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Summary

 

• Here, nodulated lupins (

 

Lupinus angustifolius

 

 (cv Wonga)) were hydroponically
grown at low phosphate (LP) or adequate phosphate (HP).
• Routes of pyruvate synthesis were assessed in phosphorus (P)-starved roots and
nodules, because P-starvation can enhance metabolism of phospho

 

enol

 

pyruvate
(PEP) via the nonadenylate-requiring PEP carboxylase (PEPc) route. Since nodules
and roots may not experience the same degree of P stress, it was postulated that
decreases in metabolic inorganic phosphorus (P

 

i

 

) of either organ, should favour more
pyruvate being synthesized from PEPc-derived malate.
• Compared with HP roots, the LP roots had a 50% decline in P

 

i

 

 concentrations and
55% higher ADP : ATP ratios. However, LP nodules maintained constant P

 

i

 

 levels
and unchanged ADP : ATP ratios, relative to HP nodules. The LP roots had greater
PEP metabolism via PEPc and synthesized more pyruvate from PEPc-derived malate.
In nodules, P supply did not influence PEPc activities or levels of malate-derived
pyruvate.
• These results indicate that nodules were more efficient than roots in maintaining
optimal metabolic P

 

i

 

 and adenylate levels during LP supply. This caused an increase
in PEPc-derived pyruvate synthesis in LP roots, but not in LP nodules.
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Introduction

 

The single most important factor limiting legume growth is
its dependence on P availability in the soil (Vance, 2001). The
influence of P

 

i

 

 on symbiotic dinitrogen (N

 

2

 

) fixation in
leguminous plants has received considerable attention (Israel,
1987) but its role in maintaining nodule metabolism remains
unclear. It has been observed that soybeans grown with
fertilizer nitrogen (N) have a lower phosphorus (P) requirement
than when N is obtained from symbiosis (Leidi & Rodríguez-
Navarro, 2000). Additionally, it was demonstrated that nodules
can take up P from the host, but do not readily release its P
reserves to the host root (Al-Niemi 

 

et al

 

., 1998) suggesting
that nodules form strong sinks for P. Furthermore, this

important role of P in nodules is supported by the threefold
higher P concentrations compared with other tissues (Vadez

 

et al

 

., 1997). Therefore, under conditions of P limitation, the
optimum symbiotic interaction between the host plant and
rhizobia would depend on efficient allocation and use of
available P (Al-Niemi 

 

et al

 

., 1997, 1998).
During P deficiency in nonlegume roots, the most signifi-

cant effect was observed in respiratory carbon metabolism
(Freeden 

 

et al

 

., 1989; Rychter & Randall, 1994; Plaxton,
1996). Inorganic phosphate (P

 

i

 

) is known to regulate bioen-
ergetic processes in plants by being one of the substrates
for photo- and oxidative phosphorylation. Investigations
into plant adaptation to P starvation have revealed that plants
induce alternative pathways of glycolysis and mitochondrial
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electron transport (Duff 

 

et al

 

., 1989; Rychter 

 

et al

 

., 1992;
Theodorou & Plaxton, 1993). This is seen as an adaptive
strategy to facilitate mitochondrial respiration by P

 

i

 

-deficient
plant cells (Plaxton, 1996; Sieger 

 

et al

 

., 2005). Phosphorus
deficiency causes a decline in cytosolic P

 

i

 

 and adenylates (Rychter

 

et al

 

., 1992) and under these conditions the increased engage-
ment of these alternative routes is perceived to ‘bypass’ the
necessity for adenylates and P

 

i

 

, utilized under nonstressed
conditions (Duff 

 

et al

 

., 1989; Nagano 

 

et al

 

., 1994). These
bypasses act as nonphosphorylating alternative routes of C
and electron flow and allow mitochondrial respiration to
proceed under conditions of high cellular energy charge levels
or stress conditions such as P

 

i

 

 deficiency (Rychter 

 

et al

 

., 1992;
Rychter & Randall, 1994). For C metabolism, a major point
of divergence in glycolysis is at the PEP branchpoint. Three
enzymes at this branchpoint implicated in primary PEP
metabolism are pyruvate kinase (PK, EC 2.7.1.40), phospho

 

enol

 

pyruvate carboxylase (PEPc, EC 4.1.1.31) and phospho

 

e-
nol

 

pyruvate phosphatase (PEP phosphatase, EC 3.1.3.60).
Although PEP phosphatase can be induced under condi-

tions of P deficiency (Duff 

 

et al

 

