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Abstract Sucrose phosphate synthase (SPS) catalyzes the
Wrst step in the synthesis of sucrose in photosynthetic
tissues. We characterized the expression of three diVerent
isoforms of SPS belonging to two diVerent SPS gene fami-
lies in alfalfa (Medicago sativa L.), a previously identiWed
SPS (MsSPSA) and two novel isoforms belonging to class B
(MsSPSB and MsSPSB3). While MsSPSA showed nodule-
enhanced expression, both MsSPSB genes exhibited leaf-
enhanced expression. Alfalfa leaf and nodule SPS enzymes
showed diVerences in chromatographic and electrophoretic
migration and diVerences in Vmax and allosteric regulation.
The root nodules in legume plants are a strong sink for pho-
tosynthates with its need for ATP, reducing power and car-
bon skeletons for dinitrogen Wxation and ammonia
assimilation. The expression of genes encoding SPS and
other key enzymes in sucrose metabolism, sucrose phos-
phate phosphatase and sucrose synthase, was analyzed in the
leaves and nodules of plants inoculated with Sinorhizobium
meliloti. Based on the expression pattern of these genes, the
properties of the SPS isoforms and the concentration of

starch and soluble sugars in nodules induced by a wild type
and a nitrogen Wxation deWcient strain, we propose that SPS
has an important role in the control of carbon Xux into diVer-
ent metabolic pathways in the symbiotic nodules.
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Introduction

Legumes have the capability to establish symbiotic associa-
tions with compatible rhizobia (Graham and Vance 2003).
The legume–rhizobia symbiosis involves very complex
interactions, which are initiated by the exchange of signal
molecules between the partners followed by the infection of
the plant by the microbe (Trevaskis et al. 2002). Biological
reduction of atmospheric nitrogen (N2) takes place in the
root nodules, the new organ formed by this interaction.
Symbiotic N2 Wxation requires a complex metabolic interde-
pendence of each symbiotic partner (Lodwig et al. 2003).
The plant provides carbon (C) in the form of dicarboxylic
acids to the diVerentiated bacteroids for oxidation to provide
ATP and reducing power (Reich et al. 2006). The bacter-
oids, in turn, provide the plant with ammonia derived from
the reduction of N2 by the bacterial enzyme nitrogenase.

Sucrose (Suc) is the main form in which C is translo-
cated from the leaves to the sink tissues like the nodules.
Suc unloaded into the nodules is hydrolyzed by sucrose
synthase (SucS; EC 2.4.1.13) and alkaline/neutral invertase
(EC 3.2.1.26). Whereas SucS plays a critical role in nodule
metabolism, invertase does not seem to be crucial for
nodule function (Baier et al. 2007; Welham et al. 2009).
Carbon derived from the metabolism of Suc in the nodules
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is used for several physiological processes, including plant
and bacterial respiration, assimilation of Wxed N2, and also
starch and cellulose biosynthesis. Besides its role as a sub-
strate in metabolic processes, Suc is a storage compound
and also acts as a signal molecule (Loreti et al. 2001). The
allocation and metabolism of Suc in the nodules is dictated
by the speciWc metabolic requirements of each cell type
(Hohnjec et al. 2003; Flemetakis et al. 2003, 2006).

The formation of Suc involves a two-step reaction: the
synthesis of sucrose-6-phosphate (Suc6P) from UDP-glucose
(UDPGlc) and fructose-6-phosphate (Fru6P), catalyzed by
the enzyme sucrose phosphate synthase (SPS; EC 2.3.1.14),
followed by the irreversible hydrolysis of Suc6P, catalyzed
by the enzyme sucrose phosphate phosphatase (SPP; EC
3.1.3.24), pulling the reaction catalyzed by SPS in the direc-
tion of net Suc synthesis (Lunn et al. 2000). SPS can be regu-
lated by a hierarchy of several interacting mechanisms,
including regulation of gene expression, covalent modiWcation
and allosteric regulation via metabolites, glucose-6-
phosphate (Glc6P) and inorganic phosphate (Pi). Reversible
phosphorylation on distinct serine residues is involved in the
regulation of SPS in response to diVerent environmental con-
ditions. The dephosphorylated protein has a higher aYnity
for its activator Glc6P and a lower aYnity for the inhibitor Pi,
pointing to a connection between covalent modiWcation and
allosteric regulation (Huber and Huber 1996; Toroser and
Huber 1997; Lunn and MacRae 2003; Huber 2007).

SPS is encoded by multigene families which are
expressed in photosynthetic and also in heterotrophic tissues,
including potato tubers (Geigenberger et al. 1997), cotyle-
dons (Geigenberger and Stitt 1991), fruits (Hubbard et al.
1991; Komatsu et al. 1996), roots and Xowers (Fung et al.
2003), developing and germinating embryos (Im 2004), and
cotton Wbers (Xu et al. 2007). The metabolism of Suc in het-
erotrophic tissues is characterized by a continuous process of
utilization and synthesis (Roby et al. 2002). Nodule metabo-
lism has been well characterized, but so far there have been
no reports on the expression of SPS in symbiotic nodules. In
this paper, we show that SPS is encoded by a small gene
family in alfalfa (Medicago sativa L.) and one of the gene
member shows nodule-enhanced expression. Based on the
expression pattern of SPS along with those of SPP and SucS
genes, SPS activity and the metabolite proWle in N suYcient
and N deWcient nodules, we propose what functional role
SPS might play in the root nodules.

