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� Background and Aims The aim of this study was to investigate the effects of the interactions between the microbial
symbionts, Rhizobium and arbuscular mycorrhizal fungi (AMF) on N and P accumulation by broad bean (Vicia faba)
and how increased N and P content influence biomass production, leaf area and net photosynthetic rate.
� Methods A multi-factorial experiment consisting of four different legume–microbial symbiotic associations and
two nitrogen treatments was used to investigate the influence of the different microbial symbiotic associations on P
accumulation, total N accumulation, biomass, leaf area and net photosynthesis in broad bean grown under low P
conditions.
� Key Results AMF promoted biomass production and photosynthetic rates by increasing the ratio of P to N
accumulation. An increase in P was consistently associated with an increase in N accumulation and N productivity,
expressed in terms of biomass and leaf area. Photosynthetic N use efficiency, irrespective of the inorganic source of
N (e.g. NO3

� or N2), was enhanced by increased P supply due to AMF. The presence of Rhizobium resulted in a
significant decline in AMF colonization levels irrespective of N supply. Without Rhizobium, AMF colonization
levels were higher in low N treatments. Presence or absence of AMF did not have a significant effect on nodule mass
but high N with or without AMF led to a significant decline in nodule biomass. Plants with the Rhizobium and AMF
symbiotic associations had higher photosynthetic rates per unit leaf area.
� Conclusions The results indicated that the synergistic or additive interactions among the components of the
tripartite symbiotic association (Rhizobium–AMF–broad bean) increased plant productivity.

ª 2004 Annals of Botany Company

Key words: Arbuscular mycorrhizal fungi (AMF), nitrogen, phosphorus, Rhizobium, Vicia faba.

INTRODUCTION

Under lowsoilPconcentrations,mostplantspeciesaredepen-
dent on a symbiotic association with arbuscular mycorrhizal
fungi (AMF) for the acquisition of P (Smith andRead, 1997).
Under lowN fertilizer inputs, soil P availability is usually the
major factor limiting the rate of N2-fixation in legume crops
(Toro et al., 1998) and, in the absence of AMF infection,
supplementary P fertilization is generally necessary for the
maintenance of N2-fixation rates by Rhizobium at the levels
required for economically viable crop production (Andrade
et al., 1998). In legumes the positive synergistic interactions
among the members of the tripartite symbiotic association
(Rhizobium–AMF–legume) result in improved rates of P
uptake N2-fixation and crop biomass production under con-
ditionsof reducedNandPfertilizer inputs (Azcónetal., 1991;
Xavier and Germida, 2002, 2003). However, there is little
information on the influence of P onN productivity or photo-
synthetic N use efficiency. Nitrogen productivity has been
defined as the rate of biomass production per unit biomass N
content (Ågren, 1985), whereas the photosynthetic N use
efficiency is the amount of CO2 fixed (mol CO2 m

�2 s�1)
per unit biomass N content. In general, photosynthetic and
specific growth rates increase with increasing plant tissue N
concentrationorNsupply ina curvilinear fashion (Hirose and
Werger, 1987; Sinclair andHorie, 1989; Jia andGray, 2004).

This study tests the hypothesis that the synergistic inter-
actions among the members of the tripartite symbiotic asso-
ciation improve legume productivity through positive effects
on the rates of photosynthetic CO2 assimilation, N2-fixation
and P uptake. Furthermore, it is proposed that these three
processes are interdependent or even tightly coupled. For
example, the rate of photosynthetic CO2 assimilation is influ-
enced by the rates of N and P supply, and the rate of N2-
fixation is influenced by the rates of photosynthate and P
supply to the nodules. Thus, the main objectives of this
study were to investigate: (a) how the interactions between
the microbial symbionts, Rhizobium and AMF affected the
rate of N and P accumulation in broad bean; (b) how N
productivity, irrespective of the inorganic source of N
(e.g. NO3

� or N2) was affected by increased P supply due
to AMF; and (c) how photosynthetic N use efficiency, irre-
spective of the inorganic source of N (e.g. NO3

� or N2), was
affected by increased P supply due to AMF colonization.

