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To investigate the short-term (30–240 min) interactions among
nitrogenase activity, NH4

1 assimilation, and plant glycolysis, we
measured the concentrations of selected C and N metabolites in al-
falfa (Medicago sativa L.) root nodules after detopping and during
continuous exposure of the nodulated roots to Ar:O2 (80:20,
v/v). Both treatments caused an increase in the ratios of glucose-6-
phosphate to fructose-1,6-bisphosphate, fructose-6-phosphate to
fructose-1,6-bisphosphate, phosphoenolpyruvate (PEP) to pyruvate,
and PEP to malate. This suggested that glycolytic flux was inhibited at
the steps catalyzed by phosphofructokinase, pyruvate kinase, and PEP
carboxylase. In the Ar:O2-treated plants the apparent inhibition of
glycolytic flux was reversible, whereas in the detopped plants it was
not. In both groups of plants the apparent inhibition of glycolytic flux
was delayed relative to the decline in nitrogenase activity. The de-
cline in nitrogenase activity was followed by a dramatic increase in
the nodular glutamate to glutamine ratio. In the detopped plants this
was coincident with the apparent inhibition of glycolytic flux,
whereas in the Ar:O2-treated plants it preceded the apparent inhibi-
tion of glycolytic flux. We propose that the increase in the nodular
glutamate to glutamine ratio, which occurs as a result of the decline
in nitrogenase activity, may act as a signal to decrease plant glyco-
lytic flux in legume root nodules.

N fixation, the reduction of N2 to NH4
1 by (Brady)rhizo-

bium bacteria, in legume root nodules is catalyzed by the
bacterial enzyme nitrogenase. Nitrogenase is O2 labile, but
the root nodule provides an environment that protects it
from excess O2. Nitrogenase activity in legume root nod-
ules is rapidly inhibited by treatments that affect plant C
and N metabolism, such as exposure of the roots to C2H2,
replacement of N2 in the rhizosphere with Ar, NO3

2 fer-
tilization, defoliation, detopping, phloem girdling, and
drought (Minchin et al., 1983, 1986; Sheehy et al., 1983;
Witty et al., 1984, 1986; Carroll et al., 1987; Durand et al.,
1987; Hartwig et al., 1987, 1990, 1994; Hunt et al., 1987;
Walsh et al., 1987; Schuller et al., 1988; Vessey et al., 1988;
Guérin et al., 1990; King and Layzell, 1991; Denison et al.,
1992; Diaz del Castillo et al., 1992, 1994; Heim et al., 1993;
Drevon and Hartwig, 1997). In most cases the decline in
nitrogenase activity can be overcome by increasing the O2

concentration in the rhizosphere. Thus, the decline in ni-
trogenase activity has been attributed to a decrease in
nodule O2 permeability, which is thought to be regulated
by a variable physical barrier to O2 diffusion in the nodule
inner cortex (Sheehy et al., 1983; Witty et al., 1984, 1986).
The exact mechanism of regulation of this barrier is still
poorly understood (Minchin, 1997).

The O2 concentration in the N2-fixing zone of legume
root nodules is very low, in the range of 10 to 40 nm (Day
and Copeland, 1991; Vance and Heichel, 1991; Hunt and
Layzell, 1993). This is significantly lower than the Km(O2)
of the terminal oxidase of isolated nodule mitochondria,
which is 50 to 100 nm (Rawsthorne and LaRue, 1986; Millar
et al., 1995). Thus, C metabolism in the plant fraction of
legume root nodules is O2 limited. The main functions of
plant C metabolism in legume root nodules are (a) to
supply respiratory substrates to the bacteroids and (b) to
supply 2-oxo acids to act as C skeletons for the incorpora-
tion of fixed N (NH4

1) into amino acids (Day and Cope-
land, 1991; Vance and Heichel, 1991). The main respiratory
substrate supplied by the plant host to the bacteroids is
malate (Driscoll and Finan, 1993). Malate and the 2-
oxo acids are synthesized via glycolysis and related reac-
tions. To fully understand the regulation of N2 fixation in
legume root nodules, it is important to investigate the inter-
actions between nitrogenase activity and plant glycolysis.

