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Abstract

The role of S in legume growth, N uptake, and N, fixation was investigated using white clover (Trifolium repens L.) as
a model species. We examined whether the effect of sulphate addition on N fixation resulted from a stimulation of
host plant growth, a specific effect of S on nodulation, or a specific effect of S on nodule metabolism. Clones of
white clover, inoculated with Rhizobium leguminosarum, were grown for 140 d in a hydroponic system with three
levels of sulphate concentration (0 mM, 0.095 mM, and 0.380 mM). Nodule morphological and biochemical traits,
such as root length, nodule biomass and volume, nodule protein contents (nitrogenase and leghaemoglobin
obtained by an immunological approach), and root amino acid concentrations, were used to analyse the effect of
sulphate availability on N, fixation. The application of sulphate increased whole plant dry mass, root length, and
nodule biomass, expressed on a root-length basis. N uptake proved less sensitive than N, fixation to the effects of
S-deficiency, and decreased as a consequence of the lower root length observed in S-deficient plants. N, fixation
was drastically reduced in S-deficient plants as a consequence of a low nodule development, but also due to low
nitrogenase and leghaemoglobin production. This effect is likely to be due to down-regulation by a N-feedback
mechanism, as, under severe S-deficiency, the high concentration of whole plant N and the accumulation of N-rich
amino acids (such as asparagine) indicated that the assimilation of N exceeded the amount required for plant
growth.
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Introduction

Legumes are environmentally, agriculturally, and economi-
cally important in many cropping systems because of their
ability to reduce atmospheric N, symbiotically. Because the
use of nitrogen (N) fertilizer contributes substantially to
environmental pollution, this biological alternative has
received increasing attention in agricultural practices in the
last few years. Legumes are particularly sensitive to a wide
range of environmental limitations. Studies on mineral
requirements of the Legume-Rhizobia symbiosis, phospho-
rus (P), and to a lesser extent potassium (K), have received
considerable attention because N, P, and K are frequently
the most limiting nutrients for plant growth in numerous

ecosystems (Hogh-Jensen, 2003; Olivera et al., 2004). It is
now well documented that legume growth and nitrogen (IN)
fixation are highly responsive to P and K supplies.

The effect of sulphur (S) supply on N, fixation has
received less attention, as sulphate availability in soil has
not been considered in the past as a limiting factor for plant
growth. However, crop deficiencies of S have been reported
with increasing frequency in the last decade, caused by
decreasing anthropogenic S input and by the lack of input
through S fertilization to compensate for exportation
(Scherer, 2001). S is accumulated in plants in low concen-
trations compared to N, but is an essential element as
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a constituent of proteins, Cysteine-containing peptides such
as glutathione, or numerous secondary metabolites.
S deficiencies have been observed in Brassiceae, Poaceae,
but also in Fabaceae. Fabaceae species require a large
quantity of S, probably because of their high protein
concentration (Aulakh ef al., 1976) and because S is crucial
for N, fixation (Scherer and Lange, 1996; Krusell et al.,
2005; Scherer et al., 2008).

S-deficiency causes a decrease in N acquisition by plants
as a result of a decrease in nitrate uptake (Clarkson et al.,
1989; Karmoker et al., 1991) or N, fixation (Zhao et al.,
1999; Scherer et al., 2008). The low N, fixation observed in
S-deficient plants can result in lower plant growth (Scherer
and Lange, 1996) or in a specific effect of S on N, fixation
(Zhao et al., 1999; Pacyna et al., 2006; Scherer et al., 2008).
Low N, fixation is due to the effect of S on nodule growth
(Schulze and Drevon, 2005; Habtemichial et al., 2007) or
nodule metabolism (Pacyna et al, 2006; Scherer et al.,
2008). In a previous study, a specific effect of S-deficiency
on N, fixation in white clover was observed (Varin et al.,
2009a). However, the mechanisms accounting for this
decreased activity have not been elucidated. It has recently
been proposed that the low nitrogenase activity observed in
S-deficient plants is due to a limitation of the energy supply
to the nodule, as well as a decrease in leghaemoglobin and
ferredoxin concentrations (Pacyna et al, 2006; Scherer
et al., 2008). Even if it is known that (i) N, fixation can be
reduced as a consequence of low nitrogenase concentration
in plants subjected to nutrient stresses (Bolafios et al., 2006)
and (ii) S is a central component of this Fe-S cluster
enzyme (Curatti et al, 2006), the effect of S supply on
nitrogenase concentrations has not been considered in any
of these studies.