MATERIALS AND METHODS

Plant material and growth conditions

The cold-hardy Vicia faba L. ‘Aquadulce Claudia’
(Straathof Seed Group), requiring 130–150 d for crop devel-
opment, was used. Outdoor pot trials were carried out in
spring from August to October (mean daily extraterrestrial
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global insolation 24�4–39�1 MJ m�2; mean day length
10�78–12�97 h; mean daily maximum temperature 19�3–
23�8 �C; mean daily minimum temperature 6�4–11�3 �C
and mean A-pan evaporation 8�0–6�4 mm d�1). Initially
three seeds were planted per pot in sand in 1.6-L pots.
The sand (2�5 mm sieve mesh) used in all the treatments
was first thoroughly washed with running tap water and then
autoclaved for 3 h at 121 �C and 103�4 kPa in metal buckets.
The initial pH of the sand was 7�0. After germination and
shoot emergence, one seedling of uniform size per pot was
selected and the others removed.

Experimental design

The experimental design was a randomized complete
block with four replications for each harvest interval,
with combinations of treatment factors randomly assigned
to pots in the block. The concentration of nitrate-N for the
low N (LN) treatments was 0�71 mM KNO3 (10 ppm N) and
17�86 mM KNO3 (250 ppm N) for the high N treatments
(HN). All treatments received a phosphorus supply of
0�05 mg P L�1 (1�61 mM NaH2PO4). The various treatments
were: (a) two different N supply rates without any microbial
symbiotic associations, LN and HN; (b) two different N
supply rates plus AMF association, LNM and HNM; (c)
two different N supply rates plus Rhizobium association,
LNR and HNR; and (d) two different N supply rates plus
both AMF and Rhizobium symbiotic associations: LNMR
and HNMR. Plants were harvested at 54 d (4 October, T1)
and 63 d (13 October, T2) after planting.

Nutrients

A modified Long Ashton nutrient mixture was used to
supply the non-nitrogen micro- and macro-nutrients. For the
micronutrients 100· stock solutions were made up as
follows: NaH2PO4 20�8 g L�1, MgSO4�7H2O 36�9 g L�1,
MnSO4�H2O 0.223 g L�1, CuSO4�5H2O 0�024 g L�1,
ZnSO4�7H2O 0�029 g L�1, H3BO3 0186 g L�1, (NH4)6
Mo7�O244H2O 0�004 g L�1, CoSO4�7H2O 0�003 g L�1,
NaCl 0�585 g L�1. For the macro-nutrients, 100· stock
solutions were made up as follows: CaCl2 50�0 g L�1,
K2SO4 21�75 g L�1, FeEDTA 3 g L�1. After adding the
appropriate quantity of KNO3 (HN or LN), 10 mL of the
stock solutions were added. The pH of the nutrient solutions
was then adjusted to pH 7�0 and the solution was made up to
1000 mL with distilled water before being applied to the
pots. Because of the low water-holding capacity of the sand-
filled pots, it was necessary to water plants every 2 d with
150 mL of the modified Long Ashton nutrient solution.
Inclusion of 0�218 g L�1 of K2SO4 in all treatments
meant that potassium supply, while abundant for the high
nitrogen treatments was not limiting in the low nitrogen
treatments.

AMF inocula

For AMF infection, the mycorrhizal inoculum consisted
of the roots of an Eragrostis sp. from the grassland close to
the university campus. The pH of the grassland soil was 7�0.

The inoculum was prepared by homogenizing and mixing
surrounding soil with the Eragrostis sp. root systems, form-
ing a mixed inoculum in terms of species and propagules.
The inoculum was applied as a 1 cm layer to the surface
of the soil, and covered with 1 cm layer of sand.
Non-mycorrhizal treatments received inoculum that had
been autoclaved at 121 �C for 20 min. No colonization
of non-myorrhizal treatments by external sources
of AMF spores was detected during the course of the
experiment.

