outcome in
terms of a cost : benefit analysis (Landis and Fraser, 2008; Smith et al., 2009).
To me, a major limitation to utilize AM symbioses for increasing plant growth is
not a C use efficiency issue, but rather that P uptake via AM pathway is limited by P
availability in the soils, such that plants cultivated in highly fixing P soils, or Pdepleted soils will never produce large biomass, whether mycorrhizal or not. Despite
increasing the absorption of some inorganic P sources (i.e. NaOH-Pi) unavailable for
roots in highly P fixing soils (Cardoso et al., 2006), the AM fungi in general exploit
the same soil labile-P pool as do the plant roots (Smith and Read, 2008). That is
different for rhizobial symbioses, which have an unlimited availability of 80% N2 in
the atmosphere. Additionally, it is not clear whether AM hyphae intentionally grow
towards the soil P pools (which would increase the efficiency in nutrient uptake by the
AM pathway) or whether hyphae grow randomly in the soil (Smith and Read, 2008).
On the other hand, AM fungal species with an extensive hyphal network could
increase the efficiency of mycorrhizal plants in absorbing P, either by exploiting
beyond the root nutrient depletion zone (Smith and Read, 2008), or by the absorption
of some additional inorganic P sources (Cardoso et al., 2006). Increased P uptake by
AM fungi does not suggest that AM symbioses can replace phosphate fertilization, as
rhizobial symbioses do with N. But, it indicates that due to an increased efficiency in P
acquisition, less fertilizers will be needed, which is very important for future
agriculture limited by finite natural reserves of phosphorus. In contrast to rhizobial
symbioses, there are hardly any AM fungal inoculants available for purchase. One way
to stimulate AM symbioses is reducing tillage and including mycorrhizal dependent
crops in the rotation (Harinikumar and Bagyaraj, 1988; Mozafar et al., 2000, Kabir,
2005). Obviously, less use of fungicides will also be beneficial to increase the
potential inocula of AM fungi in the soil. These practices will probably favour an AM
hyphal network, consequent rapid colonization of the crops and select the most
mutualistic AM fungi (Kabir, 2005). Such practices could also be conducive to more
effective nodulation (De Varennes and Goss, 2007).

5.4. Symbioses in a changing world
The CO2 concentration in our atmosphere has increased dramatically since the
industrial revolution. It is often assumed that elevated CO2 will stimulate
photosynthesis because rubisco is far from saturated in the current atmosphere CO2
concentrations (e.g. Moore et al., 1999; Millard et al., 2007). However, the
photosynthetic capacity of plants grown under elevated CO2 is acclimated (meaning
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down-regulated in the long term) under sink-limited conditions (e.g. Goldschmidt and
Huber, 1992; Xu et al., 1994; Moore et al., 1999), probably by a mechanism mediated
by enzymatic carbohydrate signalling [e.g. acid invertase (E.C. 3.2.1.26) and
hexokinase (E.C. 2.7.1.1)], which can result in decreased rubisco activity (Xu et al.,
1994; Stitt and Krapp, 1999) and decreased expression of photosynthetic genes (Moore
et al., 1999). Interestingly, plants grown under elevated CO2 concentrations can benefit
from rhizobial and AM symbioses because the symbiotic C costs can remove the
photosynthetic limitation of triose-P utilization (Chapter 3; Ainsworth et al., 2002,
2004). For example, Ainsworth et al. (2004) measured the responses of photosynthesis
of nodulating and non-nodulating field-growing soybeans in free air CO2 concentration
enrichment (550 µmol mol–1) and concluded that the C costs of nodules can remove
the sink limitation of photosynthesis, preventing acclimation of photosynthesis under
elevated CO2. As a result, both plants and microsymbionts can grow faster (e.g. AM
symbiosis: Alberton et al., 2005; rhizobial symbiosis: Hardy and Havelka, 1975;
Ainsworth et al., 2002, 2004).
However, acclimation of photosynthesis in plants grown under elevated CO2 is
often constrained by limited N availability at ecosystem level (Luo et al., 2004;
Alberton and Kuyper, 2009), but also at plant physiological level (Rachmilevitch et al.
2004). Luo et al. (2004) proposed ‘progressive N limitation’, a condition under which
plant responses to elevated CO2 are limited by N availability in the soil, due to
immobilization of N in long-lived plant parts or in soil microbial biomass. Alberton et
al. (2007) observed reduced plant growth responses and progressive N limitation in
Pinus silvestris (L.) seedlings grown under elevated CO2, and they attributed the
depression in plant growth to a competition for N between seedlings and
ectomycorrhizal hyphae. Furthermore, N limitation results from a plant physiological
limitation to reduce NO3– in the shoots, as it appears that NO3 reduction is highly
dependent on shoot photorespiration (Rachmilevitch et al. 2004) or on competition for
electrons between CO2 assimilation and NO3 reduction (Pate, 1980; Cen and Layzell,
2003; Yin et al., 2006). This implies that crop yield increases under elevated CO2 are
likely to be restricted if management is strictly based on N fertilization.
Although plants grown under elevated CO2 in general have a smaller leaf N mass
fraction than plants grown under ambient CO2, and photosynthesis is performed with a
higher N use efficiency, it is often reported that N use efficiency cannot be increased
endlessly, and a minimum leaf N mass fraction is required (Sttit and Krapp, 1999).
Given the possibility of up regulation of rhizobial N2 fixation (see above), in addition
to the effects of sink stimulation of photosynthesis (Chapters 2, 3 and 4), effective
rhizobial symbioses could support legumes to overcome the constraints of N limitation
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under elevated CO2 concentrations because N2 fixation matches the plant N demand
(Rogers et al., 2006).
On the other hand, although the benefits of AM symbioses for plant nutrient
acquisition are highly dependent on soil nutrient availability (e.g. Treseder and Allen,
2002), AM symbioses should delay the acclimation of photosynthesis to elevated CO2
through sink stimulation of photosynthesis and removal of photosynthetic limitation of
triose-P utilization (Chapter 2).