Materials and methods

Plant material

Alfalfa (Medicago sativa L. cv. Mesa) seeds were surface
sterilized and planted on sterile vermiculite in double

Magenta box setup simulating a Leonard jar (Wacek and
Alm 1978; Supplementary material Fig. S1). Four days
after sowing, seedlings were inoculated with either a wild
type S. meliloti strain 2011 or a nif H::Tn5 derived mutant
strain 1491 (Hirsch et al. 1983). Plants were maintained
under sterile conditions in the greenhouse (16 h light and
8 h dark) with 0.25X Hoagland’s nutrient solution supple-
mented with 0.125 mM NH4NO3. The plants inoculated
with Fix-strain showed some yellowing of the leaves com-
pared to the plants inoculated with the WT strain. For a
similar proportion of harvested material, nine boxes of
plants inoculated with the Fix-strain, and only Wve boxes of
plants inoculated with the WT strain were used (Supple-
mentary material Fig. S1). All experiments described in this
paper were repeated Wve diVerent times. For Western and
Northern data, only a representative experiment in each
case is presented. Alfalfa plant tissues were harvested at
midday, always at the same time of the day, 28 day after
inoculation with S. melioti, frozen in liquid nitrogen and
kept at ¡80°C.

Isolation of SPS and SPP genes

Two classes of alfalfa SPS clones were ampliWed by PCR
reactions. One SPS clone was ampliWed from nodule cDNA
with primers designed from conserved regions based on
multiple sequence alignment of SPS sequences. It had
strong identity to the SPSA family and corresponded to a
previously reported alfalfa SPS cDNA (NCBI accession
number AF322116), it was designated MsSPSA. The prim-
ers used to isolate MsSPSA cDNA were 5�-ATG GCA
GGA AAT GAT TGG TT-3� (forward) and 5�-ATA CTT
AAC CTG ACC ACC CG-3� (reverse). Two diVerent PCR
fragments with close similarity to the SPSB family were
ampliWed from leaf cDNA using primers derived from a
M. truncatula genomic EST clone, 5�-ACA TGG AGC
TTG GTA GAG ATT CTG A-3� (forward) and 5�-GTC
CCC ATT GTT CAT CAA TTT CTT G-3� (reverse). The
two members were designated MsSPSB and MsSPSB3
(NCBI accession numbers EU234514 and FJ790495). The
MsSPSB3 cDNA was further ampliWed using three diVer-
ent set of primers based on the M. truncatula genomic
sequencing database (http://medicago.org). The primer
pairs used were: 5�-GGT TGT GGC AAG TGT TGA
TG-3� (forward), 5�-TGT TCA CCC AAT GCT TTT
GA-3� (reverse); 5�-AGA ACA TGT GTT GGC GTA TTT
G-3� (forward), 5�-ACA TTT AAA GCA CCC GAA AGA
A-3� (reverse), and 5�- AAG AGT TTG TGG ATG GAG
CAT T-3� (forward), 5�-TGC TGC AGC CTC AAT TAA
AGT A-3� (reverse). A partial alfalfa SPP clone (MsSPP,
NCBI accession number AY651774) was obtained by RT-
PCR ampliWcation from leaf and nodules cDNA using primers
derived from a reported M. truncatula SPP cDNA clone.
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The primers used were 5�-AAT CGA TGG TTC CCG ATG
ATG G-3� (SPP forward) and 5�-GCA CAA CGC TCT
GAG GCA TGC-3� (SPP reverse). The MsSPP and
MsSPSB clones were extended by 5�- and 3�-RACE from
1 �g of RNA from the leaves using 5�- and 3�-cDNA syn-
thesis primers and SMART II oligonucleotides (Clontech,
Mountain View, CA, USA). The reverse transcription reac-
tion was performed using Superscript II reverse transcrip-
tase (Invitrogen, Carlsbad, CA, USA). A total of four
libraries were generated: 5�leaf RACE, 3�leaf RACE,
5�nodule RACE and 3�nodule RACE. The ampliWcation of
the 5�- and 3� ends was performed with Advantage 2 geno-
mic DNA polymerase (Clontech) as recommended by the
users manual. PCR products were subcloned and subjected
to DNA sequencing.

RNA analysis

Total RNA was isolated from leaves and nodules by LiCl
precipitation (De Vries et al. 1982). RNA samples were
fractionated in 1.33% agarose/formaldehyde gels, trans-
ferred to nylon membranes (BioRad, Hercules, CA, USA)
and hybridized to 32P labeled probes for the coding regions
of alfalfa MsSPP, MsSucS, and SPS genes, a 588 bp
MsSPSA fragment, a 641 bp MsSPSB and a 765 bp
MsSPS3 fragment. The nodule-enhanced alfalfa SucS clone
(NCBI accession no. AF049487) was kindly provided by
Dr Carroll Vance (University of Minnesota, St. Paul, MN).
Membranes were hybridized as previously reported (Ortega
et al. 2006). Following hybridization, the Wlters were
washed at either low stringency (3 times with 2X SSC,
0.5% [w/v] SDS and once with 0.5X SSC, 0.5% [w/v] SDS
at 54°C) or high stringency (3 times with 2X SSC, 0.5% [w/v]
SDS, once with 0.5X SSC, 0.5% [w/v] SDS and once with
0.1X SSC, 0.5% [w/v] SDS at 65°C), and exposed to X-ray
Wlm. Band intensities were quantiWed and plotted.

Protein extraction

Plant tissues were ground in liquid N and proteins extracted
in a buVer containing 50 mM Hepes, pH 7.5, 20% (v/v)
glycerol, 5% (v/v) ethylene glycol, 5 mM EDTA, 5 mM
Magnesium acetate, 0.5% Triton X-100, 10 mM DTT, and
a protease inhibitors cocktail (Roche, Indianapolis IN). Pro-
tein extracts were desalted through Sephadex G25 columns
equilibrated in desalting buVer (25 mM Hepes pH, 20%
[v/v] glycerol, 5% [v/v] ethylene glycol, 2.5 mM Magnesium
acetate; 5 mM DTT and protease inhibitors). For anion
exchange chromatography, protein extracted from alfalfa
leaves (3.5 g) and nodules (5 g) was precipitated with
polyethylene glycol (PEG) to a Wnal concentration of 35%
(w/v).