Rhizobium inocula

The original Rhizobium leguminosarum bv. viciae inocu-
lum was obtained from the active nodules of plants of Vicia
faba L. that had been infected previously with this strain
(STIMUPLANT CC: Reg. No. CK89/04756/23; PO Box
11446, Brooklyn, South Africa 0011). Rhizobium colonies
were maintained on solid culture medium consisting of 0�5 g
K2HPO4, 0�2 g MgSO4�7H2O, 0�1 g NaCl, 10 g mannitol,
0�4 g yeast extract, 8 g agar and 0�25 % Congo Red, dis-
solved in 1000 mL distilled water and autoclaved at 121 �C
for 20 min. Rhizobium inoculum was prepared by culturing
selected colonies in liquid culture medium. The cultures
were grown in 250 mL Erlenmeyer flasks and incubated
at 25 �C until the bacterial cell optical density measured
0�6 at 600 nm (which corresponded to approx. 1�5 · 109

colony forming units per mL). Seven days after planting,
each pot for the Rhizobium treatments was inoculated three
times with 100 mL of a ten-fold dilution of the Rhizobium
inoculum. To maintain uniformity of nutrient supply, all
other non-Rhizobium treatments were inoculated with auto-
claved Rhizobium inoculum (121 �C for 20min). No nodules
formed on plants inoculated with autoclaved inoculum.

Biomass measurements

At each harvest, four replicates of each treatment were
selected randomly. The plants were separated into leaves,
stems, roots and nodules, and oven-dried at 65 �C for 3 d. At
each harvest, a root sub-sample from each treatment was
taken before oven drying for estimation of AMF infection of
the root tissue. The fresh mass of the sub-sample was
recorded so that the dry mass of the sub-sample could be
added to the total root dry mass.

N and P analysis

After the determination of dry mass, tissues were milled
and analysed for total N and P concentrations. Sub-samples
(0�1 – 0�001 g) were digested in a hydrogen peroxide–
sulfuric acid digestion mixture by the Kjeldahl procedure
followed by standard colorimetric assays (Anderson and
Ingram, 1993). All N and P measurements represent total
elemental N and P (organic plus inorganic) present in plant
tissues.

AMF detection and quantification

AMF colonization was evaluated from a random sub-
sample of approx. 150 root segments per plant. Roots
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were cleared in 2�5 % KOH (90 �C) for 45 min, acidified in
1 % HCl for 15 min, stained with 0.05 % Trypan Blue in
acid glycerol (90 �C) for 45 min, and then stored in acid
glycerol according to the procedure of Koske and Gemma
(1989). Randomly selected root fragments were mounted in
a permanent mounting medium on slides (Omar et al., 1979)
without squashing the root pieces. Percentage colonization
by arbuscules, vesicles and total hyphae were recorded, at
250· magnification using the magnified intersections
method of McGonigle et al. (1990).

Photosynthetic studies

Photosynthetic gas exchange rates were determined at
each harvest on equal-aged cohorts. All plants were fully
acclimatized to full sunlight (2000 mmol m�2 s�1). Net
photosynthesis under light saturating conditions was mea-
sured with the portable CIRAS-1, PP systems, infrared gas
analyser (Jia and Gray, 2004), using eight different youngest
fully expanded leaves for each treatment.

Statistical analysis

AMF% infection data were transformed using arcsine
square root to satisfy normal distribution and homogeneity
of variance assumptions for three-way ANOVA. Dry mass
and elemental (N and P) concentrations of leaves, stems,
roots and nodules were analysed by three-way ANOVA for
main effects and interactional effects (Zar, 1984). The sig-
nificance of the differences in variables because of the inter-
actions between factors A (N, NM, NR and NRM), B (N

supply LN and HN) and C (harvest date T1 and T2) were
tested. For the multifactorial experiment, the sources of
variation were subdivided into three main effects: A (pres-
ence or absence of microbial symbiont(s); B (low and high
nitrogen supplies); and C (harvest dates); three first-order
interactions, A · B, A · C, and B · C and one second-order
interaction, A · B · C. Multiple comparisons of means were
performed by the Tukey HSD test (P < 0�05) after perform-
ing three-way ANOVA with residual estimation. The STA-
TISTICA (version 6.0) package was used for statistical
analysis.