The decline in nitrogenase activity in response to pertur-
bations in plant C and N metabolism occurs within minutes
to hours. For example, in alfalfa (Medicago sativa), the de-
cline in nitrogenase activity in response to detopping was
complete within 45 min (Denison et al., 1992) and the
Ar-induced decline in nitrogenase activity, which occurs
when N2 in the rhizosphere is replaced with Ar, was com-
plete within 20 min (Drevon and Hartwig, 1997). Therefore,
in the present study we focused on the period 30 to 240 min
after the imposition of the inhibitory treatments.

Previous studies have shown that the decline in nitroge-
nase activity due to phloem girdling, NO3

2 fertilization,
and defoliation is associated with depletion of nodule Suc
and starch pools (Walsh et al., 1987; Vessey et al., 1988;
Weisbach et al., 1996), but it is still controversial whether
the decline in nodule Suc and starch pools is the cause of1 This work was supported by a grant from the Swiss Federal
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the decline in nitrogenase activity or whether it reflects the
decreased carbohydrate-sink strength of the nodules once
nitrogenase activity has already declined. Part of the rea-
son for this ambiguity is the fact that nodule Suc and starch
pools are relatively large. In the present study we at-
tempted to overcome this difficulty by focusing on the
intermediates of glycolysis. The pool sizes of the glycolytic
intermediates were 1 to 3 orders of magnitude smaller than
Suc and starch pools and as a result should respond rapidly
to treatments that affect nitrogenase activity.

We determined nodule pool sizes for selected glycolytic
intermediates and then used these results to make infer-
ences about glycolytic flux. We used two different treat-
ments known to decrease nitrogenase activity: detopping
(shoot removal) and Ar:O2 treatment (continuous exposure
of the nodulated roots of intact plants to Ar:O2 [80:20,
v/v]). We chose these treatments because the primary ef-
fect of detopping would be to deprive the nodules of C (i.e.
Suc) from the shoots, whereas the primary effect of Ar:O2

treatment would be to deprive the nodules of N (i.e. NH4
1)

from N2 fixation. Our results provide, to our knowledge,
the first insight into the short-term metabolic adaptations
of nodule glycolytic flux and primary NH4

1 assimilation to
alterations in nitrogenase activity.

MATERIALS AND METHODS

Plant Material, Culture, and Growth Conditions

Seeds of alfalfa (Medicago sativa L. cv Resis) were surface-
sterilized in 70% (v/v) ethanol for 3 min, rinsed with
double-distilled water, allowed to germinate, and then
planted. For gas-exchange measurements, plants were
grown in gas-tight, sealable pots with a volume of 250 mL.
For metabolite analyses, eight to nine plants were grown in
2-L pots and each pot was considered as one replicate. For
all experiments pots were filled with silica sand (0.8- to
1.2-mm grain size) and plants were grown in growth cham-
bers (PGR-15, Conviron, Winnipeg, Manitoba, Canada) at
20°C/16°C day/night temperature and 80% RH, with a
16-h photoperiod and a photon flux density of 500 mmol
quanta PAR m22 s21. Fluorescent light was from 160-W
bulbs (Cool White, Sylvania), and incandescent light was
from 100-W bulbs (138L, Sylvania). Plants were watered
with N-free nutrient solution and inoculated with Rhizo-
bium meliloti strain 102F28. All experiments were per-
formed when plants were 8 to 9 weeks old. This corre-
sponded to the late vegetative or the early flowering stage.

Gas-Exchange Measurements

Nitrogenase (EC 1.7.99.2) activity was measured in situ
as H2 evolution using an open flow gas-exchange system
similar to that described by Minchin et al. (1983) and
modified by Heim et al. (1993). The nodulated root systems
of the plants were sealed in their pots and allowed to
stabilize overnight for 18 to 20 h in a stream of ambient air
at 250 mL min21. Prior to the imposition of the detopping
and Ar treatments, the flow rate was increased to 400 mL
min21 and the root systems were exposed to a stream of

N2:O2 (80:20, v/v) for at least 1 h until steady-state rates of
H2 evolution were established. For the detopping experi-
ment total nitrogenase activity was determined as the peak
H2 evolution in Ar:O2 (80:20, v/v). For the Ar experiment
the nitrogenase activity of the Ar:O2-treated plants was
measured as H2 evolution in Ar:O2 (80:20, v/v) and for the
control plants as H2 evolution in N2:O2 (80:20, v/v).