The objective of this study was to reconcile conflicting
reports on the role of S in symbiotic N fixation by
investigating this effect in white clover (7rifolium repens
L.), a major legume in Western Europe grasslands and
a species highly sensitive to sulphate supply (Tallec ez al,
2008; Varin et al., 2009a, b). The following questions were
addressed. Does the stimulation of N, fixation by S supply
result from (i) a stimulation of host plant growth; (ii) a
specific effect of S on nodulation; (iii) a specific effect of S
on nodule metabolism? To answer these questions, white
clover plants of the same genotype have been subjected to
three sulphate availability levels, and nodule morphological
and biochemical parameters have been analysed in relation
to the modification of plant dry mass.

Materials and methods

Plant material, clone production, and growth conditions

Clones of Trifolium repens L. cv. Huia were obtained by vegetative
multiplication of the stolon of one individual chosen as an average
individual from a population. Each individual consisted of
a 20 mm stolon section including a node. When the primary leaf
appeared, each fragment was transferred to a hydroponic system
supplying a continuously aerated nutrient solution in 1.0 1 black
plastic bottles to maintain darkness in the rooting environment.

Plants were grown in a greenhouse with light measured at the
plant level equal to 400 pmol m~2 s~! (sodium high pressure
‘phytoclaude 400 W’ and sun) providing a 16/8 h photoperiod with
25/16 °C day/night. The plants were inoculated with Rhizobium
leguminosarum bv. trifolii T354 three times a week during the four
weeks after planting. The nutrient solution was prepared with
demineralized water, changed weekly, and contained 2 mM KNOj;,
0.18 mM CaCO3, 0.4 mM KH2P04, 0.15 mM KzHPO4, 3 mM
CaCl,, 0.2 mM EDTA 2NaFe (3H,O), 14 uM H3;BO;, 3 uM
ZnCl,, 0.7 pM CuCl,, 0.7 pM (NH4)¢M07024, 0.1 uM CoCl,. S
was added as MgSO, and three treatments were chosen; ‘zero S’,
‘low S (0.095 mM SO;"), and ‘high S’ (0.380 mM SO3"). MgSO,
was partly or entirely replaced by equimolar amount of MgCl, and
KCl for the zero and low S treatments. The sulphate concentration
of the zero S solution was measured by HPLC and found to be nil,
showing that no other source of sulphate was available for plant
growth. The nutrient solution contained '>NO5 0.5 atom% excess
to allow the measurement of NO; absorbed from the nutrient
solution and N, fixed from the atmosphere.

Plants were harvested 70 d and 140 d after transfer into the
hydroponic solution, separated into shoots, roots, and nodules and
then dried at 70 °C and weighed when mass was constant. The
determination of the relative chlorophyll concentration using the
non-destructive SPAD (Soil Plant Analysis Development) chloro-
phyll meter (Minolta, SPAD-502 model, Tokyo, Japan) was also
performed on leaves. Aliquots of roots and nodules were collected
in an ice bath and frozen for morphological and biochemical
analysis (amino acids and proteins).

Root and nodule morphological analysis

Root and nodule morphological parameters were measured using
an EPSON Expression 1000XL scanner (Regent instruments Inc,
Quebec, Canada). Individual root systems and nodules were
spread out on a clear tray in an isotonic solution of KCI 9 g 1!
and placed on a flat-bed scanner. Root length and nodule volume
were measured using the WinRHIZO software.

Isotopic analysis

All organ dry matter was reduced to a fine powder for elemental
and isotopic analyses. Total N, total S, and '>N were determined
from 1 mg of plant material using an elemental analyser (EA3000,
EuroVector, Milan, Italy) linked to an isotope ratio mass
spectrometer (Isoprime, GV instrument, Manchester, UK). The
use of 'NO3 allowed the measurement of the relative contribu-
tions of N derived from the nutrient solution (N absorbed)
and N derived from the atmosphere (N fixed) (Hogh-Jensen and
Schjoerring, 1994):

N absorbed (mg) = (N atom% excess of clover/

1SN atom% excess of nutrient solution) X O (mg)

where Qy is the amount of N per plant. A non-fixing plant,
ryegrass, grown in the same conditions was used as a control to
estimate atom% excess of nutrient solution (Hegh-Jensen and
Schjoerring, 1994). The amount of N fixed was estimated as the
difference between Qn and N absorbed:

N fixed (mg) = On (mg) —N absorbed (mg)

