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1M.A.N. Mohamed, 2G. Carlson, 3J. Schulze, 2J.J. Drevon and 1M. Ragab

1Soil and Water Department, Faculty of Environmental Agricultural Sciences, Suez Canal University,
North Sinai, Egypt.

2INRA UMR 1222, Ecologie Fonctionnelle & Biogéochimie des Sols, 2 Place Pierre Viala, F-34060
Montpellier Cedex 1, France.

3Department für Nutzpflanzenwissenschaften, Abteilung Pflanzenernährung, Georg-August-Universität
Göttingen, Carl-Sprengel-Weg 1, 37075 Göttingen, Germany

Abstract: In order to determine the effect of P supply on the proton efflux of N2 dependent Medicago
trancatula (Mt), the cultivar Jemalong was inoculated with two Sinorhizobium mililoti strains (120F51 and
2011) and grown in a hydroaeroponic system at 4 levels of P between 15 and 250μmol P plant-1 week-1.
Maximum growth was obtained at 15 or 30μmol P plant-1 week-1 for plants inoculated with Sinorhizobium
mililoti 2011 or 120F51, respectively. P levels above 30μmol P plant-1 week-1 significantly reduced shoot,
root and nodule biomass and nodule numbers. These parameters were always significantly higher when
plants were inoculated with Sinorhizobium mililoti 120F51 than 2011. In order to assess to which extent
P supply and Sinorhizobium strain influence the plant acidifying activity, proton efflux was measured at
3 levels of P between 5 and 30 μmol P plant-1 week-1 for Mt  Jemalong depending either on urea or
symbiotic N2 fixation. There was a net proton efflux by urea-fed plants and by N2-dependent plants as
soon as 2 weeks after transplanting. Total or specific proton efflux was the highest at 5 μmol P plant-1

week-1. It was significantly higher for plants inoculated with S. meliloti 120F51 than 2011. It is concluded
that inoculation of Mt Jemalong with S. meliloti 120F51 under P deficiency enhances the proton efflux
in addition to N2 fixation.
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INTRODUCTION

Soils in tropical areas are considered to contain
low available P to sustain adequate plant growth. Of all
nutrients, shortage of P has the highest impact on
legumes which generally rely on symbiotic N2 fixation
for N nutrition. In particular, P deficiency is one of the
limiting factors for the production of M truncatula L.
(Mt) relying on N2 fixation[1]. Annual Medicago species
are an important crop in Mediterranean regions, and are
highly responsive to applied P[2]. M truncatula L.
appears to be less tolerant to soil acidity than other
annual Medicago species and is therefore generally
grown on neutral to alkaline soils[3] where P deficiency
is also common.

The effect of P supply on growth and N2 fixation
in legumes has been studied extensively. The
deficiency of a nutrient may limit N2 fixation through
its effects of growth and survival of rhizobia, nodule
formation, nodule functioning and host plant growth.
Robson et al.[4] observed that mineral NH4NO3

increased the growth response to P application for
nodulated plants of subterranean clover, and suggested
that P increased symbiotic N2 fixation through its effect
on host plant growth. In contrast, Israel[5] demonstrated
that symbiotic N2 fixation in soybean required more P
for optimal functioning than either host plant growth or
N assimilation in the plant. In other studies, P
deficiency has been found to decrease nodule number,
decrease nodule mass more than shoot growth, and
decrease the specific nitrogenase activity of
nodules[6,7,8,9,10,11].

Increased acidification of the rhizosphere by roots
is a widespread response to P deficiency[12,13,14,15].
Proton efflux is known to be largely influenced by the
source of N for the plant, as related to the balance of
cations over anions taken up. Indeed, positively
charged N, like ammonium, favor large proton release,
whereas negatively charged N, like nitrate, favor
hydroxyl release[16,17]. In the case of legumes reliant on
or uncharged N, like N2, proton efflux and, hence
rhizosphere acidification, is expected to occur because
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N2 fixing legumes take up more cations than
anions[1,18,19]. Since rhizobia strains differ in their
efficiency in N2 fixation with host legume, legume
proton efflux may increase with increasing amounts of
fixed N2. However, the combined effect of P nutrition
and rhizobia strain on proton efflux by the symbiotic
M truncatula L. is unknown.