Detopping and Ar Treatments

The detopping treatment involved the removal of all of
the aboveground parts of the plants. For the Ar treatment
the nodulated roots of intact plants were exposed to an
atmosphere of Ar:O2 (80:20, v/v) as described above. In the
detopping experiment the control plants were intact plants
harvested at the same time as the detopped plants (i.e. 0,
30, 60, 120, and 240 min after detopping). In the Ar:O2

experiment the control plants were plants whose root sys-
tems were exposed to N2:O2. The N2:O2 control plants were
harvested at the same time as the corresponding Ar:O2-
treated plants. Plants were quickly uprooted and the nod-
ulated root systems were rinsed in distilled water, blotted
dry, and immersed in liquid N2. Nodules were picked
while still frozen and stored at 280°C.

Preparation of Nodule Extracts for Metabolite Analyses

Extracts were prepared using a method adapted from
Paul and Stitt (1993). Nodules were cleaned of all sand
particles and root debris under liquid N2. About 400 to 500
mg of frozen, cleaned nodules were ground to a fine pow-
der with a mortar and pestle. A 0.5-mL aliquot of 16%
(w/v) TCA in diethyl ether was added to the powder, and
the mixture was homogenized and left to stand for 15 min
in a bath of liquid N2. A 0.4-mL aliquot of 16% (w/v) TCA
in distilled water containing 5 mm EGTA was then added.
The samples were homogenized again, and the homoge-
nates were transferred to microfuge tubes, vortexed, and
centrifuged at 15,000g for 5 min at 4°C. After the sample
was centrifuged the aqueous phase was removed and
washed three times with 0.8 mL of diethyl ether. The
aqueous phase was neutralized with 5 m KOH:1 m trieth-
anolamine as described by Weiner et al. (1987). Neutralized
extracts were immediately frozen, stored in liquid N2, and
thawed just prior to the metabolite assays.

Metabolite Assays and Recovery Tests

Metabolites were analyzed using a dual-wavelength
spectrophotometer (model ZFP-22, Sigma) and standard
enzyme-linked protocols. Glc-6-P and Fru-6-P were as-
sayed as described by Stitt et al. (1989); Fru-1,6-bisP as
described by Gerhard (1983); pyruvate and PEP as de-
scribed by Lamprecht and Heinz (1983); malate as de-
scribed by Möllering (1983); Glu, Gln, and Suc as described
by the technical bulletin “Methods of Biochemical Analysis
and Food Analysis” (1989) from Boehringer Mannheim;
and starch as described by Fischer et al. (1997). The stability
of the metabolites during the extraction procedure was
checked by adding a small amount (2- to 3-fold the endog-
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enous concentration) of each metabolite to the finely
ground nodule material. The recovery figures for the var-
ious metabolites were (as a percentage of the amount add-
ed): Glc-6-P, 78%; Fru-6-P, 67%; Fru-1,6-bisP, 78%; PEP,
67%; pyruvate, 82%; malate, 76%; Glu, 87%; and Gln, 112%.
The values presented in Figures 2, 3, 5, and 6 are the
original data with no adjustment made to take into account
differences in recovery between the different metabolites.
For most of the metabolites the recovery figures were sim-
ilar. Therefore, it was considered unnecessary to make any
adjustments.

Statistical Analysis

Data were subjected to analysis of variance using statis-
tical analysis software (SAS Institute, Cary, NC).

RESULTS AND DISCUSSION

Effects of Detopping on Total Nitrogenase Activity

Total nitrogenase activity was assayed as H2 evolution in
Ar:O2 (80:20, v/v). The nodulated root systems of both the
control and the detopped plants were exposed to N2:O2 for
the duration of the experiment, except for brief periods
when the gas mixture was switched to Ar:O2 to assay total
nitrogenase activity. Detopping caused a steady decline in
total nitrogenase activity, which was essentially complete
within 2 h of the start of the experiment (Fig. 1). The
experiment was terminated at this point because previous
studies had shown that after the initial decline, nitrogenase
activity in detopped and completely defoliated plants re-
mained low and did not recover until foliage regrowth
began several days later (Denison et al., 1992; Weisbach et
al., 1996).