Extraction and quantification of proteins from nodules

Total proteins were extracted from nodules using the method
described by Wang et al. (2003) and Desclos et al. (2009). Frozen
nodule samples were ground to a fine powder with a semi-
automatic crusher in the presence of liquid nitrogen and resus-
pended in 2 ml of cold acetone containing 10% TCA (w/v). After
centrifugation at 16 000 g for 3 min at 4 °C, the supernatant was



discarded and the pellet was resuspended with 1.75 ml ammonium
acetate (0.1 M)/methanol (80%) buffer for the precipitation of
proteins. The extract was centrifuged at 16 000 g (3 min, 4 °C).
The pellet was washed with acetone (80%), and dried under
vacuum (Speedvac concentrator 5301, Eppendorf, France) for
5 min at 50 °C. The dried pellet was resuspended with 0.8 ml of
phenol (pH 7.9) and 0.8 ml of SDS buffer [30% saccharose (w/v),
2% SDS (w/v), 0.1 M TRIS-HCI (w/v), 0.5% B-mercaptoethanol
(v/v), pH 8]. After centrifugation (16 000 g, 3 min, 4 °C), the
phenolic phase was separated from the supernatant and pre-
cipitated with 2 ml ammonium acetate (0.1 M)/methanol (80%) at
—20 °C for 10 min. After centrifugation (16 000 g, 10 min, 4 °C),
the pellet was washed with methanol (100%) and acetone (80%).

For SDS-PAGE, the protein pellet was resuspended in Laemmli
lysis buffer (Laemmli, 1970) and denaturated for 5 min at 100 °C
with B-mercaptoethanol (5%, v/v). For two-dimensional gel
electrophoresis (2-DE), the protein extract was resuspended in
100 pl of R2D2 buffer as described by Mechin et al. (2003)
containing dithiothreitol (DTT, 20 mM), thiourea (2 M), urea
(5 M), CHAPS (2%, wlv), N-decyl-N,N-dimethyl-3-ammonio-1-
propane-sulphonate (2%, w/v), TCEP (5 mM), IPG buffer (2%, v/v;
GE Healthcare, Saclay, France) and used for the determination of
the protein concentration in the nodule extract by the method of
Bradford (1976).

SDS-PAGE and two-dimensional electrophoresis (2-DE)

For SDS-PAGE, an equal amount of protein (4 pg for silver
nitrate staining and 250 pg for immunoblotting) was loaded per
lane and proteins were separated on 15% polyacrylamide gels at
a constant current (250 V, 75 mA, 1 h). For 2-DE, the extract of
total proteins was prepared in rehydration R2D2 buffer (300 pg in
330 pl) and was first separated according to charge in the
electrofocusing PROTEAN IEF system (Bio-Rad), at 20 °C, using
18 cm gel strips forming an immobilized linear pH gradient from
4 to 7 (GE Healthcare). Conditions for isoelectrofocusing, the
equilibration step, and second dimension separation (SDS-PAGE)
were monitored as described by Desclos et al. (2009). Proteins were
visualized using the silver staining procedure described by Blum
et al. (1987). The Millipore Biolmage computerized image analysis
system (Millipore) was used to determine the molecular mass of
nodule proteins by comparison with a set of protein molecular
mass markers (Precision Protein Dual Color, Bio-Rad, Marne-la-
Coquette, France).

Western blotting and immunodetection of nitrogenase and
leghaemoglobin

The abundance of FeMoCo-nitrogenase and leghaemoglobin in
nodules was determined after Western blotting of total proteins
separated by SDS-PAGE or 2-DE. After SDS-PAGE or 2-DE,
Western blots were carried out on a polyvinylidene fluoride
(PVDF) membrane (Immobilon-PVDF, Millipore) by semi-dry
electroblotting (Milli Blot-graphite electroblotter system, Milli-
pore). Conditions for protein transfer and immunoblotting were
carried out as previously described by Noquet et al. (2004). Briefly,
after Western blotting, PVDF membranes were treated with
polyclonal anti-protein primary antibodies: anti-FeMoCo-
nitrogenase from IgG antibodies (Agrisera, SE911 Vanadas,
Sweden; dilution 1:750) or anti-leghaemoglobin 17 kDa from
soybean IgG antibodies (Goulas et al., 2001; dilution 1:750). The
antigen—antibody complex was visualized with alkaline phospha-
tase linked to rabbit anti-chicken immunoglobulin Y (IgY),
dilution 1:1000 (Noquet et al, 2004). Independently performed
gels and Western blots were scanned and analysed using the
Millipore Bioimage computerized image analysis system to
determine the molecular mass of proteins.
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Protein identification by LC MS/MS

Protein spots of interest were manually excised from the gel,
washed several times with water, and dried for a few minutes.
Trypsin digestion was performed overnight with a dedicated
automated system (MultiPROBE II, PerkinElmer). The gel frag-
ments were subsequently incubated twice for 15 min in a H,O/
CH;CN solution to allow extraction of peptides from the gel
pieces. Peptide extracts were then dried and dissolved in starting
buffer for chromatographic elution, consisting of 3% CH3;CN and
0.1% HCOOH in water. Peptides were enriched and separated
using lab-on-a-chip technology (Agilent, Massy, France) and
fragmented using an on-line XCT mass spectrometer (Agilent).
The fragmentation data were interpreted using the DataAnalysis
program (version 3.4, Bruker Daltonic, Billerica, USA). For
protein identification, tandem mass spectrometry peak lists were
extracted and compared with the protein database using the
MASCOT Daemon (version 2.1.3; Matrix Science, London, UK)
search engine. The searches were performed with no fixed
modification and with variable modifications for the oxidation of
methionines, and with a maximum of one missed cleavage.
Tandem mass spectrometry spectra were searched with a mass
tolerance of 1.6 Da for precursor ions and 0.8 for MS/MS
fragments. The LC MS/MS data were converted into DTA-format
files which were further searched for proteins with MASCOT
Daemon. Only peptides matching an individual ion score >51 were
considered. Proteins with two or more unique peptides matching
the protein sequence were automatically considered as a positive
identification. Measured peptides were searched in the NCBInr—
protein sequence databases, Viridiplantae (green plants) and
Bacteria (Eubacteria).