The aims of the present study were to investigate
the role of P and two Sinorhizobium mililoti strains on
M. truncatula growth and to assess to which extent
these two factors enhance proton release.

MATERIAL AND METHODS

Hydroaeroponic Culture: Uniform seeds of Medicago
truncatula L. cultivar Jemalong were scarified, surface
sterilised and pre-germinated for 5 day in the dark in
agar 0.9%. Each seedling was transplanted at zero time
into 1/2 l bottle and grown as described previously by
Aydi et al.[20] with nutrient solution of the following
composition (µM): K2SO4, 700; MgSO4, 500; CaCl2,
800; H3BO3, 4; Na2MoO4, 0.1; ZnSO4, 1; MnCl2, 2;
CoCl2, 0.2; CuCl2, 1; and FeNaEDTA (ferric
monosodium salt of ethylenediamine tetraacetic acid),
10. The bottles were wrapped with aluminum foil to
keep the rooting environment dark. The roots were
gently passed through the hole of a rubber stopper on
the bottle neck, and cotton wool was fitted at the
hypocotyl level.

Experimental Design and Treatments: Two
experiments were conducted: the first one was to study
the effect of weekly inorganic P supplies and
inoculation by two Sinorhizobium meliloti strains,
namely 2011 and 120F51, on the growth of Medicago
trancatula. This experiment was carried out in a
glasshouse with day/night temperatures of approx.
28/20°C and a 16 h photoperiod of natural light
supplemented with mercury vapour lamps. Phosphorus
was added as KH2PO4 at 15, 30, 75 and 250 μmol P
plant-1 week-1.  Solution pH was maintained near 7
through adding 1g CaCO3  l–1[21].

The second experiment was carried out in a
phytotron with 25/20°C temperature and 16/8 day/night
and light illumination of 700µmol photons m-2 s-1, with
the purpose to determinate the effect of P treatments on
the proton efflux by the nodulated-roots. Solution pH
was adjusted every two days with KOH (0.01M) to 6.5
during 0 to 38 d after transplanting (DAT). Phosphorus
was added as KH2PO4 at 5, 15 and 30μmol P plant-1

week-1. In all experiments, P treatments were replicated
four times and were completely randomized.

For rhizobial inoculation, a dense water suspension
of (Sinorhizobium meliloti) 2011 and 120F51 was
added to the solution at a rate of approx 108 cells l-1.

This solution was unchanged for 7 day and then
renewed with added rhizobia. Seven days later, plants
were placed in solutions without added rhizobia;
solutions were then changed every week. Urea 0.2mM
was added for the first 14 DAT. Thereafter, the plants
did not receive any external source of N. This supply
of N stimulated the formation of nodules as previously
shown by Hernandez and Drevon[22] for common bean.

Measurement of H2 Evolution: For measuring H2

evolution Medicago truncatula plantlets were inoculated
with Sinorhizobium meliloti 102F51 or 2011 and
transferred into darkened glass cylinders, 600 mm long
with inner diameter of 20mm, with rubber stoppers in
both ends. The stalk base of each intact plantlet was
carefully placed in a hole of diameter 5 mm, through
the top rubber stopper. Plants were held at their stem
bases on the open side of the cylinder with sterilized
sponge leaving roots in the nutrient solution. The
cylinder contained 250ml of the hydroaeroponic
nutrient solution described above with urea during the
initial 14 days, and with 5 or 15µmol P plant-1 week-1

by separate application of KH2PO4. The pH was
buffered to 6.5 with 0.25mM MES [2-(N-morpholino)
ethane-sulfonic acid]. Plants were arranged in a fully
randomized block design.

Prior to H2 evolution measurement, the hole in the
upper rubber stopper was sealed with a plasticine-
material with high bee wax content. The bee wax gave
the material a soft and well formable consistence that
ensured a tight adherence to the rubber stopper and the
plant stem. The material is non plant toxic. Before
sealing, stiff tubing as inflow and outflow of the sealed
nodulated-root compartment was laid through the hole
in the upper rubber stopper and as well sealed with the
material. The inflow tubing reached to the lower end
of the glass cylinder while the outflow was put above
any nodules on the lower side of the upper rubber
stopper. The nutrient solution level was lowered to
about 1/3 of the gas cylinder, leaving the lower
virtually nodule free part of the root system in the
solution.  