., 1989; Juszczuk & Rychter,
2002), PEP metabolism via vacuolar PEP phosphatase would
be energetically unfavourable under P deficiency (Theodorou
& Plaxton, 1993). Pyruvate kinase catalyses the transfer of a
phosphate group from PEP to ADP to yield ATP and pyru-
vate. It is postulated that the decline of adenylates and P

 

i

 

during P stress should restrict pyruvate synthesis from PEP via
PK (Theodorou & Plaxton, 1993; Plaxton, 1996). Apart from
the generation of pyruvate via the conventional route of
glycolysis, it can alternatively be synthesized from malate by the
combined action of cytosolic PEPc, malate dehydrogenase
(MDH, EC 1.1.1.37) and mitochondrial ME (ME, EC
1.1.1.38). Apart from supplying anaplerotic carbon (C) to
replenish tricarboxylic acid (TCA)-cycle intermediates,
elevated PEPc caused by P

 

i

 

 limitation may be a response to
increased demands for pyruvate and/or P

 

i

 

 recycling ( Juszczuk
& Rychter, 2002).

Although PEPc can play a major role in alternative routes
of C metabolism under P

 

i

 

 stress, the enzyme is also pivotal
for the normal functioning of nodules. In amide-exporting
legumes, this route via PEPc is vital to provide C skeletons for
the assimilation of NH

 

4
+

 

 (Christeller 

 

et al

 

., 1977; Vance 

 

et al

 

.,
1985; Vance & Snapp, 1986). Furthermore, PEPc provides a
portion of the C for both malate and aspartate synthesis
(Romanov 

 

et al

 

., 1985). There is consensus that dicarboxylic
acids are the major source of C for bacteroids in the symbio-
some (Streeter, 1987; Rosendahl 

 

et al

 

., 1990). In addition,
malate is an important bacteroid respiratory fuel because
of the high concentration of this metabolite in the nodules
(Vance 

 

et al

 

., 1985; Rosendahl 

 

et al

 

., 1990). A recent study of
the P

 

i

 

-starved model legume, 

 

Lotus japonicus

 

 found that the
concerted actions of PEPc and MDH are upregulated under
P deficiency (Keller, 2003). It is possible that in legumes,
PEPc-derived C may also be used for the increased pyruvate

requirement and/or P

 

i

 

 recycling during P starvation ( Juszczuk
& Rychter, 2002).

To date, P stress and its effects on the route of pyruvate
synthesis in symbiotic roots and nodules has not been investi-
gated in legume root systems. The aim of this study was to
determine whether symbiotic roots and nodules experience
similar levels of P stress and the consequence of P

 

i

 

 deficiency
on PEP metabolism in each organ. This was studied using
cellular P

 

i

 

 and adenylate levels and assessing the routes of
pyruvate synthesis from PEP.

 

Materials and Methods

 

Plant growth conditions

 

All seeds were grown in vermiculite, which was commercially
irradiated by a cobalt C-60 source of gamma radiation at a
dose of 18 kGy. Pots measuring 10 cm in diameter were
washed in Ekon-D (Merck Chemicals, Wadeville, Gauteng,
South Africa) and rinsed in distilled water, then dried. The
pots were then filled with vermiculite. For all experiments,
seeds of 

 

Lupinus angustifolius

 

 L. (cv. Wonga) were inoculated
with a rhizobial inoculum containing 

 

Bradyrhizobium

 

 sp.
(

 

Lupinus

 

) bacteria. Seeds of lupins were coated in a saturated
sucrose solution and 2 g of inoculum per 150 seeds was added
and mixed. The seeds were spread out, away from direct
sunlight, to allow the inoculum to dry until manageable.
Once dry, the seeds were planted in the pots containing
vermiculite.

Seeds were germinated in an east-facing glasshouse at the
University of Stellenbosch, Stellenbosch, South Africa. The
range of midday irradiances was between 540 and 600 µmol
m

 

−

 

2

 

 s

 

−

 

1

 

 and the average day/night temperatures and humidities
were 23/15

 

°

 

C and 35/75%, respectively. Pots were watered
daily with distilled water until seeds germinated. Upon germi-
nation seedlings were watered once every 2 d for 3–4 wk,
until nodule formation had occurred. Once nodule formation
was established, the seedlings were transferred to 22-l hydro-
ponic tanks under the same glasshouse conditions. The tanks
contained a modified Long Ashton nutrient solution (Hewitt,
1966) containing no N, 2 m

 

M

 

 PO

 

4
3–

 

 and 0.05 m

 

M

 

 2-(

 

N

 