5.5. Sink stimulation of photosynthesis and legume productivity
It is plausible that sink stimulation of photosynthesis by increasing plant C sink
strength (number of pods, spikelets, tubers, etc.) would increase plant productivity
(Marschner, 1995; Cakmak and Engels, 1999). However, would sink stimulation of
photosynthesis by AM and rhizobial symbioses also increase plant productivity? To
my knowledge, nobody has ever tested that hypothesis. It is important to realize that
sink stimulation of photosynthesis by AM and rhizobial symbioses are likely to just
compensate symbiotic C costs, without significant implications for plant growth and/or
grain productivity. Assuming that fertilized and symbiotic plants encounter a good
environment for photosynthesis (high light intensity, available water, etc.), grain yield
could increase from a direct effect of sink stimulation if the ratio of grain to
aboveground would change, meaning that higher amounts of grains are produced by a
similar amount of shoots. On the other hand, grain yield could increase by an ‘indirect
effect’ of sink stimulation, meaning that symbiotic plants are capable of producing
more shoot mass in initial stages of development because of higher rates of
photosynthesis, and later, overall shoot growth contributes to increase grain yield.
Therefore, I performed a meta-analysis on 348 data points, gathered from 52 pot
and field studies with several grain legume species to test whether inoculation of
rhizobial and AM fungal species increase (1) legume grain yield, and (2) the ratio of
grain to aboveground biomass (see details in Appendix 2). I assume that a positive
response of the ratio of grain to total aboveground biomass – associated with yield
increase – is an evidence for ‘direct’ effect of sink stimulation of photosynthesis by
symbioses, whereas no increases in the ratio of grain to aboveground biomass are
explained by indirect effect of the symbioses to stimulate whole plant photosynthesis
(cf. Chapter 2). The meta-analysis shows that inoculation of rhizobial and AM fungal
species consistently increases grain yields of several legumes in pot and field
experiments (Table 5.1). On average for all legumes, rhizobial 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 increased grain yield by 9% (R=1.09)
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Table 5.1. Meta-analysis of the effects of inoculation of rhizobial and/or AM fungal species
on the grain yield, harvest index (ratio grain : aboveground biomass) and grain protein mass
fraction of several legumes in pot and field experiments.
Plant species

Sap Exper. Grain Yield
R
95%CI

Rhizobia
Arachis hypogaea A field/pot
Cajanus cajan
A/U pot
Cicer arietinum
A/U field
C. arietinum
A/U pot
Glycine max
U field
Lens culinaris
A pot
Phaseolus vulgaris U field
Pisum sativum
A field/pot
Vicia faba
A field
Vicia sativa
A field
Vigna radiata
U field/pot
Vigna umbellata
U pot
Average
field
Average
pot
AM fungi
C. arietinum
A/U field/pot
G. max
U field/pot
L. culinaris
A field/pot
P. vulgaris
U field
P. sativum
A field
P. sativum
A pot
V. faba
A field
Vigna umbellata
U pot
Average
field
Average
pot
Rhizobia + AM fungi
C. arietinum
A/U pot
G. max
U field/pot
L. culinaris
A pot
P. vulgaris
U field
P. sativum
A pot
V. faba
A field
V. umbellata
U pot
Average
field
Average
pot

n

Harvest index
R
95%CI

n

1.10
1.19
1.16*
1.63
1.41
2.13
0.97
1.27
1.20
1.06
1.33
1.16
1.16*
1.59

1.00-1.21
0.49-2.86
1.09-1.24
1.51-1.75
1.21-1.63
1.52-2.99
0.92-1.02
1.17-1.37
0.88-1.63
0.99-1.14
1.25-1.41
0.91-1.43
1.13-1.20
1.50-1.69

13
1
31
25
21
9
32
39
3
14
14
1
154
49

0.99
1.03ns
1.00
1.19
1.00
0.95
1.07
0.97
0.99
1.11
0.88
1.05ns
1.02

0.76-1.24
0.98-1.08
0.95-1.05
1.05-1.35
0.72-1.31
0.88-1.04
1.02-1.11
0.81-1.15
0.94-1.05
1.04-1.19
0.66-1.10
1.02-1.08
0.97-1.06

1
31
25
12
9
8
39
3
14
14
1
120
48

1.17
1.46
1.19
0.94
1.04ns
1.53
1.12
1.59
1.09*
1.45

1.04-1.32
1.31-1.61
0.86-1.65
0.75-1.14
0.57-1.90
1.17-2.01
0.91-1.39
0.47-5.38
0.96-1.24
1.34-1.56

4
54
11
6
4
10
8
2
28
71

1.04
1.05
0.87
0.99
1.05ns
1.04
1.04
0.99
1.02ns
1.03

0.86-1.25
1.02-1.09
0.53-1.43
0.88-1.11
0.84-1.30
0.94-1.15
0.94-1.16
0.53-1.88
0.92-1.13
0.96-1.09