SPS activity determination and fractionation

Data on SPS protein analysis are the results from Wve inde-
pendent experiments. Activity measurements are the
average § SD from at least Wve diVerent data points. Activ-
ity assays were performed as reported by Baxter et al.
(2003). Reaction mixtures contained 10 mM Fru6P, 12 mM
UDPGlc, 2.5 mM Magnesium acetate, 25 mM Hepes (pH
7.2), and increasing concentrations of Glc6P. The SPS
maximum catalytic activity (Vmax) and the activation con-
stant (Ka) for Glc6P were calculated by linear regression
analysis of double reciprocal plots of the Glc6P concentra-
tion versus enzyme activity. The eVect of Pi on SPS activity
was assayed in a reaction mixture containing 5 mM Fru6P,
6 mM UDPGlc, 20 mM Glc6P, 2.5 mM Magnesium ace-
tate, 25 mM Hepes (pH 7.2), and increasing concentrations
of potassium phosphate. Enzyme activity was calculated by
measuring the absorbance at 625 nm, subtracting the absor-
bance of control reactions containing the same amounts of
substrates and eVectors. Glc6P activation and Pi inhibition
were compared to controls containing the same amount of
substrates but no eVectors. The amount of Suc6P produced
was calculated against a standard curve of Suc.

For anion exchange chromatography, 10 ml DEAE
Sephacel columns were equilibrated in running buVer
(10 mM Hepes pH 7.2, 10% [v/v] glycerol, 5% [v/v] ethyl-
ene glycol, 1 mM EDTA). The columns were loaded with
the 35% (w/v) PEG protein fractions, washed with running
buVer and eluted with a 0–0.5 M NaCl linear gradient in
running buVer at Xow rate of 35 ml h¡1, at 4°C. Fractions
were assayed for SPS activity using 10 mM Fru6P, 12 mM
UDPGlc, and 40 mM Glc6P in the reaction mixture.

Protein immunodetection

Proteins were analyzed by SDS PAGE in 10% acrylamide
gels, using a Mini-Protean 3 electrophoresis apparatus
(BioRad) followed by western blotting as described by Ort-
ega et al. (2006). Spinach SPS and SPP antibodies were
kindly provided by Dr. Uwe Sonnewald (Institut für Biolo-
gie, Universität Erlangen-Nürnberg, Erlangen, Germany).
SucS antibodies were kindly provided by Dr. Raymond
Chollet (University of Nebraska, Lincoln, NE). The SPS
antibodies were selected through immunoaYnity puriWca-
tion against spinach SPS following procedures described
(Harlow and Lane 1998). Cross reacting polypeptides were
visualized with an alkaline phosphatase linked secondary
antibody. Experiments for protein analysis were performed
Wve diVerent times with the same results. Only representa-
tive experiments are presented. Immunoreactive bands
were quantiWed and plotted. Molecular mass was estimated
against prestained protein standards (Biorad).
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Analysis of carbohydrates

Soluble carbohydrates were extracted from frozen tissues
by grinding in 10 volumes (v/w) of 80% (v/v) ethanol and
incubating at 70°C for 90 min. Carbohydrate determination
was performed in a Waters Acquity UPLC system with a
Q-TOF mass detector. Carbohydrates were separated on a
2.1 £ 150 mm YMC amino column with a 80–50% (v/v)
acetonitrile gradient in 1 mM LiCl, and detected by nega-
tive electrospray ionization. Carbohydrate concentrations
were calculated from standards run under the same condi-
tions. The pellets from the soluble carbohydrate extraction
were used for enzymatic starch determination following the
method described in Barsch et al. (2006). The amount of
glucose (C6 units) released by enzymatic hydrolysis of
starch was determined by HPLC using a Shodex SC1011
column and quantiWed by comparison to a glucose standard.
The Glc6P concentration in alfalfa tissues was determined
by an enzymatic assay as described in Baxter et al. (2003).

Results

Three functional SPS genes representing the A and B 
families were identiWed in alfalfa

Phylogenetic analysis of SPS genes has deWned four diVer-
ent SPS gene families designated A, B, and C, found in both
monocot and dicot species, and D family, found only in
monocots (Reimholtz et al. 1997; Langenkamper et al.,
2002; Lunn and MacRae 2003; Castleden et al. 2004; Chen
et al. 2005). Functional SPS gene members belonging to
diVerent families were obtained by RT-PCR performed on
leaf and nodule cDNA using gene family-speciWc primer
sets. Several clones obtained using nodule RNA contained a
gene sequence with stronger identity to the SPSA family
which was designated MsSPSA, while the other two gene
sequences obtained using leaf RNA, showed closer similar-
ity to the SPSB family and were designated MsSPSB and
MsSPSB3. Clones were 5� and 3� extended and further char-
acterized. The alfalfa SPS gene sequences were compared to
the corresponding sequences in the M. truncatula genome
sequence database (http://medicago.org). The analysis
showed 96% sequence identity of the MsSPSA gene to the
corresponding M. truncatula SPS gene on chromosome 8,
while the MsSPSB and the MsSPSB3 genes showed 95%
identity to the corresponding genes of M. truncatula (located
in the chromosomes 5 and 3 of the M. truncatula genome,
respectively). The MsSPSB and MsSPSB3 share 83%
nucleotide sequence identity between them. In our attempts
to amplify other SPS genes from alfalfa, we did not succeed
in isolating any SPSC gene members using either genomic
DNA or RNA isolated from leaves and nodules.