-
morpholino) ethanesulfonic acid (MES) (pH 6). Solutions
were changed every 3–4 d. The hypocotyls of seedlings were
wrapped with foam rubber at their bases and inserted through
holes in the lids of the tanks. Each tank was supplied with an
air supply line, which bubbled air containing 360 p.p.m.
CO

 

2

 

. Once nodules were established and of adequate size,
usually in the third or fourth week of hydroponic growth,
plants were divided into two treatments. Two of the four
hydroponic tanks were supplied with nutrient solution
containing adequate P (2 m

 

M

 

 PO

 

4
3–

 

; control), the other half
were supplied with nutrient solution containing low P (2 µ

 

M

 

PO

 

4
3–

 

; LP treatment). Phosphorus starvation was induced for
14 d, after which plants were harvested.
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Inorganic phosphate and adenylate level 
determinations

 

The P

 

i

 

 levels were determined using a modified Fiske–
Subbarow method (Rychter & Mikulska, 1990). Approximately
0.5 g of root or nodule were homogenized in 500 µl 10%
trichloroacetic acid at 4

 

°

 

C. This was diluted 3 times with cold
5% trichloroacetic acid and centrifuged for 10 min at 2500

 

g

 

at 4

 

°

 

C. The supernatant was removed and centrifuged a
further 10 min at 13 000

 

g

 

 at 4

 

°

 

C. The resultant supernatant
was kept on ice (or stored at 

 

−

 

20

 

°

 

C) until ready for use. For
adenylate level determinations, samples were extracted using
the method from Stitt 

 

et al

 

. (1983). The resulting supernatant
was placed at room temperature in a rotary evaporator (Speed
Vac Plus SC 110A; Savant Instruments, Holbrook, NY, USA)
for approx. 24 h to yield a dry pellet. The pellet was redissolved
in the 200 µl of 10 m

 

M

 

 

 

N

 

-2-hydroxyethylpiperazine-

 

N

 

′

 

-2-
ethanesulfonic acid (HEPES) (pH 8.0). Samples were analysed
by high-pressure liquid chromatography (HPLC) using a
Phenomenex Aqua 5 µ C18 125A, 150 

 

×

 

 4.6 mm column
(Torrance, CA, USA). A sample volume of 20 µl was injected
onto the column. Buffer A (0.1 

 

M

 

 K

 

2

 

HPO

 

4

 

/KH

 

2

 

PO

 

4

 

 and
5 m

 

M

 

 tetrabutylammonium hydrogen sulphate, pH 6.0) was
passed through the column at a rate of 0.8 ml min

 

−

 

1

 

 and
buffer B (70% A, 30% methanol) was passed through the
column at a rate of 0.7 ml min

 

−

 

1

 

. The detection took place in
the UV range at 254 nm and at a column temperature of 30

 

°

 

C.

 

Protein extraction and determination

 

The extraction was performed according to Ocaña 

 

et al

 

.
(1996) modified so that 0.5 g of tissue was extracted in 2 ml
of extraction buffer consisting of 100 m

 

M

 

 Tris-HCl (pH 7.8),
1 m

 

M

 

 ethylenediaminetetraacetic acid (EDTA), 5 m

 

M

 

dithiothreitol (DTT), 20% (v/v) ethylene glycol, plus 2%
(m/v) insoluble polyvinylpolypyrrolidone (PVPP) and one
Complete Protease Inhibitor Cocktail tablet (Roche
Diagnostics, Randburg, South Africa) per 50 ml of
buffer. The protein concentration was determined by the
procedure of Bradford (1976) using a protein assay reagent
(Bio-Rad Laboratories, Johannesburg, South Africa) and bovine
serum albumin (BSA) as standard.

 

Enzyme assays

 

All reactions were initiated by adding 30 µl crude extract
to reaction mixture in a total volume of 250 µl. The initial
reaction rates have been shown to be proportional to the
concentration of enzyme used under the conditions used.

 

Phospho

 

enol

 

pyruvate carboxylase

 

The PEPc activity was
determined spectrophotometrically by coupling the carboxylation
reaction with exogenous NADH-malate dehydrogenase and
measuring NADH oxidation at 340 nm and 30

 

°

 

C. The standard

assay mixture contained 100 mM Tris (pH 8.5), 5 mM MgCl2,
5 mM NaHCO3, 4 mM PEP, 0.20 mM NADH, 5 U MDH
(Ocaña et al., 1996). The blanks consisted of a reaction
medium without PEP.

Pyruvate kinase The PK activity was assayed in a buffer
modified to contain 75 mM Tris-HCl (pH 7.0), 5 mM MgCl2,
20 mM KCl, 1 mM ADP, 3 mM PEP, 0.18 mM NADH and
lactate dehydrogenase (3 U) (McCloud et al. Smith, 1985,
2001). The blanks consisted of one reaction in which ADP
was omitted and then another from which PEP was absent.