4
54
11
6
4
10
8
2
28
71

2.16
1.31
1.58
1.00
1.28
1.19
2.02
1.12*
1.44

1.78-2.60
1.13-1.52
1.22-2.04
0.84-1.19
1.13-1.44
0.89-1.59
1.66-2.42
0.93-1.34
1.30-1.58

1
3
18
6
20
6
1
14
41

1.74
1.34
0.60
0.91
1.04
1.09
0.91
1.04ns
0.82

1.42-2.10
1.12-1.60
0.47-0.75
0.76-1.09
0.95-1.14
0.95-1.25
0.69-1.15
0.82-1.32
0.72-0.93

1
3
18
6
20
6
1
14
41

Grain protein
R
95%CI

n

1.06ns 1.01-1.11 14
1.02 0.92-1.12 4
1.09 1.05-1.13 9
1.04 0.99-1.10 30
1.07 1.01-1.13 8
1.03 0.86-1.23 3

1.07ns 1.04-1.10 69
1.03 0.90-1.17 5

1.06 1.00-1.12 8
0.95
0.95*
1.15
1.03

0.83-1.08
0.85-1.06
1.08-1.22
0.96-1.11

6
4
8
6

0.98* 0.93-1.04 18
1.14 1.07-1.21 15
1.76 1.43-2.12 1

0.89 0.76-1.03 6
1.14 0.97-1.34 6
1.02 0.92-1.13 14
1.76 1.43-2.12 1

1. ‘R’ is the response ratio, ‘95%CI’ is the confidence intervals at P<0.95% for the R to be valid, and ‘n’ is the
number of data points.
2. ‘Sap’ is the column for the main nitrogenous solutes of xylem sap of effectively nodulated legumes (Pate and
Atkins, 1983), where ‘A’ stands for amide, and ‘U’ for ureides.
3. ‘Chi-square’ test was applied to compare the responses of field and pot experiments within a given legume
species. The symbol * indicates that the differences are significantly different at P<0.05 and ‘ns’ that the
differences are not significant. When the differences between field and pot experiments were not statistically
significant, an average response including both field and pot experiment was presented.
4. References of the meta-analysis are given in the reference list of this thesis under the heading “Additional
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 rhizobial and AM fungal inoculation are
stronger in pot than in field experiments. Small responses to inoculation in the field are
probably attributed to the fact that field soils have a dense population of indigenous
strains which are more infective than the strains inoculated, but less effective. Often,
strains that proved to be very infective and effective in pot experiments, are not highly
infective in the field, because of a lower competitive ability with indigenous strains for
root colonization (rhizobia: Herridge and Rose, 2000; AM fungi: Smith and Read,
2008). On the other hand, if the substrate in the pots is sterilized, competition among
strains is absent or reduced, and an effective symbiosis is established already in the
initial stages of development. Differences in responses between field and pot
experiments could also be related to the available soil volume (e.g. less phosphate
available) per plant. However, some authors advocate that pots in general offer much
more soil volume than fields because they support lower plant densities (Koide, 1991).
Considering harvest index (the ratio of grain to aboveground biomass) as indicator,
a ‘direct’ effect of sink stimulation of the photosynthesis by symbioses is observed in a
few legume crops [i.e. soybean; pea (Pisum sativum L.); and mungbean (Vigna radiata
(L.) R. Wilczek)] under field conditions. I think that the harvest index did not increase
in the other crops because these plants grew a larger shoot biomass as well. Although
the meta-analysis would be stronger if there were a larger number of data points for
some legumes [e.g. pigeon pea (Cajanus cajan (L.) Millsp.), rice bean (Vigna
umbellata (Thunb.) Ohwi & H. Ohashi); chickpea (Cicer arientinum L.), and faba
bean (Vicia faba L.)], it indicates that plants associated with rhizobial and AM fungal
microsymbionts grow better and produce more grain, which means that plants are not
limited by C. If microsymbionts are capable of supplying nutrients, then plants would
spend any C required to support such symbioses by auto-regulating photosynthetic
capacity (e.g. rhizobia: Chapter 3; AM symbioses: Landis and Fraser, 2008). These
results add to the argument that plants (particularly symbiotic plants) are almost never
limited by C supply, but rather by soil nutrients (Millard et al., 2007).
Some legumes are highly valued for their oil content, but few studies have
considered the effect of rhizobial and/or AM fungal inoculation on the grain oil mass
fraction [e.g. rhizobia/peanut (Arachis hypogaea L.): Anandham et al., 2007;
rhizobia/soybean: Ratner et al., 1979; Malik et al., 2006; AM fungi/soybean: Ross and
Harper, 1971; Roos, 1971]. If symbiotic plants divert their C to support symbioses
(Minchin and Witty, 2005; Smith and Read, 2008; Chapter 2), they cannot afford to
accumulate oil in grains due to the high C requirements (cf. Penning de Vries et al.,
1974), unless the stimulation of photosynthesis exceeds the C demands from the
microsymbionts. Therefore, I measured the response ratios of grain oil mass fraction
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due to inoculation of rhizobial or AM fungal species. Interestingly, there is no effect of
inoculation in any of the grain legumes analysed, i.e. faba bean, peanut and soybean.
Grain oil mass fraction in both peanut and soybean is just increased by 1% due to
rhizobial inoculation (not shown in the table; peanut: R=1.01; 95%CI=0.99–1.04; n=7;
soybean: R=1.01; 95%CI=0.78–1.26; n=1), whereas it is just decreased by 3% due to
AM fungal inoculation (R=0.97; 95% CI=0.89–1.06; n=5), none of which are
significant. To me, the absence of responses of grain oil mass fraction to
microsymbiont inoculation is again evidence that plants overcome the competition for
C by increasing their photosynthetic metabolism.
Although there are attributes other than photosynthesis that affect productivity
under field conditions (e.g. incidence of soil-borne diseases, herbivores, soil physical
properties, crop management, climatic conditions, etc), photosynthesis is one of the
remaining agronomic traits which has not been improved in the past 50 years (SharmaNatu and Ghildiyal, 2005; Long et al., 2006). Long et al. (2006) discussed several
theoretical pathways of breeding to increase theoretical potential of photosynthesis in
crops and concluded that it will take some decades before we can reap the benefits of
genetic manipulation of photosynthetic capacity. In this thesis I show that leaf
photosynthesis can be sink-stimulated by AM and rhizobial symbioses. In early growth,
it is likely that increases of photosynthesis by symbioses will only compensate the C
costs of symbioses (as a removal of sink limitation of photosynthesis), but in later
stages, symbioses will allow for building up strong sinks (grain).
Next to grain yield increases (16%), the meta-analysis shows that rhizobial
inoculation improves grain protein mass fraction by 7% (R=1.07) under field
conditions (Table 1). The legume crops that most accumulated protein in the grains
due to rhizobial inoculation were: pigeonpea (amide/ureide-transporter), soybean
(ureide-transporter) and pea (amide-transporter) (Table 5.1). Thus, although Pate and
Atkins (1983) predicted the costs of asparagine (amide) synthesis to be 15.5 ATP/NH3
and the costs of allantoin/allantoic acid (ureides) to be 8.5 ATP/NH3, legumes that
transport either amides or ureides can benefit from effective rhizobial symbioses. As
discussed in Chapter 4, N2 fixation offers an advantage as compared to the application
of N fertilizers in the field because legumes (e.g. soybean) reduce the capability to
absorb NO3– after the flowering stage, in spite of continued N availability in the soil
(Streeter, 1972; Sinclair and de Wit, 1975; Egli et al., 1978; Imsande and Edwards,
1988) due to a reduced activity of nitrate reductase (E.C. 1.6.6.1; Minchin et al., 1980).
Indeed, there is evidence that soybean hardly responds to N fertilization after pod
filling starts (Egli et al., 1978; Hungria et al., 2006; Salvaviotti et al., 2008). However,
legumes associated with effective rhizobial strains support N2 fixation for longer
periods during the pod filling stage (Warembourg and Fernandez, 1985; Neves et al.,
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1985), which delays leaf senescence and increases the period of grain filling (Chapter
4).