The sealed nodulated-root compartment was
connected to an open flow gas exchange measurement
system that allowed to apply a mixture of N2/O2

(80/20, v/v) to the nodulated-root compartment. An air
flow of 200ml min-1 corresponding to about 1.2
volumes min-1, was applied to the root compartment. A
sub sample (100 ml min-1) of the out flowing gas was
taken, dried by ice trap and MgClO4, and passed
through an H2 analyser (Quibit Systems, Canada).
When a stable H2 outflow from the nodulated-root
compartment was reached, this value was taken as
apparent nitrogenase activity (ANA). Subsequently the
air composition in the inflowing air stream was
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changed to Ar/O2 (80/20, v/v). Argon is inert to
nitrogenase and thus the whole electron flow is
diverted to H+. Consequently H2 evolution under argon
represents the total enzyme activity i.e., TNA for total
nitrogenase activity. The peak value taken
approximately 5min. after switching to Ar/O2 was taken
as TNA value. The electron allocation coefficient
(EAC) of nitrogenase activity was calculated as
1–(ANA/TNA).

Analysis and Statistics: The number of nodules was
counted on intact plants 14, 38 and 60 DAT and plants
in the bottles were harvested at 60 DAT. Plants were
separated into shoots, roots and nodules. All plant
tissues were oven-dried at 70oC for 48h. 

Total amounts of protons released by plants were
determined by summing up the amounts of KOH used
for pH adjustment during plant growth and for titrating
the used solution after plant growth to the initial pH.
Specific H. release was expressed as the amount of H.
released per unit root biomass.

Variance analysis for shoot, root, nodule dry
weights, nodule numbers, total and specific proton
release and H2 evolution were performed using
StatView Version 5 (SAS Institute Inc., USA) with the
Fisher’s PSLD test at the probability level of 5%.

RESULTS AND DISCUSSION

Shoot and Root Biomass: Twenty DAT, plants grown
at 75μmol P plant-1 week-1 began to display symptoms
of toxicity in the form of necrosis on old leaves. This
became more severe with increasing P supplies and
time. Thus by 60 DAT, the dry weight of shoots had
significantly decreased by 81 and 68% for plants
inoculated with S. meliloti 2011 and 120F51
respectively, as the P supplies increased from 15 to
250μmol P plant-1 week-1 (Fig. 1a). Plants inoculated
with S. meliloti 120F51 showed slight insignificant
increase as P supply increased from 15 to 30μmol P
plant-1 week-1. Maximum shoot biomass for plants
inoculated with S. meliloti 120F51 at 30 μmol P plant-1

week-1 was more than 2.5 fold higher than the
maximum one with S. meliloti 2011 at 15 μmol P
plant-1 week-1.

The same trend was observed for root biomass but
the decrease in root was less marked (Fig. 1b). As P
supply increased from 15 to 250μmol P plant-1 week-1,
root dry matter decreased by 64 and 56% for plants
inoculated with S. meliloti 2011 and 120F51,
respectively. Maximum root biomass obtained for
plants inoculated with S. meliloti 120F51 (30μmol P
plant-1 week-1) was 1.75 fold as compared with those
inoculated with S. meliloti 2011 (15μmol P plant-1

week-1). Thus regardless of P supply, shoot or root

biomass of plants inoculated with S. meliloti 120F51
(i.e., as a mean of 2.24 and 1.16g plant-1, respectively)
were significantly higher than those of plants inoculated
with 2011 strain (i.e., as a mean of 0.65 and 0.45 g
plant-1, respectively).