Effects of Detopping on Glycolytic Flux

The effects of detopping on glycolytic flux were investi-
gated by determining the nodular concentrations of the
substrates and products of the reactions catalyzed by PFK,
PK, and PEPC. PFK and PK are the key regulatory enzymes
in plant glycolysis (Plaxton, 1996): PFK catalyzes the phos-
phorylation of Fru-6-P to yield Fru-1,6-bisP, and PK cata-
lyzes the transfer of the phosphate moiety from PEP to
ADP to yield pyruvate and ATP. Fru-6-P is in equilibrium
with Glu-6-P via phosphohexose isomerase, and PEP can
be converted to malate by the concerted action of PEPC and
malate dehydrogenase. Alterations in the nodular concen-
trations of these metabolites are indicative of inhibition
and/or activation of glycolytic flux. When there is an in-
crease in the substrate/product concentration ratio for a
particular enzyme, this suggests that the enzyme is being
inhibited. When the enzyme is a key regulatory enzyme in
a metabolic pathway, an increase in the substrate/product
concentration ratio for the enzyme suggests that flux
through the pathway as a whole is being inhibited. This
method of analysis, referred to as crossover point analysis,
has been reviewed in detail by Heinrich and Rapoport
(1974).

During the first 30 min after detopping, the nodular
concentrations of Glc-6-P, Fru-6-P, and Fru-1,6-bisP in the
detopped plants declined to about 50% of the correspond-
ing values for the control plants (Fig. 2A). This was prob-
ably the result of decreased Suc supply to the nodules from
the shoots. During the next 30 min to 2 h, the concentration
of Fru-1,6-bisP continued to decline but the concentrations
of Glc-6-P and Fru-6-P began to increase. Between 2 and 4 h
after detopping there was a dramatic increase in the ratios
Glu-6-P to Fru-1,6-bisP and Fru-6-P to Fru-1,6-bisP (Fig. 3,
A and B). These results suggest that detopping inhibits
glycolytic flux at the level of PFK. The dramatic increase in
the hexose-6-P to Fru-1,6-bisP ratio between 2 and 4 h after
detopping coincided with an equally dramatic increase in
the nodular PEP concentration (Fig. 2B). In in vitro studies
it has been shown that PFK from soybean and cowpea
nodules is strongly inhibited by PEP (Vella and Copeland,
1993; Lee and Copeland, 1996). Our results suggest that the
apparent inhibition of PFK in detopped plants is at least in
part due to the accumulation of PEP. The apparent inhibi-
tion of PFK was delayed relative to the decline in total
nitrogenase activity, indicating that decreased glycolytic
flux is a result of the decline in nitrogenase activity and not
the cause (Fig. 1).

The increase in the hexose-6-P to Fru-1,6-bisP ratio be-
tween 2 and 4 h after detopping (Fig. 3, A and B) coincided
with an increase in the PEP to malate ratio (Fig. 3C), the
PEP to pyruvate ratio (Fig. 3D), and the Glu to Gln ratio
(Fig. 3E). The increase in the PEP to malate ratio suggests
that detopping inhibits PEPC activity. Legume nodule
PEPC is regulated at the posttranslational level by metab-
olite effectors and protein phosphorylation (Vance and
Stade, 1984; Marczewski, 1989; Schuller et al., 1990;
Pathirana et al., 1992; Schuller and Werner, 1993; Vance et
al., 1994; Zhang et al., 1995; Wadham et al., 1996; Zhang
and Chollet, 1997). Soybean nodule PEPC is activated by