5.6. Modelling sink stimulation at crop level
As far as I can tell, sink stimulation of photosynthesis by symbioses has yet to be
implemented in crop models. However, the meta-analysis above evidenced that, at
least for a few crops, sink stimulation plays a role in increasing grain yield. It would be
very interesting to know whether we can predict sink stimulation of photosynthesis
under field conditions through crop model simulations.
I selected the GECROS (Genotype-by-Environment interaction on CRop growth
Simulator) model (Yin and van Laar, 2005) to discuss the role of sink stimulation of
photosynthesis by symbioses in crop models. The GECROS model is appropriate in
this case because it describes the CO2 assimilation with the equations of Farquhar et al.
(1980) and some modifications by Yin et al. (2004), similar to what I describe in
Chapter 3. Few crop models which have described the process of biological N2
fixation, have done so by describing empirical relationships between observed N2
fixation rates and plant development (cf. Cannavo et al., 2008). The GECROS model
simulates N acquisition dynamically, and assumes that N2 fixation can fulfil legume N
requirements if N uptake is insufficient, provided that there is sufficient C to cover the
costs of N2 fixation (cf. Yin and van Laar, 2005). I parameterized GECROS with
independent data for two soybean varieties, which are planted in Southern Brazil,
based on data reported by Oya et al. (2004), Sinclair et al. (2005) and Franchini et al.
(2007) (see Appendix 3), and compared with actual data, as observed by Hungria et al.
(2006).
Following the GECROS simulations, increasing C costs of N2 fixation result in
significantly decreasing soybean grain yields, particularly from 4 g C g–1 N onwards,
regardless of the year of simulation (Fig. 5.1). Except for the year 2002/2003,
simulated grain yields of N-fertilized plants (marked with dashed circles) are always
greater than simulated grain yields of rhizobia-inoculated plants (all the other data
points). It has been presumed that C costs of N2 fixation range from 5 to 12 g C g–1
(Cannell and Thornley, 2000; Witty and Minchin, 2005; Chapter 2), but implementing
those values in GECROS model results in variation of around 1000 kg ha–1 in the
simulated grain yields. On the other hand, observed grain yields of N-fertilized and
rhizobia- inoculated did not differ in pair-wise comparisons (e.g. CT, year 2000/2001,
etc.), but there were differences over the years and eventually because of soil tillage
management (Fig. 5.1; Hungria et al., 2006). I do not believe that the C costs of N2
fixation are significantly changed over the years, or due to different soil tillage
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Figure 5.1. Simulated and observed yield of N-fertilized or inoculated soybean cultivars in an
oxisol at Londrina-PR, Brazil, during the summers of 2000, 2001 and 2002/2003. Simulations
were performed with GECROS (Yin and van Laar, 2005), which considers that biological N2
fixation in legumes is limited by C availability (i.e. C costs of N2 fixation). The simulated
data points circled with dashed lines indicate a yield simulation with fertilization of 100 kg N
ha–1 (simulated as ammonium) applied at day 1, and 100 kg ha–1 at day 55. Parameterization
was made with independent data, as explained in Appendix 3. Observed yields were obtained
in fields prepared by two tillage systems: NT= no tillage and CT=conventional tillage.
Fertilized plots received 200 kg N ha–1 as urea, equally split at sowing (day 1) and full
flowering (day 55). Other details of the experiments are described in Hungria et al. (2006).