Nodule Number and Biomass: Nodules first appeared
7 DAT, and nodule number recorded 14 DAT was not
influenced by P supply or S. meliloti strain. By 38 and
60 DAT, the number of nodules had multiplied several
times compared to that at 14 DAT but it decreased
significantly with increasing P supply from 30 to
250μmol P plant-1 week-1 (Fig. 2). This reduction in
nodule number was more obvious by 60 DAT and in
plants inoculated with S. meliloti 120F51 (i.e., by 69%)
than those inoculated with S. meliloti 2011 strain (i.e.,
by 59%). At optimal P supply, nodule number obtained
in plants inoculated with S. meliloti 120F51 (i.e., as a
mean of 152 nodules plant-1) was significantly higher
than those recorded in plants inoculated with the other
strain (i.e., as a mean of 89 nodules plant-1). Nodules
formed at all P treatments were in general small with
70% of nodules being less than 3mm long.

There was no significant difference between the
dry weights of nodules obtained at 15 as compared
with 30μmol P plant-1 week-1, for plants inoculated with
either S. meliloti 120F51 or 2011, while nodule dry
weight decreased significantly with increasing P supply
above 30μmol P plant-1 week-1 (Fig. 3). As an average
of all P treatments, dry weights of nodules for plants
inoculated with strain 120F51 (40mg plant-1) was
significantly higher than those obtained for plants
inoculated with 2011 strain (21mg plant-1).

Proton Efflux by Nodulated-roots: In order to
measure the effect of P supply on proton efflux by
nodulated-root, the above symbioses with Mt were
grown again at 5, 15 and 30μmol P plant-1 week-1 in
hydroaeroponic culture (Table 1). Growing plants
released protons and decreased the solution pH as
shown in table 2. A net proton efflux was detected as
soon as 14 DAT. Total proton efflux tended to be the
highest at 5μmol P plant-1 week-1. Indeed plants
receiving 5μmol P plant-1 week-1 released 4.9-6.7%
more protons per hour than those receiving either 15 or
30μmol P plant-1 week-1.

The proton efflux at 15-38 DAT was significantly
higher for plants inoculated with S. meliloti 120F51
than with 2011 (Table 2). Indeed at 15-38 DAT for
plants receiving 5μmol P plant-1 week-1 the proton
efflux was 9% higher than for plants receiving higher
supplies of P with S. meliloti 120F51, while it was
only 2.6-2.8% for plants inoculated with S. meliloti
2011. Whatever the S. meliloti strain, no significant
difference  was  observed  between  15 and 30μmol P 
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plant-1 week-1, neither at 14 DAT whatever the P
supply. The amounts of specific proton efflux, i.e., per
unit root biomass, at 15-38 DAT tended to be highest
at 5μmol P plant-1 week-1 whatever the S. meliloti
strain.

H2-evolution by Nodulated-roots: In order to measure
H2-evolution by nodulated-roots, Medicago truncatula
plantlets were transferred to darkened glass cylinders
and grown hydroaeroponically with 5 or 15µmol P
plant-1 week-1 for subsequent gas-exchange
measurements. Apparent (ANA) and total (TNA) H2
evolution, corresponded respectively to the amount of
electrons allocated by nitrogenase to protons in air
where the rest of electrons being allocated to N2, or in
argon where all electrons are allocated to protons in
the absence of N2 molecules.

Whatever the rhizobial strain, ANA and TNA were
significantly higher at 15 than 5µmol P plant-1 week-1

(Table 3). This resulted in a significantly higher
coefficient of allocation of electrons to N2 (EAC) at 15
than 5 µmol P plant-1 week-1. Although there was no
significant effect of the rhizobial strain on the EAC,
TNA was significantly higher for S. meliloti 120F51
than for 2011 at 15 µmol P plant-1 week-1.

Discussion: Generally, both P supply and rhizobia
strain affected plant growth. Rhizobia strains expressed
high symbiotic performance in the hydroaeroponic
culture. The same trend was also observed in previous
study with other species (e.g., with common bean[23].
They found that the hydroaeroponic culture leads to
plant nodulation and growth of at least nine and five
times higher, respectively, than those on gravel. Thus,
the aerated solution appears to be an ideal growth
condition for symbiosis since various rhizobial
symbioses expressed their development potential.