Amino acid extraction and analysis

Frozen plant material was freeze-dried and amino acids were
extracted from 10%=5% mg of milled plant material in 400 pl of
methanol containing 200 pM DL-3-aminobutyric acid as an in-
ternal standard and samples were agitated at 1500 rpm for 15 min.
Subsequently, 200 pl of chloroform was added and samples were
agitated again for 5 min. Finally, 400 pl of ultra-pure water was
added and samples were then vigorously vortexed and centrifuged
at 13 000 g for 5 min. The upper phase was transferred to
a microtube and dried under vacuum over-night. Dry residues
were resuspended in an appropriate volume of ultra-pure water
and 10 pl of the resulting extract was sampled for amino acid
derivatization according to the AccQ Tag Ultra Derivitization Kit
protocol (Waters Corp., Milford, USA). Amino acids were
analysed using an Acquity™ UPLC system (Waters Corp.,
Milford, USA) by injecting 1 pl of the derivatization mix onto an
Acquity™ UPLC BEH C18 1.7 um 2.1x100 mm column heated at
55 °C. Amino acids were eluted at a 0.7 ml min~"' flow with a mix
of 10-fold diluted AccQ Tag Ultra Eluent (A) and acetonitrile (B)
according to the following gradient: initial, 99.9% A; 0.54 min,
99.9% A; 6.50 min, 90.9% A, curve 7; 8.50 min, 78.8% A, curve 6;
8.90 min, 40.4% A, curve 6; 9.50 min, 40.4% A, curve 6; 9.60 min,
99.9% A, curve 6; 10.10 min, 99.9% A. Derivatized amino acids
were detected at 260 nm using a photo-diode array detector.

Statistical analysis

Five replicates per treatment were used. Because some data did not
fit the parametric test conditions, the choice was made to analyse
the effect of S treatments by the Kruskall-Wallis non parametric
test (Sokal and Rohlf, 2003), and then by the Signed-Ranks test.

Results
Growth parameters

An increase in sulphate application markedly increased the
total biomass of plants grown for 140 d (Fig. 1; H=12.50,
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P <0.01). Even if this change was due to the increase of
both shoots (stolons plus leaves) and nodulated roots, shoot
biomass increased more than root biomass with sulphate
application, and the highest S concentration in the nutrient
solution doubled the shoot/root ratio compared with non-
treated plants. Chlorophyll concentration increased signifi-
cantly (H=12.50, P <0.01) with S availability in the nutrient
solution (data not shown).

Sulphur and nitrogen acquisition

A higher N concentration was observed in nodules, and was
independent of S treatments in this organ (Table 1).
Sulphate application increased N concentration in roots
but decreased N concentration in leaves and stolons. A
higher S concentration was also observed in nodules (Table
1), and in this organ, S concentration was increased by
sulphate application. S concentration was lower and in-
dependent of S treatments in all other organs. As a result of
the stimulation of plant biomass by sulphate application,
the amount of nitrate absorbed from the nutrient solution
and the amount of N derived from nitrogen fixation were
both significantly higher under the high S treatment
(Table 2). However, S supply appeared to have no
significant effect on nitrate uptake when the results are
expressed per unit of root length (Table 2). By contrast, S
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Fig. 1. Shoot and root dry mass of white clover plants grown for
140 d at three sulphate concentrations in the nutrient solution

(0, 0.095, and 0.380 mM). Values are presented as means *+SE
(n=>5). Different letters on bars indicate significant differences of
total dry mass between S treatments (P <0.01).

supply appeared to have a specific effect on N, fixation, as
a higher amount of N fixed per metre of roots was observed
for the high S treatment. Moreover, the percentage of
N derived from fixation increased from 38*2% for plants
grown in the absence of S to 59+2% of total N for the high
S treatment, confirming that N, fixation is more dependent
on S nutrition than N uptake.