management. In fact, the work of Skøt et al. (1986) suggests that the C costs of N2
fixation are quite constitutive characteristics of a rhizobial strain. Therefore, N2
fixation and grain yields were determined by other factors which were not captured by
the model. As a matter of fact, the mismatch between simulated and observed yields
suggest that the C costs of N2 fixation are not a limiting factor for grain yields!
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As previously reviewed by others (Graham and Vance, 2000; Hungria and Vargas,
2000; van Kessel and Hartley, 2000), the grain yields of legumes are determined by
several factors other than C costs of N2 fixation, particularly soil and crop management,
which indirectly affects potential N2 fixation. By including C costs to N2 fixation, crop
models are likely to produce ‘right’ results by inputting a ‘wrong’ process. At best
approach, models should include C costs of N2 fixation with the same values as the N
acquisition though nitrate uptake (e.g. ≈ 2 g C g–1 N; GECROS model), or then,
include the sink stimulation of photosynthesis by the C costs of symbioses.
In Chapter 3, I measured the response curves of photosynthesis to increasing CO2
concentrations of glasshouse-growing soybean plants, which were inoculated with
Bradyrhizobium japonicum strains or fertilized with nitrate. The results of that
experiment show that there is an adaptation of photosynthetic capacity (rubisco
activity and electron transport rates) to different rates of triose-P utilization (Chapter 3).
Therefore, I think that inclusion of sink stimulation of photosynthesis by rhizobial and
AM symbioses on crop models based on photosynthetic biochemistry requires
knowledge on the slope of the relationship of triose-P utilization due to increased C
sink strenght with the electron transport rates and rubisco activity. In the specific case
of C costs of rhizobial and AM symbioses, I would grow plants with different
rhizobial and AM fungal strains, differing in C requirements, and then, measure the
response curves of photosynthesis to fit the model of photosynthesis limitations,
similarly to that which I describe in Chapter 3. However, as discussed in Chapter 2, the
most difficult step is to determine the C costs of AM symbioses in relation to the
symbiotic benefits, particularly AM symbioses bring many benefits, other than
exclusive P nutrition (Smith and Read, 2008).
A major contribution of my thesis is the understanding that both rhizobial and AM
fungi symbioses are beneficial to plants, regardless of the C costs, and beyond the
nutritional effects of N and P acquisition. N2 fixation by rhizobial symbiosis and
increasing uptake of phosphates in the soil by AM fungi symbiosis may increase crop
productivity more than highly fertilized fields, while reducing monetary costs. Recent
reviews (Graham and Vance, 2000; Hungria and Vargas, 2000; van Kessel and Hartley,
2000) emphasize the role of appropriate soil and crop managements for achieving
effective N2 fixation and good grain yields. Potential rates of N2 fixation are not
achieved in developed countries because of an inappropriate strategy of plant breeding
under high rates of N fertilizers (Graham and Vance, 2000; Hungria and Vargas, 2000).
Kiers et al. (2007) demonstrated that soybean breeding in the United States of America
has led to modern soybean varieties with poorer ability to associate with effective
rhizobial strains. On the other hand, in developing countries (e.g. Brazil), plant
breeders have selected soybean varieties while omitting N fertilizers and inoculating
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with effective rhizobial strains (Hungria et al., 2005, 2006). The success of N2 fixation
is such in Brazil, that farmers are capable to harvest 2,000 to 3,250 kg soybean grains
ha–1 (depending on regional climatic conditions) on an area of 21.4 Million ha
(CONAB, 2009), without applying a grain of N fertilizer specifically for that crop,
even not starter N. I would recommend that any development in crop breeding or
management should consider the application of inoculants, or at least soil management
which favours the establishment of rhizobial and AM fungal symbioses.
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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 !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 !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–1 dry weight.
Photosynthesis rates were as low as 3.0 µmol CO2 m–2 s–1 as compared to normal
values of 15-30 µmol CO2 m–2 s–1. 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 Mnoxidizing 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 II
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 (KNO3, 16.7 mM) and P (KH2PO4, 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 A1.1. Measured responses of photosynthesis to increasing CO2 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 A1.1. Parameters measured (dry weight basis) in soybean plants in which the response
curves were measured at R2 stage. (mean ± standard deviation).