RESULTS AND DISCUSSION

Effects of treatment factors on plant variables

Each of the treatment factors (A, B, C), when considered
individually, had significant effects on all of the different
plant variables listed Table 1. In relation to their combined
effects, the three-way ANOVA results showed that the
majority of first-order interactions had significant effects
on all plant variables. The combined effects of the three
factors on microbial colonization, plant biomass, rates of N
and P accumulation, leaf area and photosynthetic rates are
shown in Figs 1–5, and the combined effects of the three
factors on N and P concentrations are shown in Table 2. In
all instances, microbial colonization of plants was asso-
ciated with significant increases in the magnitudes of
plant variables such as biomass, leaf area, photosynthetic
rate, N and P content. The effect of harvest date on
the variables such as tissue N concentration and tissue

TABLE 1. The significance of the differences in plant parameters resulting from the interactions among factors A (N, NM, NR and
NRM), B (N supplies LN and HN) and C (harvest dates T1 and T2)

Source of variance A B C A · B A · C B · C A · B · C
Degrees of freedom 3 1 1 3 3 3 3

Variables:
Photosynthetic rate (mmol CO2 m

�2 s�1) *** *** *** *** ** ** *

AMF
AC (%) *** *** *** * ns ns ns
VC (%) *** *** * *** * ns ns
HC (%) *** *** *** *** ns ns ns

N, P content
Leaf N (mg g�1) *** *** *** *** *** * ns
Stem N (mg g�1) *** *** *** *** *** ns ns
Root N (mg g�1) *** *** *** *** ** * ns
Nodule N (mg g�1) *** *** *** ns ns * ns
Leaf P (mg g�1) *** *** *** *** ** ** ns
Stem P (mg g�1) *** *** *** *** *** *** **
Root P (mg g�1) *** *** *** *** *** *** **
Nodule P (mg g�1) *** *** *** ns ns ** ns

Biomass of plant part
Leaf area (cm2 plant�1) *** *** *** *** *** ** *
Leaf d. wt (g plant�1) *** *** *** ** * ** ns
Stem d. wt (g plant�1) *** *** *** ns * * ns
Root d. wt (g plant�1) *** *** *** * * ** ns
Nodule d. wt (g plant�1) * *** *** ns ns *** ns
Biomass (g plant�1) *** *** *** *** *** *** ns

Percentage AMF colonization, dry mass, leaf area, elemental N and P concentrations of leaves, stems, roots and nodules were analysed by three-way
ANOVA with residual estimation, for main effects and interaction effects.
*, **, *** Effects that are significant at P < 0�05, 0�01 and 0�001, respectively; ns, effects that are not significant at P < 0�05.
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P concentration is presented in Table 2. Except for leaf area,
stem P content and root P content, there were no significant
second-order interactions (Table 1).

Effects of N supply and Rhizobium on mycorrhizal
colonization

Table 1 shows that first-order interactions (A · B) had
significant effects on AMF colonization. Colonization
levels of AMF were higher in low N treatments (Fig. 1).
With regard to arbuscular colonization, two kinds of mycor-
rhizal root colonization response were evident (Fig. 1). The
presence of Rhizobium infection resulted in a significant
decline in %AC, %VC and %HC at low and high concen-
trations of N supply. Low concentrations of N in the pre-
sence of Rhizobium infection (LNMR) resulted in %AC
values similar to those associated with high rates of N
supply in the absence of Rhizobium infection (HNM). At
low N supply, the presence of Rhizobium infection (LNMR)
resulted in about a 50 % reduction in %VC (Fig. 1). How-
ever, at high concentrations of N there was no effect of
Rhizobium infection on %VC. The presence of Rhizobium
infection and/or high concentrations of N supply were each
associated with 50 % or lower %VC compared with the

roots of LNM plants. In the case of hyphal colonization
(%HC), the presence of Rhizobium infection was associated
with a significant decline in %HC (Fig. 1). Whenever N
supply was not limiting a significant reduction in %HC
occurred. For example, under high N Rhizobium infection
resulted in further significant decline in %HC (Fig. 1). A
similar pattern was observed for %AC.