Nodulation parameters

In order to clarify the ways that a deficiency in S diminishes
atmospheric N, fixation, nodule morphological and
biochemical traits were further investigated. A very strong
effect of S nutrition on nodulation was observed. As Fig.
2A shows, a very small number of nodules were observed
when plants were grown in the absence of S, and this
number increased dramatically with S treatment (H=12.50,
P <0.01). S supply had a similar effect on nodule dry mass
per plant (H=11.18, P <0.05) (data not shown), and nodule
volume per plant (H=12.02, P <0.05) (Fig. 2B), with these
two parameters being closely correlated (Pearson correla-
tion: r=0.893, P <0.001). S appeared to have a specific
effect on nodulation as nodule dry mass increased strongly
when expressed per unit of root length (H=12.02, P <0.01;
Fig. 2C). Plants grown in the absence of S exhibited a very
low nodule mass per root length and a higher nodule mass
per root length was observed for white clover plants grown
under the high S treatment. The nodule morphological
parameters (nodule DM/root length; total nodule volume
per plant) were correlated significantly with the percentage
of N derived from fixation (Pearson correlation: r=0.714,
P <0.01 and r=0.873, P <0.05, respectively). In addition,
the nodules of plants grown in the absence of S appeared
pale in contrast with the pink nodules observed in the
presence of S.

Nodule proteins

Nodule protein concentration increased with S supply
(Table 3). Using 2-DE and immunological analysis, 10 spots
were immunodetected using anti-FeMoCo nitrogenase
antibodies (Fig. 3A, B). Identification by LC MS/MS
demonstrated that five of these proteins are nitrogenase

Table 1. Concentration of total N and total S (mg g~ dry mass) in leaves, stolons, roots, and nodules of white clover plants grown for

140 d at three sulphate concentrations in the nutrient solution

Values are presented as means (n=5). Different letters indicate significant differences between S treatments (P <0.01). H and P: Kruskal-Wallis

statistics (ns: non significant).

SOﬁ’ (mM) Total N concentration (mg g~! DM) Total S concentration (mg g~' DM)

Leaves Stolons Roots Nodules Leaves Stolons Roots Nodules
0 20.45b 31.83b 17.24 a 36.62 a 0.83 a 0.19a 0.36 a 118 a
0.095 14.84 a 156.70 a 17.42 a 35.39 a 0.37 a 0.16 a 0.28 a 2.57b
0.380 14.23 a 13.19 a 23.14 b 36.01 a 0.40 a 0.15a 0.34 a 3.09 b
H 9.98 10.50 9.56 0.77 5.06 4.50 2.63 11.58
P <0.01 <0.01 <0.01 ns ns ns ns <0.01




Table 2. Amounts of N coming from nitrate absorption (N
absorbed) or atmospheric N fixation (N fixed) of white clover plants
grown for 140 d at three sulphate concentrations in the nutrient
solution, expressed per plant or per metre of roots

White clover plants were grown at three sulphate concentration of
the nutrient solution (0, 0.095, and 0.380 mM) and 2 mM K'SNO;
(0.5 atom% excess) to measure N absorbed from the nutrient
solution (N absorbed) and N derived from the atmosphere (N fixed).
Values are presented as means (n=>5). Different letters indicate
significant differences between S treatments (P <0.01). H and P:
Kruskall-Wallis statistics (ns: non significant).

SO0~ (mM) N absorbed N fixed
(gplant™) (gm 'roots) (gplant™) (g m~ roots)
0 0.28 a 0.30 a 0.14 a 0.18 a
0.095 0.35b 0.22 a 0.29 b 0.19a
0.380 0.51c¢ 0.44 a 0.74 c 0.94b
H 12.50 5.66 10.50 9.50
P <0.01 ns <0.01 <0.01

Fe-Mo fchain (Spots 3 to 7) and one (Spot 10) is
nitrogenase Fe protein (Fig. 3C).

Both nitrogenase and leghaemoglobin were detectable in
nodules of white clover grown in the absence and in the
presence of sulphate in the nutrient solution (Fig. 4). Image
analysis of SDS-PAGE electrophoresis of nodule soluble
proteins (Fig. 4A) and a comparison with data from
immunoblots (Fig. 4B) indicated that the amount of both
nitrogenase Fe-Mo protein and leghaemoglobin were
dependent on S supply (Table 3). Nodules of plants grown
in the absence of S contained significantly less nitrogenase
Fe-Mo protein and less leghaemoglobin than plants grown
with the high S treatment. The lowest nitrogenase Fe
protein content was observed for the 0.095 mM S treatment,
the zero S treatment being intermediary between treatments
and not significantly different from other treatments.