MsSPSB genes exhibit leaf-enhanced expression while 
MsSPSA shows nodule-enhanced expression

To determine the expression pattern of the SPS genes in the
diVerent organs of alfalfa, total RNA isolated from leaves,
stem, roots and nodules was subjected to northern blot anal-
ysis using gene fragments of the MsSPSA and MsSPSB
clones and washed at high stringency. The MsSPSA probe
showed hybridization to a band in all the lanes (Fig. 1),
however, the hybridization signal with the nodule RNA
was threefold higher than with the leaf RNA. The MsSPSB
probe showed strong hybridization to leaf RNA and very
weak hybridization to stem RNA. MsSPSB3, used as a
probe showed the same pattern of hybridization as MsSPSB
except that the hybridization signal was slightly higher in
the stems (data not shown). Nevertheless, no hybridization
signal with either of the MsSPSB probes to RNA from
roots or nodules was detected. These results indicate that
both MsSPSB forms are expressed in a leaf-enhanced or
photosynthetic cell-speciWc manner, while the MsSPSA
gene is transcribed constitutively with higher accumulation
of the transcript in the nodules. We also analyzed the
expression pattern of other genes involved in Suc metabo-
lism, SPP and SucS. Since SucS in legume plants is
encoded by a small gene family (Barratt et al. 2001; Horst
et al. 2007; Wienkoop et al. 2008), as may also be the case
for SPP, we used the coding regions of these genes as
probes at low stringency. This should allow for the detec-
tion of the transcripts for all gene family members. The sig-
nal with the MsSPP probe was higher in the leaves but it
was not substantially diVerent from the signals in the other
tissues (Fig. 1). The MsSucS hybridization signal was pre-
dominant in the roots and nodules with the highest signal in
the nodules. While the stems showed some level of hybrid-
ization to the MsSucS probe, the leaves exhibited very low
expression of MsSucS. The data indicate that while SPP is
expressed at similar levels in all the organs tested, the SucS
is expressed mostly in the heterotrophic tissues.

Nodule SPS protein and activity show diVerences 
in electrophoretic and chromatographic patterns, 
and in allosteric regulation compared to leaf SPS

Extracts from leaves and nodules of alfalfa were subjected
to Western blot analysis, in addition to ion exchange chro-
matography. Since SPS enzyme activity is known to be reg-
ulated allosterically (Trevanion et al. 2004), we also
compared the allosteric properties of SPS extracted from
the leaves and the nodules.

Protein extracts from leaves and nodules of alfalfa plants
inoculated with a wild type (WT) Sinorhizobium meliloti
strain, along with a spinach leaf extract, were analyzed
by Western blotting using antibodies against spinach SPS.
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A relatively broad immunoreactive band was seen in the
alfalfa leaf extract that comigrated with the immunoreac-
tive band seen in the spinach leaf extract (Fig. 2a). The
broad immunoreactive band in the leaves may be reXective
of multiple isoforms. The nodule extract showed a much
sharper immunoreactive band migrating slightly faster than
the immunoreactive band in the spinach leaf sample. The
nodules also showed additional immunoreactive bands.
Since the SPS antibodies were selected through immuno-
aYnity puriWcation against spinach SPS, the smaller molec-
ular weight immunoreactive bands probably correspond to
SPS degradation products (Fig. 2a), suggesting that nodule
SPS is more unstable than the leaf isoform.

Anion exchange chromatography showed that SPS from
both leaves and nodules eluted as symmetrical peaks in
fractions corresponding to diVerent salt concentrations. The
activity peak of the leaf SPS eluted at a lower salt concen-
tration than the nodule SPS. The overlap in the elution pro-
Wles of the leaf and the nodule SPS (Fig. 2b) may reXect the
heterogeneous nature of homomeric and heteromeric SPS
dimers resulting from the expression of both SPSA
and SPSB forms in the leaves, and only the SPSA in the
nodules.

Protein extracts from alfalfa leaves and nodules were
also subjected to SPS activity determination. SPS activity
measurements were performed in crude extracts, immedi-
ately after extraction and desalting (Fig. 2a). We standard-
ized the reaction conditions for the alfalfa leaf SPS by
assaying the spinach leaf and alfalfa leaf extracts in paral-
lel, and then used the same assay conditions to compare the
activity of the alfalfa leaf and nodule enzymes. We found
that the response of the alfalfa leaf SPS activity to the
diVerent substrate concentrations was identical to that of
the spinach leaf SPS (data not shown). Optimal substrate
concentrations determined were 10 mM for Fru6P and

Fig. 1 Transcript analysis of genes related to Suc metabolism in
diVerent organs of alfalfa. a Total RNA (18 �g) from leaves (L), stems
(S), roots (R) and nodules (N) of alfalfa was subjected to northern blot
hybridization using probes for genes encoding enzymes involved in
Suc metabolism: sucrose phosphate synthase (MsSPSA, MsSPSB),
sucrose phosphate phosphatase (MsSPP) and sucrose synthase
(MsSucS). The stained gel is shown as a control for loadings. b mRNA
band intensities from at least Wve diVerent blots were quantiWed and the
average § standard error of the mean (SEM) were plotted
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12 mM for UDPGlc, which are the same or closely similar
to those reported for tobacco, maize and wheat leaf SPS
activity assays (Baxter et al. 2003; Im 2004; Trevanion
et al. 2004).

The allosteric eVect of Glc6P on the alfalfa leaf and nod-
ule enzyme activities, under optimal substrate concentra-
tions is shown in Fig. 3. The alfalfa leaf enzyme showed
higher activity than the nodule enzyme in the absence of the
activator (13.6 § 1.0 and 9.2 § 0.7 nmol Suc6P min¡1 mg

protein¡1, respectively). Alfalfa leaf SPS activity showed
an increase of 1.6 and 1.7-fold at 20 and 40 mM Glc6P,
respectively. The speciWc activities for the alfalfa and spin-
ach leaf SPS enzymes at 20 mM Glc6P were 21.5 § 1.6
and 19.1 § 0.6, respectively. Nodule SPS showed a striking
increase in activity in response to Glc6P. The SPS activity
in alfalfa nodule extracts was six times higher at 40 mM
Glc6P, compared to the activity without the activator. It is
noteworthy that the activity curve for nodule extract does
not saturate at this high concentration of Glc6P (Fig. 3).
The total catalytic SPS activity (Vmax) in leaf and nodule
extracts, calculated by linear regression analysis of double
reciprocal plots of Glc6P concentration against enzyme
activity, showed that the SPS Vmax in the WT nodules could
be as much as 3.7-fold higher than in the leaves under high
concentrations of Glc6P (Table 1).