There was a high difference in nitrogen fixation
depending on Sinorhizobioum strain used for
inoculation. This was verified in terms of shoot, root,
nodule biomass and nodule number. Using the highly
effective strain S. mililoti 120F51 resulted in
duplicating the shoot biomass compared to inoculation
with S. mililoti 2011. The level of growth observed for
plants inoculated with S. mililoti 2011 was higher than
which was observed by Tang et al.[19]. This may be
due to the harvesting after 60 DAT in the present
study versus 35 DAT in their study.

Effects of phosphorus supply on nodule biomass
were similar to effects of P supply on host plant
growth, suggesting that P deficiency or toxicity
indirectly affects subsequent nodule development by
restricting metabolite supply from the host plant.
Phosphorus deficiency has previously been reported to
decrease nodule mass more than host growth in
soybean[5,6,9,10], common bean[11,24], pea[8], white clover[7]

and alfalfa[6]. However, reports on the effect of P on
nodule number have been controversial: P deficiency
may increase, decrease or not affect nodule number per
unit shoot mass[6,9,11,24,25]. Differences in the responses
of nodulation to P deficiency appear to be related to
legume species, genotype and experimental conditions.
P toxicity has been observed in other legumes grown
in solution culture with P concentrations over 15
mM[26]. Tang et al.[19] found that the optimal P
concentration in acid solution was 8 µM which is
equivalent to the level of micro-nutrients. Therefore, a
constant, low P concentration is necessary to avoid
both toxicity and depletion of the nutrient in solution
culture, although in practice this may be difficult to
achieve. However, as reported by Hinsinger26], P
concentrations in the micromolar range ( from 0.1 to a
few µM) are most relevant to those found in the soil
solution in many soil environments, especially in
strongly P-fixing soils such as calcareous soils or
highly weathered soils from the tropics. In the present
study, the optimal P supply was ranged between 15
and 30μmol P plant-1 week-1 according to S. meliloti
strain used in inoculation. P supply higher than 30μmol
P plant-1 week-1 caused obvious toxicity symptoms on
plants and highly decreased shoot, root and nodule
biomass and number. However, early nodule formation
was not affected by increasing P concentrations in the
external solution. 

Applying of 15μmol P plant-1 week-1 appeared to
be sufficient for optimal nodulation when a large
number of nodule bacteria were present. Indeed, the
growth and survival of rhizobia required less than
0.5µM P[27]. However, increasing P supply to a limit
extent (30μmol P plant-1 week-1) appeared to increase
nodule formation at a later stage (60 DAT). This
increase in nodules number was independent of host-
plant growth. As rhizobia were only added to the
nutrient solution in the first 14 day, the rhizobial
population was expected to be very low in the nutrient
solution after day 14. It is not known whether high P
levels are required for nodule formation when the
rhizobial population is low. Furthermore, the number of
nodules per plant at 38 DAT in this study was a little
more than those reported previously for the same
species[3,19]. However, it was very high at 60 DAT.

An interesting finding in this study is the intrinsic
rhizobial strains difference in the relationship between
root symbiosis and proton release. It was observed that
plants inoculated with S. mililoti 120F51 released more
protons than those inoculated with the other strain.
However, no significant difference was observed
between plants inoculated either with strain 120F51 or
2011 when released protons expressed per unit root
biomass. This indicates that the rhizobia strain had no
specific effect on proton release, but an indirect effect
via increased N2 fixation and plant growth.
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Table 1: Shoot, root and nodule growth of Medicago truncatula at three levels of P supply inoculated with S. meliloti 120F51 or 2011. Data
are means of four replicates harvested at 38 DAT. Values of the probability (P) from the PLSD Fisher test. * indicates a significant
difference at the 5 % level (P < 0.05).

P supply μmol Shoot dry matter (mg) Root dry matter (mg) Nodule dry matter (mg)
plant-1. week-1 Sm 120F51   Sm 2011 Sm 120F51   Sm 2011 Sm 120F51   Sm 2011
5 53 37 27 23 12.8 10.5
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 84 59 31 32 19 16.3
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
30 84 53 29 33 18.3 14
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Values of probabilities 0.0064*           0.0283* 1.153              0.0054* 0.0269* 0.0481*

Table 2: Proton efflux by the roots of Medicago truncatula grown at three levels of P supply inoculated with S. meliloti 120F51 or 2011.
Data are means of four replicates measured at 0-14 and 15-38 DAT. Values of the probability (P) from the PLSD Fisher test. 