In all treatments, the presence of a mycorrhizal associa-
tion had a positive impact on nutrient uptake and biomass
production. For example, when the treatments for HN,
HNM and HNMR are compared, the plants had similar
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total root biomass (Fig. 2), but, irrespective of the level of
percentage AMF colonization (Fig. 1), the presence of an
AMF association always resulted in enhanced nutrient
uptake and total biomass production (Figs 2 and 3).

Effects of N supply and AMF on Rhizobium infection

Table 1 shows that first order interactions (A · B) had
significant effects on nodule dry mass. Figure 2 shows the
impact of AMF and N supply on nodule mass. Unlike the
Rhizobium effects on AMF colonization, AMF infection did
not have a significant effect on nodule mass. However, high

N supply was associated with a large reduction in nodule dry
mass relative to low N plants (Fig. 2). At low N there was a
doubling in nodule dry mass between T1 and T2 but only a
slight increase over the same period at high N, indicating
that high concentrations of nitrate inhibited nodule growth.
A significantly larger quantity of P accumulated in LNR and
LNMR nodules between harvests compared with the HNR
and HNMR nodules (Table 2 and Fig. 3). The concentration
of P in the LNR and LNMR nodules was also significantly
higher than in the HNR and HNMR nodules (Table 2). In the
case of low N treatments, P concentration was significantly
higher in LNMR nodules than in LNR nodules (Table 2).

The effect of the N : P ratio on biomass

The level of P supply had a significant effect on plant
biomass (Fig. 2), root nodulation (Fig. 2), N accumulation
rate (Fig. 3), leaf area (Fig. 4), net photosynthetic rate
(Fig. 5) and tissue N concentration (Table 2). Increase in
P supply as a consequence of AMF colonization was
consistently associated with a significant increase in N accu-
mulation and biomass production (Figs 2 and 3). For the
LNMR plants the N : P ratio was 11 mg N d�1 : 1 mg P d�1,
and 14 mg N d�1 : 1 mg P d�1 for the HNMR plants. For
HNM and HN the N : P ratios were 10�8 mg N : 1 mg P d�1

and 21�7 mg N d�1 : 1 mg P d�1, respectively. These results
indicate that the rate of biomass production increased as the
proportion of total P accumulated increased relative to
the total N accumulated. AMF contributed to an increase
in N productivity in terms of biomass production by
increasing the supply of P.

Effect of P on total N accumulation

The amounts of external hyphae in the pots were not
determined, nor the metabolically active proportion of
the internal colonization. In LNM the %HC was almost
100 %, whereas for HNMR it was approx. 60 %, although
the HNMR plants accumulated significantly more P than did
the LNM plants. Plants with both Rhizobium and AMF
associations (LNMR and HNMR) accumulated the
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most P. In low N treatments AMF colonization had a sig-
nificant positive impact on the rate of nitrate-N accumula-
tion (Fig. 3), and in high N treatments, non-AMF plants such
as the HNR plants accumulated significantly less N than did
HNMR plants. These results are consistent with the finding
of Tobar et al. (1994a, b) that AMF colonization increased
plant nitrate-N uptake.

P-limitation of N2-fixation rates appears to be the reason
for the lower rates of N accumulation in LNR relative to
LNMR plants (Fig. 3). Nitrate was the major N source for
HNMR plants mainly because of their lower nodule mass
compared with the LNR and LNMR plants (Figs 2 and 3).
The N2-fixing LNMR plants differed only slightly from the
nitrate assimilating HNMR plants in rate of total ele-
mental N accumulation. For example, at T1, HNMR had

accumulated 7.0 % more N than LNMR and, at T2, HNMR
had accumulated 5.3 % more N.

It is not clear whether the differences in nitrate accumula-
tion rates among the LN, HN, LNM, HNM and HNMR
plants were a direct consequence of increased uptake and
mobilization of nitrate-N by the external hyphae, or a indir-
ect consequence of an increase in the plant P content. If the
latter held, then plant N productivity in terms of leaf area
production would have been enhanced by an increase in P
accumulation. Increase in the plant’s total transpirational
surface area would tend to increase the flux of water through
the soil–plant–atmosphere continuum and increase the flux
of nitrate to the plant root system. This could be a possible
explanation for indirect effects of AMF colonization on
plant nitrate uptake.