NADH-Malate dehydrogenase The MDH activity was
assayed as described by Appels & Haaker (1988). The reaction
mixture contained 25 mM KH2PO4, 0.2 mM NADH,
0.4 mM oxalo-acetic acid (OAA). The pH was adjusted to 7.5
with 1 mM HCl (Appels & Haaker, 1988). The blanks
consisted of a reaction medium without OAA.

Malic enzyme This assay monitored the increase in
absorption at 340 nm caused by the formation of NADPH
or NADH. The assay mixture contained 80 mM TRIS-HCl
(pH 7.5), 2 mM MnCl2, 1 mM malate and 0.4 mM NADP or
NAD+ (Appels & Haaker, 1988). The blanks consisted of a
reaction medium without malate.

Whole plant 14C incorporation

Roots of intact plants were supplied with 42 nmol NaHCO3
containing 0.093 MBq NaH14CO3, and pulsed with air for
30 s thereafter every 15 min for 1 h. In addition to the 15-
min intervals of air pulses, the solutions in the cuvettes were
also swirled by hand every 5 min. After 1 h the plants were
harvested. Roots were rinsed twice in separate containers of
distilled water and blotted dry. Plants were then separated into
root, nodule and shoot components, which were immediately
weighed and quenched in liquid N before storage at −80°C.

14C fractionation

Components were homogenized with 80% (v/v) ethanol and
separated into soluble and insoluble components. The soluble
component was subsequently separated into water-soluble and
chloroform-soluble components. The water-soluble component
was further fractionated into amino acid, organic acid, and
carbohydrate fractions, as described by Atkins & Canvin (1971).

Separation and collection of malate and pyruvate 
fractions

High performance liquid chromatography separations
were made isocratically on a 30 × 0.78 cm Bio-Rad Aminex
Ion Exclusion HPX-87H organic acid column. The HPLC
analysis was carried out on an Alliance 2690 Separations Module
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equipped with a 996 Photodiode array detector (Waters,
Milford, MA, USA). The mobile phase consisted of 30 mM

H2SO4 at a flow rate of 0.6 ml min−1. Eluting peaks were
detected by ultraviolet absorption at 247 nm and at a column
temperature of 50°C. The system was calibrated with known
standards (0–100 mM of malate and pyruvate) for quantification
and determination of retention time, and was co-chromatographed
with the sample for identification. Data analysis was done
using MILLENIUM32 Chromatography software (Waters). In
addition, the organic acid fractions of interest were manually
collected for the determination of radioactivity in the specific
organic acids (i.e. malate and pyruvate). Radioactivity
measurements were made on a liquid scintillation counter.

Malate-derived pyruvate calculation

In order to calculate the pyruvate levels that were synthesized
from PEPc-derived malate, it was assumed that the 14C-
labelled pyruvate is synthesized from 14C-labelled malate via,
malic enzyme (ME, EC 1.1.1.38). The malate-derived pyruvate
levels were obtained by dividing the 14C-labelled pyruvate
concentration by the total pyruvate concentration:

Malate-derived pyruvate (mmol 14C mmol pyruvate) 
= mmol 14C-pyruvate f. wt−1/mmol pyruvate f. wt−1

Statistical analysis

Averages for the data are means of separate replicates (n = 4).
All data were analysed by single ANOVA. Percentage data was
arcsine transformed before analysis and ratios were square-
root transformed before analysis. All data were then subjected
to a post hoc LSD test to determine significance.

Results

Biomass

Plant dry weights from the low phosphate (LP) treatments show
lower growth than with adequate phosphate (HP) supply and
also increases in the root : shoot and root : plant ratios
(Table 1). Although the dry weights of nodules were reduced
in the LP treatment, the number of nodules per plant was
unchanged with LP supply.

Inorganic phosphate and adenylate levels

Under LP (2 µM PO4
3–) conditions roots had approximately

50% lower Pi levels than roots supplied with high (2 mM

PO4
3–) phosphate (HP), while for nodules there was no

significant decline in Pi under LP conditions (Table 2). A
similar pattern was observed in the cytosol of roots and nodules
with LP. Cellular ATP concentrations of roots under LP
conditions also showed a similar decline in levels compared

with roots at HP (Table 2). Moreover, this decline in ATP
concentrations for LP roots corresponds with the low
cytosolic Pi levels (Table 2). Compared with the 90% decline
in ATP concentration in LP roots, the nodules under LP only
showed a 30% lower ATP level relative to the HP control
(Table 2). The ADP concentrations were lower in LP roots,
but there was no change in ADP levels between nodules at LP
and HP supply (Table 2). The ADP : ATP ratio increased
significantly in roots at LP, but not in nodules under the same
conditions (Table 2). These data indicate a more severe P
stress in LP roots than LP nodules.