Shoot (g pl–1)
Root (g pl–1)
Nodule (mg pl–1)
Nodule (# pl–1)
AM colonization (%)
Leaf sugar (mg g–1)
Leaf starch* (mg g–1)
Shoot ureide (µmol g–1)
Leaf P (mg g–1)
Leaf N (mg g–1)
N : P ratio
N : starch ratio
P : starch ratio
Starch : sugar ratio

Rhizobia +
Phosphorus

Nitrogen +
Phosphorus

4.3 ± 0.3 ab
1.2 ± 0.0 a
171.1 ± 28.5 a
308.0 ± 87.1 a
13.0 ± 11.0 ab
4.2 ± 2.2
9.2 ± 4.3
34.2 ± 4.6 b
1.0 ± 0.0
15.9 ± 0 .5 c
15.7 ± 1.1
2.0 ± 0.7
0.1 ± 0.0
2.3 ± 0.2

4.9 ± 1.1 a
1.2 ± 0.0 a
0.8 ± 1.4 c
1.3 ± 2.3 b
8.8 ± 5.6 b
6.0 ± 1.0
12.4 ± 1.1
25.3 ± 6.1 b
1.0 ± 0.2
20.6 ± 2.6 ab
20.9 ± 5.8
1.7 ± 0.3
0.1 ± 0.0
2.1 ± 0.2

Rhizobia +
AM fungi +
Phosphorus
3.0 ± 0.4 b
0.8 ± 0.2 b
115.8 ± 7.7 b
210.7 ± 73.9 a
34.3 ± 6.8 a
6.5 ± 2.3
19.6 ± 7.4
69.2 ±17.5 a
1.1 ± 0.3
18.5 ± 1.5 bc
17.0 ± 3.9
1.1 ± 0.5
0.1 ± 0.0
3.0 ± 0.2

Nitrogen +
AM fungi +
Phosphorus
2.8 ± 0.3 b
0.7 ± 0.2 b
1.6 ± 1.6 c
2.3 ± 2.5 b
25.1 ± 8.8 ab
6.4 ± 0.4
10.7 ± 8.2
46.6 ± 9.9 ab
1.0 ± 0.1
22.9 ± 0.8 a
22.7 ± 2.6
3.0 ± 1.8
0.1 ± 0.1
1. 7 ± 1.2

P-value

0.008
0.005
0.000
0.000
0.020
ns
ns
0.005
ns
0.004
ns
ns
ns
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. A1.1), 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. A1.1), 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.
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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:
‘rhizobium’, ‘mycorrhiza’, ‘legume’, ‘grain yield’, ‘legume’, ‘seed quality’.
Information required for the meta-analyses included: mean !X " , standard deviation of
the mean ( SDX ) 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 X ) and calculated SDX with the
following equations: SD X $ (CV % / 100) # X or SD X $ SE X # n . 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, I 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 [ln] of the response ratio R is named lr and the
variance of the response ratios (vij) (Hedges et al., 1999; Rosenberg et al., 2000;
Gurevitch and Hedges, 2001) were calculated. The values of lr and vij 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 n
(number of data points) larger than 1, and fixed-model for n=1. The reciprocal of the
variance of each lr was used as the weight to estimate the 95% confidence intervals
(95% CI). The values of lr were reverted to their exponent ( R $ elr ). 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 C3 metabolism. GECROS assumes that N2 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 N2 fixation limited by photosynthate supply (NfixE) is calculated as:
NfixE = max [0, (12/44)(PC – Rngx)/Cfix],

where, PC is the canopy gross photosynthesis (µmol CO2 m–2 s–1), Rngx is the sum of
the respiration of all non-growth components excluding the costs for N2 fixation (µmol
CO2 m–2 s–1), and Cfix is the C costs for fixing N2, which, in reality, range from 5 to12
g C g–1 N fixed (Cannell and Thornley, 2000).
The simulations were performed with the fitted values of maximum rates of
rubisco activity (VCmax25) and electron transport (Jmax25) 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). I 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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Description

Base temperature for phenology
Optimal temperature for phenology
Ceiling temperature for phenology
Curvature for temperature response
Inclination of sun angle
Maximum crop nitrogen uptake
Slope of linear relationship between VCmax and leaf N
Slope of linear relationship between Jmax and leaf N
Maximum rate of rubisco limited carboxylation at 25 °C
Maximum rate of electron transport at 25 °C
Fraction of fat in the storage organs
Seed weight
Seed N mass fraction
Maximum plant height
Minimum thermal days for vegetative growth
Minimum thermal days for reproductive growth
Photoperiod sensitivity of phonological development
Percentage of clay in the soil
Total organic C in the soil
Initial value for soil microbial biomass +humus
Fraction of soil microbial biomass to total soil organic C
Plant density

Variable

TBD
TOD
TCD
TSEN
INSP
NUPTX
XVN
XJN
VCmax25
Jmax25
FFAT
SEEDW
SEEDNC
HTMX
MTDV
MTDR
PSEN
CLAY
TOC
BHC
FBIOC
NPL

°C
°C
°C
–
degree
g N m–2 ground d–1
µmol CO2 s–1 g–1 N
µmol electrons s–1 g–1 N
µmol CO2 m–2 leaf s–1
µmol electrons m–2 leaf s–1
g g–1
g seed–1
g N g–1
m
Cd
Cd
h–1
%
g C m–2 ground
g C m–2 ground
–
plants m–2 ground