Figure 1. Effect of detopping on nitrogenase activity in alfalfa nod-
ules. Total nitrogenase activity was determined as peak H2 evolution
rate in Ar:O2 (80:20, v/v). Data are expressed as percentages of the
initial peak activity (total nitrogenase activity) before detopping. Data
represent the means 6 SE of six replicates for the control and nine
replicates for the detopped plants. The average total nitrogenase
activity value before the detopping treatment was 100.6 6 17 mmol
H2 g21 nodule dry weight h21 (n 5 15).
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hexose-6-P and inhibited by malate, Asp, Glu, citrate, and
2-oxoglutarate (Schuller et al., 1990). The effects of all of
these metabolites are greater at pH 7.0 (suboptimal assay
pH) than at pH 8.0 (optimal assay pH). The sensitivity of
soybean nodule PEPC to inhibition by malate decreases
when the enzyme becomes phosphorylated (Schuller and
Werner, 1993; Zhang et al., 1995; Wadham et al., 1996;
Zhang and Chollet, 1997). The protein kinase responsible
for the phosphorylation of soybean nodule PEPC is inhib-
ited by treatments that decrease Suc supply to the nodules,
such as detopping, prolonged darkness, and phloem gir-
dling (Zhang et al., 1995; Wadham et al., 1996; Zhang and
Chollet, 1997).

Less is known about the posttranslational regulation of
alfalfa nodule PEPC, but there are several lines of evidence
that suggest that it is similar to soybean nodule PEPC. First,
the deduced amino acid sequence of a cDNA encoding the
nodule-enhanced form of alfalfa nodule PEPC contains the
phosphorylation site motif typical of plant PEPCs regu-
lated by protein phosphorylation (Pathirana et al., 1992).
Second, when crude alfalfa nodule extracts were incubated

with [g-32P]ATP, PEPC became labeled with 32P (Vance et
al., 1994). Therefore, the apparent inhibition of PEPC activ-
ity that we observed in the present study (Fig. 3C) may
have been due to decreased PEPC-protein kinase activity as
a result of decreased Suc supply to the nodules in detopped
plants. This may be superimposed on allosteric inhibition
of PEPC by Glu. Glu is a potent inhibitor of soybean nodule
PEPC at pH 7.0 (physiological pH) but not at pH 8.0
(optimal pH) (Schuller et al., 1990). In alfalfa nodule PEPC,
it is known that Glu has no effect at pH 7.5 (optimal pH),
but the effect of Glu at pH 7.0 (physiological pH) has never
been tested (Vance and Stade, 1984). If alfalfa nodule PEPC
is similar to soybean nodule PEPC, then Glu will be an
important allosteric inhibitor of both enzymes.

The increase in the PEP to pyruvate ratio (Fig. 3D) indi-
cates that detopping inhibits glycolytic flux at the level of
PK and at the level of PFK (see above). Plant glycolysis is
thought to be regulated from the bottom up rather than
from the top down, as it is in animal glycolysis (Plaxton,
1996). The primary inhibition of plant glycolysis occurs at
the level of PK, leading to accumulation of PEP, which
feedback inhibits PFK. Very little is known about the reg-
ulation of PK in legume nodules. There is one old report in
which it was shown that a partially purified preparation of
soybean nodule PK was activated by K1 and inhibited by
NH4

1 (Peterson and Evans, 1978). The authors tested a
broad range of potential metabolite effectors of PK, includ-
ing Glu, Gln, Asp, 2-oxoglutarate, and malate, but found
that none of them had any effect. However, there were
some problems with this study. First, the potential metab-
olite effectors were tested at saturating PEP concentration,
so only metabolites that affect Vmax and not those that
affect Km(PEP) would have been detected. Second, the PK
preparation was heavily contaminated with PEPC, which
could have confounded the results, since both PEPC and
PK have PEP as a substrate. Clearly, the regulation of PK in
legume nodules needs to be reexamined.

The most detailed information about plant PKs comes
from work with castor bean. The cytosolic form of PK from
germinating castor bean cotyledons is inhibited by Glu,
2-oxoglutarate, citrate, malate, and several other metabo-
lites (Podestá and Plaxton, 1994). This inhibition is pH
dependent, being more pronounced at pH 6.9 than at pH
7.5. If legume nodule PK is similar to castor bean cotyledon
PK, then we can hypothesize that the accumulation of Glu
that we observed in alfalfa nodules between 2 and 4 h after
detopping (Fig. 2C) was responsible for the apparent inhi-
bition of PK (Fig. 3D). If we assume a fresh weight:dry
weight ratio of 5:1 and a volume-to-fresh-weight conver-
sion of 1.2 g mL21, then the concentrations of Glu in alfalfa
nodules 2 and 4 h after detopping were 2.3 and 6.2 mm,
respectively. These values are 1.4- and 3.9-fold greater than
the I50 (Glu) value for partially purified PEPC from soy-
bean nodules (Schuller et al., 1990). Clearly, we should also
determine the I50 (Glu) value for PEPC and PK from alfalfa
nodules. Fougère et al. (1991) reported that the Glu con-
centration in the plant fraction of alfalfa nodules was 2.6
mmol g21 fresh weight of nodules, whereas in the bacteroid
fraction it was only 0.2 mmol g21 fresh weight of nodules.