Figure 3 shows the eVect of the Pi on the leaf and nodule
SPS activity under suboptimal substrates and activator con-
centrations. The nodule enzyme showed a sharp decline in
activity at increasing concentrations of Pi, losing up to
86.3% of its activity at 5 mM Pi, whereas, the leaf enzyme
was inhibited only by 15.7% at 2 mM Pi and 25.9% at
5 mM Pi (Fig. 3). We found that the inhibitory eVect of Pi
on the leaf enzyme was similar at 10 and 20 mM Glc6P, in
consequence, the assay conditions reported in this paper are
the same for leaf and nodule samples. The allosteric
response of SPS to Glc6P and Pi inhibition showed that the
leaf and the nodule enzymes are diVerent isoforms and also
show that the SPS in the nodules is more active at high con-
centrations of Glc6P.

MsSPSA transcript levels in the nodules are not aVected 
by the N2 Wxing ability of the symbiont

To determine how N2-Wxation or the C/N status aVect the
expression of MsSPS genes in alfalfa, plants were inocu-
lated with either a WT S. meliloti (strain 2011) or a Fix¡

mutant (strain 1491, Hirsch et al. 1983). Leaf and nodule
RNA from the two sets of plants were subjected to northern

Fig. 3 SPS activity in leaf and nodule extracts of alfalfa plants inocu-
lated with a wild type Sinorhizobium melioti. a Suc6P synthesis by SPS
activity was measured in reactions containing increasing concentra-
tions of the activator Glc6P as indicated. b The inhibitory eVect of inor-
ganic phosphate on SPS activity was assayed in reactions containing
suboptimal concentrations of the substrates and increasing concentra-
tions of potassium phosphate. Values are the average § SD of Wve
independent experiments
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Table 1 SPS activity in nodules and leaves of N suYcient and N deWcient alfalfa plants

Protein was extracted for SPS activity determination from leaves and nodules of plants inoculated with either a WT or a Fix¡ strain of Sinorhizo-
bium meliloti. The SPS maximum catalytic activity (Vmax) and the activation constant (Ka) for Glc6P were calculated by linear regression analysis.
The increase in SPS activity at 40 mM Glc6P is shown as % activation. The eVect of Pi on SPS activity is shown as percent activity remaining at
5 mM Pi

SPS activity (Vmax) Glc6P activation Pi inhibition

nmol min¡1 mg protein¡1 nmol min¡1 g tissue¡1 Ka (mM) % activation % activity remaining

Leaf WT 32.2 § 1.7 624.5 § 93.6 2.1 § 0.5 165.5 § 6.5 74.1 § 6.8

Leaf Fix¡ 31.6 § 0.6 454.1 § 126.0 1.7 § 0.4 157.3 § 10.1 78.5 § 10.1

Nodule WT 86.1 § 19.7 1111.0 § 399.3 22.2 § 8.6 619.4 § 20.1 13.7 § 4.4

Nodule Fix¡ 76.7 § 11.8 535.0 § 267.1 7.0 § 1.2 330.1 § 7.0 33.1 § 10.8
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blot hybridization using the MsSPSA, MsSPSB, MsSPP
and MsSucS probes. As seen in Fig. 4, MsSPSA showed
higher level of hybridization signal to nodule RNA and the
signal intensity was only 10% higher in the Fix¡ nodules
compared to the WT nodules. MsSPSB showed hybridiza-
tion only to leaf RNA and the mRNA levels were 50%
higher in the leaves from the plants inoculated with the
Fix¡ strain. The hybridization signals with the MsSPP
probe were similar in the leaves and 33% lower in the WT
nodules compared to the Fix¡ nodules. The hybridization
signals with the MsSucS probe were lower in the leaves
and nodules of the plants inoculated with the Fix¡ strain

compared to the hybridization signals in the corresponding
tissues from the WT inoculated plants. DiVerences in the
hybridization signals obtained by northern blot analysis
were consistently seen in each of the Wve experiments that
were done with diVerent biological samples. The results
suggest that the absence of N2-Wxation in the nodules is
accompanied by an increase in the steady state level of
MsSPP transcript, a drop in the MsSucS transcript level,
and only a slight change in the MsSPSA mRNA levels.

Steady state accumulation of SPS, SPP and SucS proteins 
in plants inoculated with WT and Fix¡ S. meliloti strains 
correlates with the corresponding transcript proWle

Protein extracts from the leaves and nodules of plants inoc-
ulated with either the WT or Fix¡ strains of S. meliloti were
subjected to SDS PAGE followed by western blotting.
(Fig. 5). The leaves showed one major SPS immunoreac-
tive band, and no diVerence was seen in the level of SPS
protein in the leaves from the two sets of plants. The nod-
ules showed multiple immunoreactive bands and while the
»120 kDa band showed slightly higher level in the WT
nodules, the Fix-nodules showed more of the lower molec-
ular weight immunoreactive bands.

The anti-SPP reacting protein proWle showed major
diVerences between the leaves and the nodules. While one
major 42 kDa SPP band was immunodetected in the leaves,
the nodules showed two bands, one comigrating with the
band in the leaves and a major 45 kDa isoform. The immu-
noreactive 50 kDa band seen in the leaf samples most likely
represents a nonspeciWc reaction against the Rubisco large
subunit. No signiWcant diVerence in the steady level of SPP
protein in the leaves or nodules was seen between plants
inoculated with the WT or Fix¡ bacteria. A minor immuno-
reactive band corresponding to SucS could be detected in
the leaves while the nodules showed signiWcant accumula-
tion of the SucS protein, the level being twofold higher in
the WT nodules compared to the Fix¡ nodules.