Nodulated root amino acids

A strong accumulation of amino acids was observed in
nodulated roots of white clover grown in the absence of S
(Table 4), with the amino acid concentration in roots being
4-times higher in the zero S treatment than in the high S
treatment. A similar effect of S availability on amino acids
was observed in shoots (data not shown). Asparagine was
the major amino acid found in white clover roots, and the
proportion of asparagine increased from 71x7% of total
free amino acids for the high S concentration nutrient
solution, to 85*2% for the zero S roots. A strong
accumulation of other N-rich amino acids, arginine and
histidine, was also observed for zero S roots, while the
concentration of other amino acids like glutamate and
aspartate was independent of S availability. The concentra-
tion of cysteine was too low in all treatments to be
measured accurately, and the other sulphur amino acid,
methionine, constituted less than 0.1% of total amino acids
in all treatments. As expected, this proportion of methio-
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Fig. 2. Nodulation of white clover plants grown for 140 d at three
sulphate concentrations in the nutrient solution (0, 0.095, and
0.380 mM). (A) Number of nodules per plant, (B) total volume of
nodules per plant, and (C) dry mass (DM) of nodules per unit of
root length. Values are presented as means +SE (n=>5). Different
letters on bars indicate significant differences between S treat-
ments (P <0.05).

nine increased significantly with S availability (H=9.38,
P <0.01).

Discussion
Plant growth and N acquisition

Plants are able to use both pedospheric S (sulphate) and
atmospheric S as sources of S to support growth. The
observation that white clover can grow hydroponically
without S added to the nutrient solution suggests that this
legume is able to use atmospheric sulphur as a significant
source of S because the amount of S contained in each plant
at the beginning of the experiment (67 pg) was not sufficient
to support plant growth for 140 d. Atmospheric S can
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Table 3. Protein concentrations (expressed as mg g~ fresh mass) of nodules of white clover plants grown for 140 d at three sulphate
concentrations in the nutrient solution

White clover plants were grown for 140 d at three sulphate concentrations of the nutrient solution (0, 0.095, and 0.380 mM). Total soluble
proteins were determined by the Bradford method (1976). Nitrogenase and leghaemoglobin were quantified from image analysis of SDS-PAGE
gels shown in Fig. 4. Values are presented as means (n=5). Different letters indicate significant differences between S treatments (P <0.05).

H and P: Kruskall-Wallis statistics (ns: non significant).

S03~ Total soluble Nitrogenase Fe Mo 3 chain Nitrogenase Fe Leghaemoglobin
(mM) proteins (mg g~ ! FM) (mg g~' FM) protein (mg g~' FM) (mg g~ ' FM)
0 197 a 0.16 a 0.13 ab 0.06 a
0.095 3.18 ab 0.49b 0.06 a 0.16 ab
0.380 551b 0.32b 0.22b 0.33b
H 8.61 10.35 9.74 10.35
P <0.05 <0.01 <0.01 <0.01
A. 2-D SDS PAGE map B. 2-D Immunoblot map

e UL "3 \m
15 - B, . '

C. LC-MS/MS identification of proteins

Spot Exp. Theor. PM  SCb Protein name/Organism accession number
n° pliMr pIMr (%)

1 5.41/60.83 5.07/57.8 31 51 Chaperonin GroEL/Rhizobium leguminosarum bv.viciae 3841/gi| 116250657
2 5.33/56.37 6.63/60.1 15 26 F/ATPase/Pisum sativum/ gi I 2116558
3 5.39/57.65 5.36/57.0 10 19 Nitrogenase Fe-Mo B chain/Rhizobium leguminosarum
bv. Trifolii/gi | 121078478
4 5.47/53.94  5.36/57.0 16 42 Nitrogenase Fe-Mo [ chain/Rhizobium leguminosarum
bv. Trifolii/gi | 121078478
5 5.53/56.37 5.36/57.0 39 67 Nitrogenase Fe-Mo P chain/Rhizobium leguminosarum
bv. Trifolii/gi | 121078478
6 5.57/53.94  5.36/57.0 22 46 Nitrogenase Fe-Mo P chain/Rhizobium leguminosarum
bv. Trifolii/gi | 121078478
7 5.53/53.94  5.36/57.0 26 56  Nitrogenase Fe-Mo P chain/Rhizobium leguminosarum
bv. Trifolii/gi | 121078478
8 5.47/40.87 5.46/38.8 4 13 Glutamine synthetase cytosolic isozymel (GS1-1) (Glutamate-ammonia
ligase)/ Glycine max /gi | 121336
9 5.57/40.85 5.48/39.1 7 17 Glutamine synthetase nodule isozyme (Glutamate-ammonia ligase)
Medicago sativalgi |121336
10 5.61/32.50 5.03/31.9 18 47  Nitrogenase Fe protein /Rhizobium leguminosarim
bv. Trifolii/gi | 121078478