Figure 2. Effect of detopping on the concentrations of selected me-
tabolites in nodule extracts. Data are the means 6 SE (n 5 3 or 4).
Values for the detopped plants are expressed as percentages of the
values for the control plants assayed at the corresponding times.
Control values did not change significantly over time. The mean
values 6 SE (n 5 20) for the control plants averaged across all times
were: 1.04 6 0.07, 0.7 6 0.06, 0.16 6 0.01, 0.16 6 0.01, 0.32 6
0.02, 13.69 6 0.5, 16.19 6 0.9, and 6.11 6 0.5 mmol g21 nodule dry
weight for Glc-6-P, Fru-6-P, Fru-1,6-bisP, PEP, pyruvate (Pyr),
malate, Glu, and Gln, respectively.
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Thus, the total nodule Glu pool is a good indicator of the
plant fraction Glu pool, and the contribution of the bacte-
roid Glu pool to the total nodule Glu pool is only minor.

Effects of Detopping on Gln and Glu Pools in the Nodules

There was no significant effect of detopping on nodule
Gln and Glu pools in the first 2 h of the experiment (Fig.
2C). However, between 2 and 4 h there was a slight de-
crease in the nodular Gln concentration and a dramatic
increase in the nodular Glu concentration, which resulted
in a 5-fold increase in the Glu to Gln ratio (Fig. 3E). As with
the other metabolites the changes in the nodular Glu and
Gln pools were delayed relative to the decline in nitroge-
nase activity. NH4

1 exported to the host plant by the
N2-fixing bacteroids is incorporated into amino acids via
the GS/GOGAT cycle. The accumulation of Glu that we
observed suggests that the GS/GOGAT cycle is N limited
rather than C limited. In other words, the lack of NH4

1

limits the cycle, not the lack of 2-oxoglutarate. This was
somewhat unexpected, given that detopping decreases the
Suc supply to nodules and Suc is the ultimate precursor of
2-oxoglutarate.

Sequence of Events Following Detopping

Our data are consistent with the conclusion that the
apparent down-regulation of glycolytic flux following
detopping is due to the decline in nitrogenase activity and
not vice versa. From our results we can postulate the
following sequence of events: Between 30 min and 2 h after
detopping, nitrogenase activity declines to a very low level

(Fig. 1). Between 2 and 4 h after detopping, NH4
1 produc-

tion by nitrogenase is very low. As a result, the GS/
GOGAT cycle becomes N limited, Glu accumulates, and
the Glu to Gln ratio increases. The accumulation of Glu
inhibits PEPC and/or PK activity. This causes the accumu-
lation of PEP, which inhibits PFK.

Effects of Ar:O2 Treatment on Nitrogenase Activity

Nitrogenase activity was measured as H2 evolution in
either N2:O2 (80:20, v/v, control plants) or Ar:O2 (80:20,
v/v, Ar:O2-treated plants; Fig. 4). For the control plants the
rate of H2 evolution remained constant throughout the
experiment. However, for the Ar:O2-treated plants the re-
sults were more complex. During the first 30 min of the
experiment there was an initial rapid increase in the rate of
H2 evolution in Ar:O2, followed by a sharp decline. There-
after, H2 evolution remained relatively constant. Similar
results have been reported in previous studies with alfalfa
(Drevon and Hartwig, 1997). The initial rapid increase was
because, in N2:O2, 75% of the electron flux through nitro-
genase for N2 fixation and only 25% is used for proton
reduction to H2, whereas in Ar:O2, 100% of the electron
flux is used for proton reduction (Hunt and Layzell, 1993).
The sharp decline in H2 evolution during the first 30 min
after the switch from N2:O2 to Ar:O2 was due to the well-
known but poorly understood Ar-induced decline in nitro-
genase activity attributed to decreased nodule O2 perme-
ability (Minchin et al., 1983; Sheehy et al., 1983; Witty et al.,
1984; Hunt et al., 1987).