SPS from WT and Fix¡ nodules show diVerences 
in activity and in allosteric regulation

We examined the activity and the allosteric eVects of Glc6P
and Pi on the SPS in protein extracts from the leaves and
nodules of plants inoculated with the WT and Fix¡ strains
of S. meliloti. The total catalytic activity (Vmax) of the SPS
extracted from the N deWcient leaves was slightly higher
(37%) than the Vmax of the SPS extracted from the N suY-
cient leaves, while the Vmax of the SPS from the N deWcient
nodules was slightly lower (13%) than the Vmax of the
enzyme from WT nodules (Table 1). SPS from Fix¡ nod-
ules showed a 3.3-fold activation at 40 mM Glc6P, while
SPS from WT nodules was activated 6.2-fold, two times

Fig. 4 Transcript analysis of genes related to Suc metabolism in alfal-
fa nodulated with a WT and a Fix-mutant. a Total RNA (18 �g) from
leaves and nodules of plants inoculated with a wild type Sinorhizo-
bium meliloti (WT) or a N2 Wxation deWcient strain (Fix¡) was sub-
jected to Northern blot hybridization with probes for genes encoding
sucrose phosphate synthase (MsSPSA, MsSPSB), sucrose phosphate
phosphatase (MsSPP), and sucrose synthase (MsSucS). The stained
gel is shown as a control for loadings. b mRNA band intensities from
at least Wve diVerent blots were quantiWed and the average § standard
error of the mean (SEM) were plotted
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higher when compared to that with the Fix¡ nodule
enzyme. Moreover, the activation curve of SPS from the N
deWcient nodules showed saturation at 40 mM Glc6P (data
not shown), while the SPS from WT nodules was not com-
pletely activated at this concentration (Fig. 3). The analysis
showed a signiWcant diVerence in the Glc6P activation con-
stant (Ka) for the SPS enzyme from the WT and the Fix¡

nodules, 22.2 and 7.0 mM, respectively (Table 1), however,
the diVerence in the Glc6P activation constant for the leaf
enzyme was similar between the two N conditions. The
inhibitory eVect of Pi on the leaf SPS was similar in both
sets of inoculated plants (WT and Fix¡ S. meliloti). How-
ever, Pi, inhibited Fix¡ nodule SPS to a smaller extent com-
pared to its inhibitory eVect on the SPS from WT nodules.
The diVerences in the allosteric activation of the nodule

SPS by Glc6P and inhibition by Pi indicate that the N status
may have an eVect on the activation state or the covalent
modiWcation of the nodule enzyme.

The leaves and nodules of alfalfa plants inoculated 
with either WT or Fix¡ S. meliloti show diVerences 
in starch and soluble carbohydrate content

Suc is the main photosynthate used for nodule respiration.
The pathways of starch and Suc synthesis compete for a
common pool of substrates (Flemetakis et al. 2006). We
compared the accumulation of starch and Suc in the nod-
ules and leaves of N suYcient and N deWcient alfalfa plants
and the results were compared to the SPS activity (Table 1).
All the tissues were harvested at midday to avoid diVer-
ences due to diurnal changes in Suc and starch synthesis
and degradation and the experiment was repeated three
times. Analysis showed that Suc account for most of the
soluble carbohydrates in leaves and nodules (data not
shown). The results also showed that nodules accumulate
more Suc than the leaves, whereas the leaves accumulate
three times more starch than the nodules (Table 2). The
leaves and the nodules of N deWcient plants showed a three-
fold and Wvefold increase in the accumulation of starch,
respectively, compared to the leaves and nodules from
plants inoculated with the WT bacteria. On the other hand,
the leaves and nodules of plants inoculated with the Fix¡

mutant showed a »50% drop in the accumulation of Suc
than the tissues from the plants inoculated with the WT
bacteria. The amount of hexoses in the Fix¡ nodules was
higher compared to the WT nodules, while the leaves of
the N deWcient plants showed a drop in the hexose level
compared to the leaves of N suYcient plants (Table 2).
Glc6P was 33% higher in the Fix-nodules than in the
WT nodules, it was lower in the WT leaves and below
the detection limits in the Fix¡ leaves. Our results
showed a correlation between the accumulation of Suc,
SPS activity calculated on a tissue weight basis, and the
N status in the diVerent organs (Tables 1, 2), suggesting
that SPS may have a signiWcant role in nodule C and N
metabolism.

Discussion

The data presented here demonstrates the nodule-enhanced
expression of a SPS gene member, MsSPSA, in alfalfa. The
nodules showed higher accumulation of SPS protein than
the leaves and also exhibited higher SPS activity indicating
that Suc synthesis takes place in the nodules. This is a sur-
prising observation since the nodules obtain their C from
the leaves in the form of Suc. However, there have been
reports of expression of SPS in diVerent kinds of heterotro-

Fig. 5 SPS, SPP, and SucS protein accumulation in leaves and nod-
ules of N deWcient and N suYcient plants. a Protein extracts from
plants inoculated with either a WT or a Fix¡ Sinorhizobium meliloti
were subjected to Western blot analysis using antibodies against SPS,
SPP, and SucS. The amount of protein loaded was 50 �g for SPS, and
25 �g for SPP and 15 �g for SucS immunodetection. The migration of
molecular weight standards (mwm) is as indicated. b Protein band
intensities were quantiWed and plotted. SPS band intensities represent
only the »120 kDa band. SPP band intensities correspond to the
42 kDa leaf SPP band and to the more abundant 45 kDa band in the
nodules
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phic tissues (Hubbard et al. 1991; Geigenberger et al. 1997;
Winter and Huber 2000; Nguyen-Quoc and Foyer 2001;
Roby et al. 2002; Fung et al. 2003; Im 2004; Xu et al.
2007). Moreover, a recent report of the presence of SPS in
N2 Wxing, heterotrophic heterocysts of an Anabaena sp.
(Cumino et al. 2007) suggests that Suc synthesis in the nod-
ules may be crucial with regards to N2 Wxation and N
assimilation as it is in the heterocysts. The presence of
SPS in nodules of other legume species (Supplementary
material, Fig. S2) further emphasizes the ubiquity of SPS in
the root nodules and the importance of SPS in nodule
physiology.