Fig. 3. Proteomic maps of nodule proteins from white clover plants grown for 140 d at three sulphate concentrations in the nutrient
solution (0, 0.095, and 0.380 mM). (A) Nodule proteins were separated by 2-D SDS-PAGE (12% acrylamide) and stained with silver
nitrate. (B) Nodule proteins were revealed after immunoblot with anti-NifH. Immunodetected spots are numbered from the highest to the
lowest molecular mass. (C) Identification of nodule proteins immunodetected by the anti-FeMoCo-nitrogenase antibodies. Experimental
and theorical p/ and molecular mass are indicated as Exp. and theor. pl//Mr. The assigned protein of best match is given with the
organism in which it was identified and its GenBank protein accession number: PM: number of LC-MS/MS matched peptides, SCb (%):
percentage of sequence coverage of the protein.
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Fig. 4. 2-D electrophoresis profiles from white clover plants grown
for 140 d at three sulphate concentrations in the nutrient solution
(0, 0.095, and 0.380 mM). (A) SDS-PAGE profiles of nodule
protein. (B) Immunodetection of the nitrogenase NifH component
and leghaemoglobin following SDS-PAGE and Western blotting

of nodule extracts with specific antibodies. MM: molecular
markers (kDa).

replace soil sulphate as the sulphur source for other plant
species, especially when the sulphur supply to the roots is
low (Cowling et al., 1973; De Kok et al, 2007). The main
sources of atmospheric S are H,S reduced in cysteine via O-
acetylserine lyase and SO, oxidized to sulphate via sulphite
oxidase (Van Der Kooij et al., 1997, Hiansch and Mendel,
2005; Durenkamp et al, 2007). Our study suggests that
clover can use these sources and a more detailed experiment
is needed to quantify the ability of legume plants such as
clover to use H,S or SO, as S sources.

Work by Zhao et al. (1999) has shown that the effect of
S-deficiency on pea growth was likely to be caused by the
shortage of N, due to decreased N, fixation. Accordingly,
the effect of S-deficiency on clover growth was associated
here with a strong reduction of N, fixation. However, the
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Table 4. Free amino acid concentration (expressed as pmol g~
dry mass) of nodulated roots of white clover plants grown for 140 d
at three sulphate concentrations in the nutrient solution

Values are presented as means (n=5). Different letters indicate

significant differences between S treatments (P <0.01). H and p:
Kruskall-Wallis statistics (ns: non significant).

Amino acid Amino acid concentration H P

(nmol g~ ' DM)

S0%~ (mM)

0 mM 0.095 mM 0.mM
Asparagine 1055 ¢ 416 b 221a 12.02 <0.01
Arginine 103 b 57 a 30a 12.02 <0.01
Histidine 10b 5a 3a 11.58 <0.01
Aspartate 12a 11a 13a 512 ns
Glutamate 10a 8a 8a 6.61 <0.05
Glutamine 2a 2a 2a 1.81 ns
Others 37 a 27 a 24 a 6.50 ns
Total AA 1230 b 525 a 301 a 12.02 <0.01

higher N concentration in shoot tissues observed for the
zero S treatment indicates that shoot growth was not
limited by N assimilation. The low amount of N acquired
from the nutrient solution and from the atmosphere shows
that both pathways of N assimilation, soluble N uptake and
N, fixation, were reduced in S-deficient clover. A decrease
in nitrate uptake in S-starved plants has previously been
observed in barley (Clarkson et al, 1989; Karmoker et al.,
1991) and spinach (Prosser et al., 2001). In clover, the
reduction of nitrate uptake is mainly explained by the
strong reduction in root length in the zero S and low
S treatments rather than a specific effect of S availability on
soluble N uptake, as shown by the similar amount of nitrate
taken up per unit of root length that was observed in all
treatments.

S-deficiency had a stronger effect on the process of
atmospheric N, fixation than on soluble N uptake as shown
by the low amount of N fixed per metre of roots for the
zero S and low S treatments. The high requirement of S for
the process of N fixation, also evidenced by the high nodule
S concentration, is in accordance with previous work
(Pacyna et al., 2006; Zhao et al., 1999).

Nodule morphology and metabolism

Nodulation was evaluated here as the number, volume, and
dry mass of nodules. The strong reduction of nodulation
observed with the zero and low S treatments resulted mainly
in a much lower dry mass of nodules per unit of root length,
and not only in a lower root production as observed for
other legumes (Gilbert and Robson, 1984; Scherer and
Lange, 1996). This result confirms that traits associated
with N, fixation are more responsive to S availability than
host plant growth. This specific effect of S on nodulation
can be explained by the role of S in stimulating the
formation of nodules in the early events of symbiosis
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establishment (Schwedock and Long, 1992; Crockard et al.,
2002). The effect of S-deficiency appears similar to those of
P deficiency in preventing nodulation in white clover
(Almeida et al., 2000). This strong reduction of nodulation
could result from an N feedback mechanism, as a strong
accumulation of amino acids was observed in the zero and
low S treatments. It has been shown that such an
accumulation can reduce nodule growth (Parsons er al.,
1993).