Unit

Value
BRS 134
11
25.8
42
1
-6
0.5
60
98.1
59.434
140.9
0.188
0.16
0.06048
0.82
51.359
70.701
0.0014167
71
7293.3
3646.65
0.024
30
Embrapa 48
11
25.8
42
1
-6
0.5
60
98.1
59.434
140.9
0.214
0.15
0.06256
0.72
51.767
63.233
0.001625
71
7293.3
3646.65
0.024
30

Sinclair et al. (2005)
Sinclair et al. (2005)
Sinclair et al. (2005)
Sinclair et al. (2005)
Sinclair et al. (2005)
Zapata et al. (1987)
Harley et al. 1992
Harley et al. 1992
Chapter 3
Chapter 3
Oya et al. (2004)
Oya et al. (2004)
Oya et al. (2004)
Oya et al. (2004)
Oya et al. (2004)
Oya et al. (2004)
Oya et al. (2004)
Franchini et al. (2007)
Franchini et al. (2007)
Franchini et al. (2007)
Franchini et al. (2007)
Hungria et al. (2006)

Reference

Table A3.1 Parameters utilized in the simulations presented in Chapter 5, which differ from those values suggested for soybean by Yin and van
Laar (2005).
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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 N2 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

137

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
N2, or fertilized with NO3–-N. Nodulated plants had 14-31% higher rates of
photosynthesis and accumulated less starch in the leaves than N-fertilized plants. I
found evidence that B. japonicum CPAC 390 needed more carbon to fix N2 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 N2 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 N2 fixation. Increasing the period of photosynthetic activity as a
result of biological N2 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 KNO3 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 R5). Plants associated with rhizobial symbioses always
had higher rates of photosynthesis and accumulated less starch in the leaves than Nfertilized 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 N2-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 Nfertilized 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 CO2 assimilation. Lower leaf
photosynthetic activity led to degradation of enzymes related to CO2 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 CO2 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
bacteriën (rhizobia) en arbusculaire-mycorrhizaschimmels (AM schimmels) door
fotosyntheseprodukten (koolstof) uit te wisselen tegen enerzijds stikstof, die door
biologische stikstofbinding van moleculaire luchtstikstof (N2) verkregen wordt, en
anderzijds andere nutriënten, 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 nutriënten
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-theorieën 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 geïnoculeerd 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 beïnvloed 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 nutriëntenvoorziening 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 geïnoculeerd met 2 verschillende stammen van Bradyrhizobium japonicum
(CPAC 390 of CPAC 7) welke variëren 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
gebruiksefficiëntie 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 stikstofgebruiksefficiëntie 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 CO2-assimilatie
te hinderen. Een lagere fotosyntheseactiviteit leidde tot afbraak van enzymen die met
de CO2-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 koolstofkosten 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 geïnoculeerd met efficiënte 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 CO2 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 bodemnutriënten 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 nutriënten. 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 é a
capacidade das leguminosas se associarem com rizóbios e fungos micorrízicos
arbusculares (AM). As leguminosas fornecem fotossintatos (C) em troca de nitrogênio
(N), proveniente da fixação biológica do N2, e outros nutrientes do solo,
principalmente fósforo (P), obtidos pela exploração do solo pelos fungos AM. Cada
uma das simbioses, rizobiana ou micorrízica, 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 são frequentemente responsabilizados por limitar a produtividade das
plantas, devido à competição entre o microssimbionte e o hospedeiro por C. Além
disso, tais custos são frequentemente usados como ponto de entrada para entender a
evolução das simbioses. É intrigante que, apesar dos custos de C com as simbioses,
plantas associadas com rizóbios e fungos AM podem produzir maior biomassa e mais
grãos do que plantas recebendo fertilizantes químicos. Incrementos no crescimento
vegetal são, tradicionalmente, atribuídos a uma melhoria do estado nutricional da
planta e da fotossíntese.
O trabalho apresentado nesta tese mostra evidências de que plantas –
particularmente leguminosas – são capazes de superar qualquer suposta limitação de
C, aumentando as taxas de fotossíntese acima dos efeitos nutricionais esperados pelas
simbioses. O estímulo da fotossíntese pela força-dreno é uma conseqüência do
aumento da demanda por C sobre a fotossíntese que, por sua vez, aumenta a taxa de
utilização de triose-P dos cloroplastos, reciclando mais fosfatos inorgânicos e ativando
mais as enzimas fotossintéticas. O mecanismo de estímulo da fotossíntese pela forçadreno é o mesmo para simbioses rizobianas e micorrízicas.
No capítulo 2, eu reporto um estudo de literatura, que fornece um arcabouço
teórico para a quantificação do estímulo da fotossíntese pela força-dreno das
simbioses. Aparentemente, a fotossíntese estimulada pela força-dreno iguala os custos
de C e, mais ainda, traz benefícios para o crescimento das plantas em longo prazo. O
estímulo da fotossíntese pela força-dreno implica em que as plantas associadas com
rizóbios e fungos AM não são limitadas por C, o que significa que as teorias do