PEPc activity

The protein content of nodules and roots decreased
significantly with LP supply (Table 2). Nodules had a higher
total protein content per unit mass than roots (data not
shown). Under LP conditions, the specific PEPc activity was
greatly enhanced in roots but in nodules the PEPc activity
remained unaffected by LP conditions (Fig. 1).

14CO2 incorporation and organic acid synthesis

The uptake and incorporation of radiolabelled 14CO2 by
PEPc (Table 3) into nodules were unaffected by LP supply.
However, root uptake of 14CO2 and its subsequent incorpor-
ation into organic acids were higher at LP supply than at
HP. There was no difference in 14C-labelled pyruvate levels
between nodules at the two P levels, but roots had higher 14C-
labelled pyruvate concentrations at LP than at HP (Table 3).
The highest concentration of 14C-labelled malate was

Table 1 Biomass and protein concentrations of phosphorus (P)-
starved and P-sufficient lupin (Lupinus angustifolius) plants
 

 

Parameters
Low phosphate
(2 µM)

High phosphate
(2 mM)

Biomass
Root d. wt (mg)  77 ± 12 a  70 ± 10 a
Shoot d. wt (mg)  480 ± 15 a  620 ± 29 b
Nodule d. wt (mg)  41 ± 2 a  62 ± 3 b
Plant d. wt (mg)  598 ± 17 a  752 ± 41 b
Nodule number per plant  10 ± 1.21 a  8 ± 2.27 a
Dry weight ratios
(without nodules) root : shoot 0.16 ± 0.02 b 0.11 ± 0.01 a
(with nodules) root : shoot 0.24 ± 0.02 b 0.21 ± 0.01 a

Nodulated L. angustifolius (cv Wonga) plants were grown for 5 wk 
in hydroponic culture in N-free Long Ashton nutrient solution 
containing 2 mM P. The solution was aerated with ambient air 
containing 380 p.p.m. CO2 at the root-zone. Phosphorus starvation 
was induced for 14 d in the low P-treatment by switching the P 
supply to 2 µM P. The P-sufficient plants remained at 2 mM P supply. 
Values are presented as means ± SE of separate replicates (n = 4). 
Different letters indicate significant differences between each 
treatment (P ≤ 0.05).
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Table 2 Adenylate and protein concentrations of phosphorus (P)-starved and P-sufficient lupin plants
 

 

Parameters

Low phosphate (2 µM) High phosphate (2 mM)

Root Nodule Root Nodule

P Concentration
Pi (µmol g−1 f. wt) 6.13 ± 0.61 a 5.51 ± 0.32 a 12.73 ± 1.19 b 7.71 ± 0.50 a
Adenylates
ATP concentration (nmol g−1 f. wt) 41.10 ± 8.97 a 444.12 ± 33.17 b 458.82 ± 90.52 b 779.15 ± 111.68 c
ADP concentration (nmol g−1 f. wt) 179.48 ± 60.28 a 3307.81 ± 552.16 c 906.63 ± 82.54 b 5450.12 ± 908.11 c
ADP : ATP ratio 4.37 ± 1.05 b 7.45 ± 0.85 c 1.98 ± 0.35 a 7.05 ± 0.31 c
Total protein
Protein concentration (mg g−1 f. wt) 0.11 ± 0.01 a 0.76 ± 0.05 c 0.33 ± 0.01 b 1.03 ± 0.09 d

Nodulated Lupinus angustifolius (cv Wonga) plants were grown for 5 wk in hydroponic culture in nitrogen (N)-free Long Ashton nutrient 
solution containing 2 mM P. The solution was aerated with ambient air containing 380 p.p.m. CO2 at the root-zone. Phosphorus starvation was 
induced for 14 d in the low-P treatment by switching the P supply to 2 µM P. The P-sufficient plants remained at 2 mM P supply. Values are 
presented as means ± SE of separate replicates (n = 4). Different letters indicate significant differences between each treatment (P ≤ 0.05).