The close relationship observed between nodule volume
per plant and the percentage of N derived from fixation
suggests that the low N, fixation observed can be primarily
explained by the low nodulation. However, our biochemical
and immunological approach shows that nodule metabo-
lism was also markedly dependent on sulphate availability.
A close relationship was found between S supply and
protein content in the nodules, and both the proteins
measured, nitrogenase and leghaemoglobin, were dependent
on S supply. It has been proposed that low N, fixation
observed in S-deficient legumes is due to a low ATP supply
and to an inhibition of nitrogenase by high levels of free O,
(Pacyna et al, 2006; Scherer et al., 2008). ATP was not
measured in the present study, but the low N, fixation could
also be due to a high level of O, in clover nodules. Indeed, it
was observed that leghaemoglobin content in clover roots is
highly dependent on sulphate availability, confirming a
recent result by Scherer ef al. (2008) working with pea and
alfalfa. As the role of leghaemoglobin in legume nodules is
to maintain a low free O, concentration within the nodule
(Gordon et al., 2001), the decrease in its content may have
resulted in a higher O, concentration.

S starvation generally leads to the accumulation of
non-S-containing amino acids and O-acetylserine, the pre-
cursor for the synthesis of the first organic S compound,
cysteine, and a decrease in numerous S compounds,
primarily cysteine, methionine, and S-adenosyl methionine
(SAM), (Prosser et al., 2001; Nikiforova et al., 2003; Saito,
2004; Hoefgen and Nikiforova, 2008). In clover leaves,
a reduction in chlorophyll concentration was observed, as
mentioned for other species grown with insufficient S supply
(Lunde et al., 2008). This chlorosis could be explained by
the decrease in the SAM that served as a methyl-group
donor in different branches of plant metabolism and espe-
cially in chlorophyll synthesis (Hoefgen and Nikiforova,
2008). In nodules, this disruption of N metabolism was
evidenced by the decrease in protein content and the strong
accumulation of non-S-containing amino acids. The low
level of the nitrogenase Fe-Mo protein is in line with
reports showing that iron—sulphur proteins and haem
biosynthesis can be repressed when sulphate availability
decreases (Nikiforova er al, 2003; Touraine et al., 2004;
Hausman ez al., 2008). Both components of the nitrogenase
complex, the Fe protein and the Fe-Mo protein, contain
high proportions of S (Krusell er al, 2005; Curatti et al.,
2006). However, the differentiated behaviour of both
nitrogenase components with respect to S availability makes
the relationship between S availability and nitrogenase
difficult to interpret. It is noteworthy that nodulated clovers

grown in the absence of S in the nutrient solution were able
to form both components of the nitrogenase complex, and
the strikingly high total S concentrations in nodules for all
S treatments confirms that nodules are a strong sink for S in
legumes. A full metabolic analysis could help to clarify the
interactions between S and N metabolism in nodules.

Even though nodulation and Fe-Mo nitrogenase content
were very low under S-deficiency, 38% of the total N
assimilated by these plants originated from N, fixation.
Nodule dry weight was reduced by 99% in zero S clover
compared with high S clover and the amount of N fixed per
plant was only decreased by 81%. This indicates that
S-deficiency inhibited nodulation to a greater extent than
N, fixation. Specific nitrogenase activity was not measured
directly in the present study, and it is difficult to estimate
this activity expressed on a quantity, volume or mass of
nodules basis as neither the kinetics of fixation nor those of
nodule development are known. Nevertheless, this compar-
ison suggests that S-deficiency could increase the specific
nitrogenase activity expressed g~' of nodule. A similar
increase in specific nitrogenase activity has been found
under other conditions that hindered the development of
nodules such as under P deficiency (Almeida et al., 2000) or
high mineral N supply (Zanetti ez al., 1998). In the case of
P deficiency, it has been proposed that this high specific
nitrogenase activity could be the result of an increase in
O, permeability, and further work is needed to investigate
the effect of S-deficiency on O, permeability in the nodules.

Concluding remarks

From our experimental data, it is proposed that the reduced
symbiotic N, fixation observed in S-deficient white clover is
an adjustment to the lower demand for N due to a lower
plant growth. The high N concentration observed in leaves
and stolons of S-deficient clover, compared with other
treatments, shows that shoot growth was not limited by N
assimilation under S-deficiency and thus supports this
hypothesis. The lowered N, fixation may have resulted from
an N-feedback mechanism down-regulating nodule devel-
opment and nitrogenase and leghaemoglobin production, as
indicated by the increased asparagine concentration ob-
served. Such regulatory behaviour has already been ob-
served for other nutrient stresses in white clover and other
legumes (Hartwig, 1998; Almeida et al., 2000; Vadez et al.,
2000; Hogh-Jensen et al., 2002).
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