We have identiWed two diVerent SPS gene families that
are diVerentially expressed in alfalfa, one functional
MsSPSA gene member and two functional MsSPSB genes.
BLAST searches against the M. truncatula genome
sequence database (http://medicago.org) using SPSA,
SPSB and SPSC sequences from several plant species
resulted in the identiWcation of only three SPS gene
sequences in M. truncatula that correspond to the same
genes we have identiWed in alfalfa, with a 95% similarity
between the orthologous genes. The high level of synteny
between M. truncatula and M. sativa genomes (Choi et al.
2004) would suggest that alfalfa, as in the case of M. trun-
catula, probably does not have other SPS gene members.
A phylogenetic analysis of the predicted SPS protein
sequences from alfalfa and M. truncatula showed the clus-
tering of the SPSA forms with the Arabidopsis and tobacco
sequences belonging to the SPSA family (Langenkamper
et al. 2002; Castleden et al. 2004; Chen et al. 2005), the
analysis also showed the clustering of the alfalfa and the
M. truncatula SPSB forms with the class B sequences
(Supplementary material Fig. S3).

The MsSPSA gene form was found to be constitutively
expressed in alfalfa, as is the case for the SPSA forms in
sugarcane, citrus, Oncidium goldiana, Craterostigma plant-
agineum, tobacco and wheat (Komatsu et al. 1996; Ingram
et al. 1997; Li et al. 2003; Castleden et al. 2004; Chen et al.
2005; Grof et al. 2006), but its expression in alfalfa is many
fold higher in the nodules compared to the other organs.

The expression of the MsSPSA gene in the nodules, how-
ever, does not seem to be regulated by N2 Wxation or other
factors caused by N deYciency. Since we did not analyze
any other sink tissues like the seeds, we do not know
whether SPSA is a sink-enhanced member in alfalfa. The
alfalfa MsSPSB and MsSPSB3 forms showed leaf-
enhanced expression, unlike tobacco, where the predomi-
nant form in the leaves is SPSC (Chen et al. 2005; LutWyya
et al. 2007). The expression of the leaf-enhanced MsSPSB
genes seems to be regulated by N availability (Fig. 4).
However, the changes in expression of MsSPS genes may
also result from indirect eVects caused by the reduction in
growth under N starvation conditions.

Like SPS, there appears to be more than one isoform of
SPP. Western blot analysis showed two immunoreactive
bands for SPP and one of the isoforms present in the nod-
ules is absent in the leaves. This would suggest that SPP is
encoded by a small gene family in alfalfa, as in other plants
like Arabidopsis and rice (Lunn and MacRae 2003). How-
ever, we have identiWed only one SPP gene in alfalfa, and
only one gene has been identiWed in M. truncatula (Lunn
et al. 2000). BLAST searches of the M. truncatula sequenc-
ing database using SPP nucleotide sequences from diVerent
plant species have resulted in the identiWcation of only one
SPP gene.

The expression pattern of SucS in alfalfa supports the
notion that SucS activity is required for supplying the car-
bohydrates needed for N2-Wxation and N assimilation, with
much higher accumulation of MsSucS mRNA and protein
in the nodules (sink) compared to the leaves (source). SucS
is also important for regulating C metabolism and N2 Wxa-
tion (Gordon et al. 1999; Barratt et al. 2001; Colebatch
et al. 2002; Hohnjec et al. 2003). Downregulation of SucS
by mutations in pea or antisense strategy in L. japonicus
and M. truncatula has dramatic negative eVects on the
establishment and maintenance of an eYcient N2 Wxing
symbiosis (Barratt et al. 2001; Baier et al. 2007; Horst et al.
2007). Furthermore, the SucS transcript and protein level
are higher in the WT nodules compared to Fix¡ nodules
(Figs. 4, 5).

Table 2 Carbohydrate and starch content in nodules and leaves of N suYcient and N deWcient alfalfa plants

Tissues were harvested at the same time of day, 28 day after inoculation with either a WT or a Fix¡ strain of Sinorhizobium meliloti. Sucrose and
hexoses were analyzed by LC/MS. Starch and Glc6P concentrations were determined enzymatically. Data are the average § SD from three
independent experiments

ND non-detected

Glucose (�mol g 
tissue¡1 § SD)

Fructose (�mol g 
tissue¡1 § SD)

Glucose-6P (�mol g 
tissue¡1 § SD)

Sucrose (�mol g 
tissue¡1 § SD)

Starch (�mol C6 units g 
tissue¡1 § SD)