Table 3 Incorporation of root-zone 14CO2 into roots and nodules of phosphorus (P)-starved and P-sufficient lupin roots and nodules
 

 

Incorporation parameters 
after 60 min of 14CO2 exposure

Low phosphate (2 µM) High phosphate (2 mM)

Root Nodule Root Nodule

14C concentration
Total incorporation (µmol C g−1 f. wt min−1) 62.35 ± 11.06 b 46.48 ± 5.74 a 46.36 ± 5.37 a 53.85 ± 2.82 a
14C fractions of total incorporation (%)
Organic acids 76.70 ± 1.55 b 69.57 ± 1.44 a 63.41 ± 1.40 a 66.72 ± 1.56 a
Amino acids 11.94 ± 1.96 a 22.04 ± 2.73 b 11.63 ± 1.37 a 24.76 ± 3.32 b
Neutral fraction 1.23 ± 0.49 b 2.57 ± 0.48 c 0.43 ± 0.09 a 2.81 ± 0.92 c
Specific 14C incorporation
14C-Malate concentration (µmol g−1 f. wt) 9.64 ± 1.23 a 85.12 ± 6.45 b 8.56 ± 0.73 a 9.83 ± 1.78 a
14C-Pyruvate concentration (mmol g−1 f. wt) 3.34 ± 0.88 c 0.19 ± 0.06 a 1.31 ± 0.47 b 0.21 ± 0.03 a

Nodulated Lupinus angustifolius (cv Wonga) plants were grown for 5 week in hydroponic culture in nitrogen (N) free Long Ashton nutrient 
solution containing 2 mM P. The solution was aerated with ambient air containing 380 p.p.m. CO2 at the root-zone. Phosphorus starvation was 
induced for 14 d in the low-P treatment by switching the P supply to 2 µM P. The P-sufficient plants remained at 2 mM P supply. Values are 
presented as means ± SE of separate replicates (n = 4). Different letters indicate significant differences between each treatment (P ≤ 0.05).

Fig. 1 Phosphoenolpyruvate carboxylase 
(PEPc) activity of phosphorus (P)-starved and 
P-sufficient lupin roots and nodules. 
Nodulated Lupinus angustifolius (cv Wonga) 
plants were grown for 5 wk in hydroponic 
culture in a N-free Long Ashton nutrient 
solution containing 2 mM P. The solution was 
aerated with ambient air containing 
380 p.p.m. CO2 at the root-zone. 
Phosphorus starvation was induced for 14 d 
in the low P treatment by switching the P 
supply to 2 µM P. The P-sufficient plants 
remained at 2 mM P supply. Values are 
presented as means ± SE of separate 
replicates (n = 4). Different letters indicate 
significant differences between each 
treatment (P ≤ 0.05).
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found in LP nodules, while the levels of 14C-labelled malate
remained unchanged for all other roots and nodules (Table 3).
Under LP supply, the activity of PK increased fivefold in
roots, while its activity was unaffected in nodules under LP
supply (Fig. 2a). Root MDH activity showed no change
during LP conditions (Fig. 2b), while for nodules the activity
of MDH increased 10-fold during LP stress. Compared
with HP conditions, the cytosolic (NADP+)-ME activities
were approximately threefold higher in LP roots and were
unchanged in LP nodules (Fig. 2c). Mitochondrial (NAD+)-

ME activities of roots and nodules were unaffected by LP
conditions (Fig. 2d).

In close agreement with the MDH activities, root malate
concentrations were unaffected by LP starvation, while there
was a pronounced increase in malate levels in nodules sub-
jected to LP (Fig. 3a). The levels of pyruvate synthesized from
malate (PEPc-derived 14C) remained constant in the nodules
during both LP and HP treatments (Fig. 3b), while in the
roots more pyruvate was synthesized from malate under LP
starvation conditions (Fig. 3b).

Fig. 2 In vitro specific activity of (a) pyruvate 
kinase (PK), (b) malate dehydrogenase 
(MDH), (c) NADP-malic enzyme (ME) and (d) 
NAD+-ME of phosphorus (P)-starved and P-
sufficient lupin roots and nodules. Nodulated 
Lupinus angustifolius (cv Wonga) plants were 
grown for 5 wk in hydroponic culture in a N-
free Long Ashton nutrient solution containing 
2 mM P. The solution was aerated with 
ambient air containing 380 p.p.m. CO2 at the 
root-zone. Phosphorus starvation was 
induced for 14 d in the low-P treatment by 
switching the P supply to 2 µM P. The P-
sufficient plants remained at 2 mM P supply. 
Values are presented as means ± SE of 
separate replicates (n = 4). Different letters 
indicate significant differences between each 
treatment (P ≤ 0.05).
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Discussion