P supply μmol Total proton efflux Total proton efflux Specific proton efflux
plant-1. week-1 (0-14)µmol plant-1. h-1 (15-38) µmol plant-1. h-1 (15-38)µmol g-1 root DM. h-1

Sm 120F51 Sm 2011 Sm 120F51 Sm 2011 Sm 120F51 Sm 2011
5 0.177 0.176 0.168 0.149 6.199 6.48
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 0.166  0.167 0.153 0.145 5.004 4.576
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
30 0.164 0.165 0.151 0.145 5.177 4.449
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Values of probabilities 0.0325* 0.0041* 0.0154* 0.0149* 0.1494 0.0012*
* indicates a significant difference at the 5 % level (P < 0.05).

Table 3: H2 evolution by the nodulated-roots of Medicago truncatula grown at two levels of P supply inoculated with S. meliloti  120F51
or 2011. 

P supply μmol ANA[µmol H2 plant-1 h-1] TNA[µmol H2 plant-1 h-1] EAC
plant-1. week-1 Sm 120F51 Sm 2011 Sm 120F51 Sm 2011  Sm 120F51 Sm 2011
5 0.44 0.32 0.91 0.73 0.52 0.56
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 2.31* 1.71* 6.42* 4.81* 0.64* 0.64*
Data are means of four replicates measured at 38 DAT. * indicates a significant difference at the 5 % level (P < 0.05).

Fig. 1: Influence of P supply on shoot (A) and  Root (B) dry weights of Medicago truncatula inoculated with
Sinorhizobium mililoti 120F51 (•) and 2011 (Δ). Data are means and standard deviation of four replicates
at 60 DAT.
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Fig. 2: Influence of P supply on nodule number of Medicago truncatula inoculated with Sinorhizobium mililoti
120F51 and 2011 at 14, 38 and 60 DAT. Data are means of four replicates.

Fig. 3: Nodules dry weights of Medicago truncatula inoculated with Sinorhizobium mililoti 120F51 (•) and 2011
(Δ); and grown at 15, 30, 75 and 250 μmol P. plant-1. week-1 60 DAT. Bars represent s.e. of four
replicates.

The increase in release of protons from roots under P deficiency would facilitate acquisition of P from
rhizosphere soil, especially in soils containing Ca-phosphates such as neutral and calcareous soils, or even acid soils
fertilized with phosphate rocks[12,13,28]. Tang et al.[19] found that the increased acidification under P deficiency
appeared to be related to the increase in uptake of excess cations over anions as the patterns of acid release and
plant excess cations uptake were similar. It is not known whether P-deficient plants of M. truncatula exude organic
acid anions. In some other species, P deficiency stimulates organic acid exudation which also contributes to
rhizosphere acidification[15]. There are several previous reports of increased H+ release under P deficiency e.g. in
tomato[14], rape[12], chickpea and lupin[15].

Few previous studies have addressed the response of N2-fixing plants to P deficiency. In contrast with the
present results, Tang et al.[1] found that proton efflux was lower in P-deficient than in P-sufficient common bean.
In this study, it's found that specific proton efflux tended to be higher at low P supplies than at high ones. This
was only significant for plants inoculated with S. meliloti 2011. In contrast with these results, the work done by
Tang et al.[1] showed that proton efflux was unaffected by P supply when expressed relative to root biomass. Such
differences may be partly explained by more or less severe P deficiency experienced by the different plant species
in these two sets of experiments. In line with present study, Tang et al.[19] found that N2-fixing Medicago
truncatula released more protons at deficient (1μM) than sufficient (8μM) P supply, as related to increased excess
cation over anion uptake in response to P deficiency. These results suggest that opposite behaviors can be observed
between widely differing species of legumes, in response to P deficiency.

Conclusions: P deficiency stimulates proton efflux in M. truncatula. There seems to be large variability in
symbiotic performance between S. meliloti strains, which indirectly influence proton release. Proceeding
investigations on plant genotypes with high acidifying activity under P limitation and for rhizobial strains with high
N2 fixation potential are needed.
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