Leaf WT 0.42 § 0.06 0.96 § 0.14 0.02 § 0.01 10.5 § 1.2 93.6 § 10.4

Leaf Fix¡ 0.08 § 0.01 0.22 § 0.03 ND 5.8 § 0.9 306.6 § 25.2

Nodule WT ND 0.08 § 0.01 0.06 § 0.01 28.5 § 3.2 36.7 § 12.7

Nodule Fix¡ 0.18 § 0.03 0.24 § 0.04 0.08 § 0.01 16.7 § 1.5 160.0 § 15.2
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The pathways for Suc utilization in alfalfa nodules are
shown in Fig. 6. While the major part of the pathway is
known to occur in the nodules, we introduced the reactions
catalyzed by SPS, SPP and SucS based on the information
obtained from this study. Suc is metabolized by either SucS
to produce UDPGlc and Fru, or by invertase to produce Glc
and Fru, which after phosphorylation by hexokinases,
either enter the glycolytic or the oxidative pentose phos-
phate pathways and are metabolized to phosphoenol pyru-
vate (PEP), which is converted to oxaloacetic acid and then
to L-malate, to fuel nitrogen Wxation in the bacteroids, and
to �-ketoglutarate for the assimilation of ammonia by the
GS-GOGAT pathway (Barsch et al. 2006; Tesfaye et al.
2006). The relative contribution of SucS and alkaline/neu-
tral invertase in the partitioning of C between the diVerent
pathways in the nodules is not clear, but the evidence indi-
cates that invertase contributes to the provision of hexoses
for starch biosynthesis (Flemetakis et al. 2006). However, a
more recent report on the analysis of mutants for the nodule
isoform of alkaline/neutral invertase (LjNV1), showed no
change in the number of starch granules compared to the
nodules on WT plants (Welham et al. 2009). Moreover,
since the LjNV1 mutants were capable of forming func-
tional root nodules, it would follow that LjNV1 does not
play a crucial role in nodule formation or function. In con-
trast, however, the nodule-enhanced isoforms of SucS are
required for nodule function in diVerent legumes (Gordon
et al. 1999; Baier et al. 2007; Horst et al. 2007). The spatial
expression patterns of SucS in M. truncatula nodules and
SucS and invertase in L. japonicus nodules, suggest that
Suc is primarily hydrolyzed in the vascular tissues and that

hexoses are transported to the central part of the nodules
(Flemetakis et al. 2003; Hohnjec et al. 2003).

Starch content in the Fix¡ nodules is almost fourfold
higher than in WT nodules and there is higher accumulation
of hexoses in the Fix¡ nodules indicating a change in the
allocation of carbon. The hexoses derived from breakdown
of Suc are channelled more into starch synthesis in the Fix¡

nodules. Higher SPS activity along with low starch levels
in the WT nodules may suggest that one of the roles for
SPS in nodules is to synthesize Suc from the breakdown of
starch, as in the case of Anabaena heterocysts, where it has
been proposed that SPS functions to synthesize Suc from
the degradation of glycogen (Cumino et al. 2007).

An inverse correlation in the accumulation pattern of
Suc and starch along with the hexoses in the WT and Fix¡

nodules, suggests that SPS might have a regulatory role in
C cycling in the nodules, as in other sink tissues. Suc
cycling occurs in photosynthetic tissues when the C uptake
exceeds the capacity for carbohydrate utilization (Reich
et al. 2006), but Suc cycling in heterotrophic tissues has
additional physiological roles (Geigenberger et al. 1997;
Rae et al. 2005). Unloaded Suc can undergo this cycle that
could facilitate sensitive regulation of Suc mobilization in
response to changes in the supply and the demand of Suc
(Xu et al. 2007). Thus, SPS in the root nodules might func-
tion to maintain the concentration of the diVerent carbohy-
drates for optimum functioning of the nodules.

DiVerences in SPS activity and accumulation of SucS
between the WT and Fix¡ nodules, suggest that the process
of Suc breakdown and re-synthesis is more active in the
WT nodules engaged in the processes of N2 Wxation and

Fig. 6 Sucrose utilization path-
ways in the nodules. Reactions 
in bold represent the Suc cycling 
involving the enzymes SPS, SPP 
and SucS
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ammonia assimilation. This is an indication of an important
role for SPS in nodule physiology. Our results on the char-
acterization of SPS activity in alfalfa show that nodule SPS
activity is very low at low concentrations of the activator
Glc6P, but its activity increases to high levels at higher
concentration of Glc6P. This type of allosteric response to
Glc6P activation would make the enzyme very active when
hexose phosphate pools become high, allocating more C to
Suc synthesis, and modulating the amount of C available
for respiration and other physiological processes. The allo-
steric diVerences between the Fix¡ and WT nodule SPS
indicate that the N status has a role in the activation state of
the enzyme, resulting in diVerences in modulation by the
Glc6P concentration in the nodules. However, it is also pos-
sible that the diVerences in the allosteric properties of SPS
between the WT and Fix-nodules may not be due to diVer-
ences in the N status but could be attributed to diVerences
in the sucrose levels. The Glc6P concentration is higher in
the Fix¡ than in the WT nodules, which is expected if less
Glc6P is allocated for the production of energy and C skel-
etons for N2 Wxation and N assimilation. The excess of C in
the Fix¡ nodules is allocated to the synthesis of starch
instead of Suc synthesis as in the WT nodules. The diVer-
ences in the allosteric response of SPS to Glc6P in the nod-
ules may be a determinant of allocating C to either Suc or
starch synthesis. The SPS protein in the Fix¡ nodules
appears more labile, as shown by the presence of protein
degradation products reacting with the anti-SPS antibody
(Fig. 6). The control of nodule SPS activity by protein turn-
over may be of physiological signiWcance in the nodules as
has been suggested in general for SPS (Lunn and MacRae
2003). The diVerences in the allosteric properties of nodule
SPS suggest diVerences in protein modiWcation, like phos-
phorylation, which may also render the enzyme a target for
degradation (Zuk et al. 2005). It has been shown that the
phosphorylation state of SPS is the largest determinant of
its catalytic activity (Winter and Huber 2000; Huber 2007).

If as we propose that SPS and SPP along with SucS
are involved in cytosolic cycles of sucrose breakdown
and synthesis to allow for maintaining sucrose concen-
tration at regulatory levels, then the expression of the
relevant genes should be co-localized. Experiments are
in progress to localize the site of SPS expression in the
nodules. Eventually taking a genetic manipulation
approach will provide an answer as to the role of SPS in
the nodules.
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