TABLE 2. (a) N and (b) P content in leaf, stem, root and nodule of Vicia faba L. as influenced by the factors A (N, NM, NR and NRM), B (N
supplies LN and HN) and C (harvest intervals T1 and T2)

(a) Variable value = N concentration (mg g�1 dry mass)

Factors Variable Variable Variable Variable

A B C Leaf N Tukey-t Stem N Tukey-t Root N Tukey-t Nodule N Tukey-t

N LN T1 25�61 – 1�07 a 11�79 – 0�46 a 20�48 – 0�98 a
N LN T2 25�64 – 0�78 a 11�89 – 0�54 a 20�15 – 0�53 a
N HN T1 39�51 – 0�61 cd 19�61 – 0�59 cd 23�67 – 1�34 bc
N HN T2 40�05 – 0�65 de 19�69 – 0�66 cd 23�84 – 0�49 bcd
NM LN T1 27�14 – 0�85 a 13�10 – 0�65 ab 22�62 – 0�94 ab
NM LN T2 29�47 – 0�55 b 14�99 – 0�53 b 25�01 – 0�56 bcde
NM HN T1 40�61 – 0�70 de 20�23 – 0�68 d 24�08 – 0�48 bcd
NM HN T2 41�80 – 0�95 ef 21�37 – 0�41 def 24�89 – 0�81 bcde
NR LN T1 37�62 – 1�10 c 17�81 – 0�45 c 25�67 – 0�95 cdef 51�53 – 0�75 abc
NR LN T2 41�44 – 1�13 def 20�31 – 0�40 de 28�60 – 1�17 gh 54�40 – 1�61 c
NR HN T1 41�70 – 0�64 ef 20�98 – 0�74 def 26�68 – 1�01 defg 49�99 – 0�64 a
NR HN T2 43�31 – 0�92 fg 22�58 – 0�94 f 28�40 – 1�22 fgh 50�83 – 1�49 ab
NMR LN T1 41�97 – 0�73 ef 22�50 – 0�93 f 27�45 – 1�13 efg 53�89 – 0�93 bc
NMR LN T2 45�28 – 1�26 g 25�20 – 0�91 g 31�14 – 0�89 h 57�88 – 1�40 d
NMR HN T1 45�05 – 0�95 g 22�24 – 0�90 ef 28�22 – 0�70 fg 52�61 – 1�54 abc
NMR HN T2 47�82 – 0�87 h 25�06 – 0�75 g 29�46 – 1�36 gh 53�91 – 1�45 bc

(b) Variable value = P concentration (mg g�1 dry matter)

Factors Variable Variable Variable Variable

A B C Leaf P Tukey-t Stem P Tukey-t Root P Tukey-t Nodule P Tukey-t

N LN T1 1�59 – 0�06 a 1�42 – 0�07 a 1�69 – 0�04 a
N LN T2 1�60 – 0�04 a 1�41 – 0�04 a 1�68 – 0�07 a
N HN T1 1�71 – 0�04 ab 1�55 – 0�08 abc 1�73 – 0�04 a
N HN T2 1�72 – 0�05 ab 1�54 – 0�12 abc 1�73 – 0�08 a
NM LN T1 2�23 – 0�05 de 2�11 – 0�09 gh 2�20 – 0�09 cd
NM LN T2 2�65 – 0�09 gh 2�67 – 0�10 i 2�79 – 0�10 f
NM HN T1 2�05 – 0�12 cd 1�84 – 0�06 def 2�17 – 0�09 cd
NM HN T2 2�33 – 0�10 ef 1�97 – 0�05 efg 2�24 – 0�10 d
NR LN T1 1�79 – 0�05 ab 1�54 – 0�08 abc 1�81 – 0�04 ab 3�84 – 0�09 b
NR LN T2 2�08 – 0�09 d 1�66 – 0�06 bcd 1�99 – 0�05 bc 4�49 – 0�23 c
NR HN T1 1�77 – 0�08 ab 1�67 – 0�05 bcd 1�78 – 0�07 a 3�04 – 0�15 a
NR HN T2 1�86 – 0�06 bc 1�77 – 0�03 cde 1�79 – 0�05 ab 3�85 – 0�21 b
NMR LN T1 2�45 – 0�13 efg 2�35 – 0�12 h 2�45 – 0�09 e 4�91 – 0�09 cd
NMR LN T2 2�87 – 0�07 h 2�93 – 0�14 j 2�93 – 0�05 f 5�25 – 0�09 d
NMR HN T1 2�28 – 0�06 de 2�06 – 0�11 fg 2�24 – 0�60 d 3�68 – 0�15 b
NMR HN T2 2�51 – 0�07 fg 2�15 – 0�08 gh 2�34 – 0�10 de 4�73 – 0�26 c