In this study the effects of P deficiency are reported for plants
grown at 2 µM P, which was lower than reported concentrations
(50 µM) used for P starvation studies in soybeans (Sa &
Israel, 1991). The 2 mM P levels used as a HP control also
compares favourably with previous work using a 1.75 mM P
control treatment to P starvation (Rychter & Mikulska, 1990;
Rychter et al., 1992; Rychter & Randall, 1994; Ciereszko
et al., 1999; Juszczuk et al., 2001). The reduced plant growth
and the increased root : shoot ratios of LP plants are typical
responses for plants under P limitation (Rychter & Mikulska,
1990; Juszczuk et al., 2001). Furthermore LP supply reduced
nodule growth as a result of the high nodular requirement for
P (Graham & Rosas, 1978). However, the unchanged number
of nodules during LP supply was because the P starvation was
induced only after nodule formation. This indicates that no
new nodules were formed during the period of P deficiency.

During low P supply to lupin root systems, the root com-
ponent experienced P deficiency more severely than nodules

and engaged an alternative route of pyruvate synthesis. The
decline in Pi concentrations and adenylate levels in host roots
indicate that the root component of the symbiosis was under
LP stress. These findings concur with previous P deficiency
studies of cellular Pi decreases and an ATP decline relative to
ADP in roots (Freeden et al., 1989; Theodorou et al., 1991).
By contrast, the nodules maintained constant Pi levels and
ADP : ATP ratios during LP supply in the medium. Sa &
Israel (l991) found a decline in nodular P concentrations during
P starvation, but these findings cannot be easily compared
with the current results where metabolically available Pi was
assessed and not total P.

The present study’s nodular Pi data are in accordance with
other findings (Al-Niemi et al., 1997, 1998) and these inves-
tigations suggest that nodules may function optimally at the
low Pi concentrations. It therefore appears that nodules have
a strategy to regulate P influx, allowing nodules to minimize
effects of P deficiency when supply is low ( Jakobsen, 1985;
Tang et al., 2001). It is likely that the bacteroid fraction of
the nodule may control its response to P stress. From these

Fig. 3 (a) Malate concentrations and 
(b) 14C-enriched malate-derived pyruvate 
concentration of phosphorus (P)-starved and 
P-sufficient lupin roots and nodules. 
Nodulated Lupinus angustifolius (cv Wonga) 
plants were grown for 5 wk in hydroponic 
culture in a N-free Long Ashton nutrient 
solution containing 2 mM P. The solution was 
aerated with ambient air containing 
380 p.p.m. CO2 at the root-zone. 
Phosphorus starvation was induced for 14 d 
in the low P-treatment by switching the P 
supply to 2 µM P. The P-sufficient plants 
remained at 2 mM P supply. Values are 
presented as means ± SE of separate 
replicates (n = 4). Different letters indicate 
significant differences between each 
treatment (P ≤ 0.05).
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physiological studies (Sa & Israel, 1991; Al-Niemi et al., 1997;
Al-Niemi et al., 1998) it is apparent that bacteroids in the
nodule almost always operate at low P concentrations and that
bacteroids can fulfil their P requirements by scavenging from
the host cells (Al-Niemi et al., 1997, 1998; Colebatch et al., 2004).

It is well established that during Pi deficiency, that lower
adenylate and Pi concentrations can increase the metabolism
of PEP, via PEPc as an alternate route not directly subjected
to adenylate control (Duff et al., 1989; Theodorou & Plaxton,
1993; Juszczuk & Rychter, 2002). The activities of the PEPc
reaction can lead to the synthesis of malate via MDH (Duff
et al., 1989; Plaxton, 1996) and although malate is a known
inhibitor of PEPc activity (Schuller & Werner, 1993), there
was no consistent relationship between malate concentration
and the inhibition of in vitro PEPc activity. Instead, our
in vitro PEPc activity varied with the P levels, as proposed
by previous studies (Duff et al., 1989; Theodorou & Plaxton,
1993; Juszczuk & Rychter, 2002).

Therefore, the root and nodular PEP metabolism were
largely determined by their Pi and adenylate changes during
P deficiency. The nodular PEPc activities reported in this
study are higher than values published by McCloud et al.
(2001) for bacteroids from soybean nodules. This difference
may be ascribed to the whole nodules, as opposed to bacter-
oids, that were used in the present study and the higher
requirements for PEPc-derived C by amide-exporting
legumes such as lupins (Coker & Schubert, 1981; Vance et al.,
1985). Nonetheless, the unchanged nodular PEPc activities
under LP supply is a first report for symbiotic root systems,
while the increases in root PEPc with P deficiency concurs
with previous plant studies (Duff et al., 1989; Theodorou
& Plaxton, 1993; Juszczuk & Rychter, 2002). Although
the in vitro PEPc activities may not truly reflect in vivo PEPc
activities, the results show that the trends are statistically
similar when comparing the LP and HP responses. The similar
14CO2 assimilation by nodules at LP and HP supply concurs
with the constant nodular PEPc activities at both levels of P
nutrition. However, for roots under LP supply the greater
14CO2 uptake and incorporation into the organic acid
fraction, is in agreement with the high PEPc activities under LP
conditions (Theodorou & Plaxton, 1993; Moraes & Plaxton,
2000).