custo:benefício das simbioses precisa ser re-consideradas. Baseado em dados
publicados, eu calculei as razões de resposta da fotossíntese e da concentração de
nutrientes nas folhas de leguminosas inoculadas com rizóbio e/ou fungos AM em
relação às plantas não inoculadas. Em média, as taxas de fotossíntese foram
significativamente aumentadas, em 28% e 14%, respectivamente, devido às simbioses
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rizobianas e micorrízicas. A concentração de P nas folhas foi aumentada em 13%
devido às simbioses rizobianas. Embora os aumentos não fossem significativos,
simbioses micorrízicas aumentaram a concentração de P nas folhas em 6%, e as
simbioses duplas (rizóbios + AM) em 41%. A concentração de N nas folhas não foi
significativamente afetada por nenhuma das simbioses. Uma maior resposta da
fotossíntese em relação à resposta na concentração de N e P nas folhas sustenta o
conceito de estímulo da fotossíntese induzida pela simbiose, superior à esperada pelos
efeitos nutricionais.
A fotossíntese é limitada por um dos três processos bioquímicos: atividade da
enzima rubisco, transporte de elétrons, e utilização da triose-P (frequentemente
referida como limitação de dreno). No Capítulo 3, eu avaliei a capacidade
fotossintética e a fluorescência da clorofila em plantas de soja [Glycine max L.
(Merrill)] recebendo N mineral (como NO3–), ou inoculadas com duas estirpes
diferentes de Bradyrhizobium japonicum, CPAC 7 ou CPAC 390, caracterizadas por
diferenças na eficiência de fixação de N2. Plantas noduladas tiveram taxas de
fotossíntese 13% a 41% (para CPAC 7 e CPAC 390, respectivamente) maiores e
acumularam menos amido nas folhas do que plantas fertilizadas. Eu encontrei
evidências de que a estripe CPAC 390 apresentou custos mais elevados de C na
fixação de N2, quando comparada com a CPAC 7; contudo, o maior custo foi
acompanhado por taxas mais elevadas de fotossíntese. Aplicando um modelo
bioquímico de fotossíntese, que inclui as limitações de atividade da rubisco, do
transporte de elétrons e das taxas de utilização de triose-P, eu mostrei que plantas de
soja adaptam sua capacidade fotossintética para sustentar um dreno maior causado
pela fixação de N2, através de dois possíveis mecanismos: remoção da limitação de
dreno e estímulo direto pelo dreno. A adaptação da capacidade fotossintética em soja
nodulada sugere que a eficiência pela qual o C é utilizado pela simbiose rizobiana é
menos importante para o crescimento da planta do que a capacidade efetiva de fixação
de N2.
No capítulo 4, são descritos três experimentos subseqüentes conduzidos com duas
variedades de soja noduladas com duas estirpes de rizóbio, ou recebendo duas doses de
N-mineral (como KNO3). Nesses experimentos, eu medi as taxas de fotossíntese, as
concentrações de N total, N-ureídos e proteínas nas folhas em quatro estágios de
desenvolvimento (V4, R2, R4 e R5). Plantas associadas com simbioses rizobianas
sempre apresentaram taxas mais elevadas de fotossíntese e acumularam menos amido
do que as plantas que receberam N-mineral durante todo o ciclo. Plantas noduladas
acumularam mais ureídos ao partir do início do período reprodutivo. Ao mesmo
tempo, a concentração de N nas folhas das plantas noduladas aumentou em relação ao
das plantas fertilizadas. A concentração de clorofila de plantas noduladas se manteve
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elevada até o período de enchimento de grãos, enquanto que a concentração de
clorofila das plantas fertilizadas começou a diminuir já no florescimento. Na verdade,
plantas com baixa força-dreno acumularam mais amido nas folhas. O acúmulo de
amido diminuiu a fotossíntese por bloquear a expressão gênica de enzimas de
assimilação de CO2. A baixa atividade fotossintética levou à degradação de enzimas
relacionadas à fixação de CO2. Uma das conclusões do Capítulo 4 é que os custos de C
das simbioses rizobianas aumentam a força-dreno da planta e, como conseqüência,
ocorre um incremento na fotossíntese e um atraso na senescência foliar.
O trabalho apresentado nesta tese indica, sobretudo, que uma maior atividade das
simbioses rizobianas e micorrízicas resulta em estímulo da fotossíntese por forçadreno, a qual leva ao maior crescimento da planta ao longo do tempo. Existem
evidências de que plantas inoculadas com rizóbios e fungos AM eficientes aumentam a
razão de grãos produzidos pela biomassa da parte aérea (índice de colheita), o que
indica que os efeitos do estímulo pela força-dreno são significativos ao longo do ciclo
da planta. O estímulo da fotossíntese pela força-dreno implica em que as plantas
simbióticas não são limitadas por C. Apesar dos custos de C, a produtividade de grãos
é aumentada em função da inoculação com rizóbios e fungos AM, tanto em ensaios de
casa de vegetação, como a campo. Incrementos nas taxas de fotossíntese nos estágios
iniciais do desenvolvimento da planta retardam as taxas de senescência foliar nos
estágios mais avançados de desenvolvimento da planta. Os custos de C das simbioses
trazem vantagens para a adaptação das plantas a concentrações elevadas de CO2,
porque eles removem a limitação de dreno da fotossíntese. Em ambas as simbioses
rizobiana e micorrízica, o estímulo da fotossíntese pela força-dreno implica em que as
plantas simbióticas não são limitadas por C, mas sim pelos nutrientes do solo, como o
N e o P, que trazem consequências na teoria do custo:beneficio. Na verdade, as plantas
são capazes de investir em simbioses tanto quanto necessário para satisfazer a sua
demanda por N e P. A limitação de ambas as simbioses não é uma questão de
disponibilidade de C, mas sim da efetividade de cada simbiose. No caso da simbiose
micorrízica, a sua eficiência na captura de P também é limitada pela disponibilidade de
P no solo.
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