Values are means – s.e, n = 8.
Different letters indicate significant differences assessed by Tukey HSD test (P < 0�05) after performing three-way ANOVA with residual estimation.
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Effect of N on total P accumulation

Root biomass did not appear to be a major factor in either
P or N uptake. Since, apart from the LN plants, root biomass
did not differ significantly in the other treatments (Fig. 2) it
alone could not account for the variation in the quantity of P
accumulated in the different treatments (Fig. 3). Plants with
roots colonized by AMF had P accumulation rates that were
9�3–12�2 times the rates for the non-microbial low N treat-
ments (LN versus LNM and LN versus LNMR in Fig. 3). At
high N, all plants with AMF colonized roots had P accu-
mulation rates that were 2�5–3�2 times the rates for the non-
microbial high N treatments; see HN versus HNM and HN
versus HNMR in Fig. 3. However, roots infected only with
Rhizobium also showed an increase in P accumulation rela-
tive to the low N or high N non-mycorrhizal control plants.
For example, LNR plants had a 6�6-fold increase in the level
of P accumulation compared with LN plants, and there was
a 1�8-fold increase in the level of P accumulation when HN
plants were infected with Rhizobium (Fig. 3). Here the
increase in P accumulation appeared to be influenced indir-
ectly by the association with N2-fixing Rhizobium in the low
N plants, or by the increased nitrate N supply in the high N
treatment plants.

Increased N accumulation due to N2-fixation in LNR and
HNR plants (Fig. 3) was associated with an increase in leaf
area expansion (Fig. 4). Thus, it was possible that the AMF-
independent enhanced rates of P accumulation in LNR and
HNR plants were due to the effects that N accumulation had
on leaf area production.

The influence of N, P and microbial symbionts on
photosynthesis

Figures 3 and 5 show that photosynthetic rates increased
as the ratio of P to N supply increased (note also the relation-
ship between the N : P trend in Table 2 and the trend in
photosynthetic rates in Fig. 5). The impact that the microbial
symbionts had on photosynthetic rates appeared to be
mediated by their effects on the plant N : P ratio. Separate
experiments to test the effect of P supply on the photosyn-
thetic N use efficiency and the quantum yield efficiency of
leaf N showed that an increase in the supply of P increases
the photosynthetic N use efficiency and the quantum
yield efficiency of leaf N (Table 3). The results in
Table 2 and Fig. 5 are consistent with the hypothesis that
increasing P supply enhances photosynthetic N use
efficiency.

CONCLUSIONS

The findings of this experiment are consistent with other
observations (Xavier and Germida, 2002, 2003) of the posi-
tive impact of the synergistic interactions between AMF and
Rhizobium on legumes. The magnitude of the increases in
both leaf area and biomass production with each increment
in N supply was dependent on the level of P supply. Increas-
ing P supply as a direct consequence of AMF colonization

or as an indirect consequence of Rhizobium infection had
positive effects on N accumulation, leaf area production and
biomass production. Increasing P accumulation had a pos-
itive influence on photosynthetic N use efficiency. Thus, it is
reasonable to conclude that, with respect to the legume
tripartite symbiotic association examined here, the upper
limits of nitrogen productivity or photosynthetic N use effi-
ciency can depend on the level of P supply.
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