During LP supply, a consequence of the engagement of the
PEPc reaction is the synthesis of malate via MDH (Duff et al.,
1989; Plaxton, 1996). In LP roots, the unchanged malate
levels despite the high PEPc activity, may support the finding
that malate can be a potent inhibitor of PEPc activity (Schuller
& Werner, 1993). Therefore, in roots, it is expected under LP
conditions that the malate levels are kept sufficiently low
to maintain the increased flow of C via the nonadenylate
dependent PEPc route. In this regard, the two possibilities to
account for the low root malate levels are malate export to the
nodules and malate metabolism in the root. First, malate
export to nodules has been reported as a bacteroid respiratory

fuel (Vance et al., 1985; Rosendahl et al., 1990). This can also
account for the high 14C-labelled and unlabelled malate levels
in LP nodules, despite the similar 14CO2 incorporation into
the organic acid fractions of LP and HP nodules. Another
consideration for low root malate levels would be malate exu-
dation under LP, which has been shown in other plant species
of the same genus to amount up to 34% of C derived from
PEPc ( Johnson et al., 1996a). Exuded malate may solubilize
mineral P from soil (Johnson et al., 1996a). This increased
exudation under Pi deficiency was correlated with the increase
in PEPc protein and expression of PEPc transcripts ( Johnson
et al., 1996b).

In the present study, the nodular NADP-dependent and
NAD-dependent ME activities indicate that malate can be
further utilized by nodules (Vance et al., 1985; Rosendahl
et al., 1990). Although the mitochondrial ME activities are
lower than previous reports for isolated N2-fixing bacteroids
(Cheng et al., 1998), it should be noted that the present study
focused on whole nodules. Second, root malate can also
be further metabolized to pyruvate, via cytosolic NADP-
dependent and mitochondrial NAD-dependent malic enzyme
(ME) ( Juszczuk & Rychter, 2002).

In LP roots, malate appears to have been assimilated into
pyruvate by the increased activity of cytosolic NADP-dependent
ME. In this case, it is assumed that the 14C label from the
PEPc reaction was not lost as 14CO2 in the synthesis of pyru-
vate via ME. This is based on the findings of Hill & ap Rees
(1994), where PEPc-derived malate remained stable during a
subsequent cold chase with CO2. Although pyruvate may also
have been synthesized via pyruvate kinase (PK), the high levels
of 14C-labelled pyruvate and malate-derived pyruvate in LP
roots indicate that under P deficiency, more pyruvate may be
synthesized via the alternative PEPc-MDH route in vitro. In
a recent study by Juszczuk & Rychter (2002), this increased
pyruvate has been suggested to serve as a mechanism for
oxidizing the reducing equivalents, which accumulate during
P stress.

Although our findings of increasing root pyruvate levels
with decreasing Pi concentrations are in agreement with the
findings of Juszczuk & Rychter (2002) for P-deficient roots,
we provide additional new information on how the nodular
component responds under these conditions. Unlike the
roots, the LP nodules had no metabolic Pi-deficiency symp-
toms and the high nodular malate concentration may have
resulted from the enhanced in vitro MDH activity. However,
since LP supply did not affect the level of nodular pyruvate
that was synthesized from PEPc-derived malate, this implies
that malate may have been used for other reactions. Under
these conditions it is likely that malate was a source for bacterial
respiration inside the nodules (Rosendahl et al., 1990). It
has been proposed that the low oxygen concentration in
nodules would favour malate, rather than pyruvate as the
main end product of glycolysis (Vance & Heichel, 1991). In
the present study, this is further supported by the nodular
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PEPc activities being higher than PK activities. This concurs
with a previous investigation on soybean nodules (McCloud
et al., 2001), suggesting that PEP metabolism is favoured via
PEPc.

In conclusion, the routes of pyruvate synthesis may be
determined by the level of P deficiency that roots and nodules
experience. In the lupin root system, nodules were less
affected by LP supply, possibly at the expense of the root. This
resulted in different routes of pyruvate synthesis, where LP
roots favoured a higher proportion of pyruvate being synthe-
sized from PEPc-derived C, while LP nodules do not.
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