Figure 3. Effect of detopping on the ratios of
Glc-6-P to Fru-1,6-bisP, Fru-6-P to Fru-1,6-bisP,
PEP to malate, PEP to pyruvate (Pyr), and Glu to
Gln. Data were derived from the results pre-
sented in Figure 2. F, Control plants; Œ,
detopped plants.
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Effects of Ar:O2 Treatment on NH4
1 Assimilation and

Glycolytic Flux

The switch from N2:O2 to Ar:O2 in the rhizosphere of the
Ar:O2-treated plants resulted in a dramatic 70% increase in
nodular Glu concentration during the first 30 min and then
returned to the control level between 30 and 60 min (Fig.
5D). The increase in nodular Glu concentration was paral-
leled by a similarly dramatic 80% decrease in nodular Gln
concentration (Fig. 5D). There was a partial recovery in
nodular Gln concentration between 30 and 60 min and then
a further decline between 120 and 240 min. The initial
changes in the concentrations of Glu and Gln resulted
in a transient 5-fold increase in the Glu to Gln ratio
(Fig. 6E). The dramatic increase in the Glu to Gln ratio that
occurred within the first 30 min after the switch from N2:O2

to Ar:O2 was most likely due to the cessation of NH4
1

production by nitrogenase. The increase in the Glu to Gln
ratio appeared to precede the Ar-induced decline in nitro-
genase activity (Figs. 4 and 6E), suggesting that it might be
the trigger that causes the Ar-induced decline. However,
more intense sampling during the first 30 min after the
switch from N2:O2 to Ar:O2 would be required to test this
hypothesis.

The transient 5-fold increase in the Glu to Gln ratio
during the first 30 min after the switch from N2:O2 to Ar:O2

was followed by a transient increase between 30 and 60
min in the ratios Glu-6-P to Fru-1,6-bisP and Fru-6-P to
Fru-1,6-bisP (Fig. 6, A, B, and E). There was also a transient
increase between 30 and 60 min in the ratios PEP to malate
and PEP to pyruvate (Fig. 6, C and D). These results sug-
gest that the transient increase in the Glu to Gln ratio
triggers a transient inhibition of glycolytic flux at the steps
catalyzed by PFK and PK. This is the same mechanism we
have proposed to explain the inhibition of glycolytic flux in

detopped plants between 2 and 4 h after detopping (see
above). However, in the Ar:O2-treated plants the inhibition
was reversible, whereas in the detopped plants it was not.

Effects of Ar:O2 Treatment on Suc and Starch Content of
the Nodules

Ar:O2 treatment had no effect on the starch content of the
nodules, but by the end of the 4-h treatment Suc content
had more than doubled (Fig. 5A). During the first 60 min of
the experiment the nodular Suc content of the Ar:O2-
treated plants remained the same as for the control plants.
However, during the period from 60 min to 4 h, there was

Figure 5. Effect of Ar:O2 treatment on the concentrations of selected
metabolites in nodule extracts. Data are the means 6 SE (n 5 3 or 4).
Values for the Ar:O2-treated plants are expressed as percentages of
the values for the control plants assayed at the corresponding times.
The mean values 6 SE (n 5 17–20) for the control plants averaged
across all times were 0.3 6 0.03 mmol Glc equivalents g21 nodule
dry weight for starch, and 14.36 6 0.7, 1.19 6 0.05, 0.48 6 0.03,
0.13 6 0.01, 0.27 6 0.02, 0.42 6 0.03, 12.86 6 0.6, 20.20 6 1.02,
and 2.85 6 0.34 mmol g21 nodule dry weight for Suc, Glc-6-P,
Fru-6-P, Fru-1,6-bisP, PEP, pyruvate (Pyr), malate, Glu, and Gln,
respectively.

Figure 4. Time course of H2 evolution rate during continuous expo-
sure of intact nodulated alfalfa roots to N2:O2 (80:20, v/v, control
plants) and Ar:O2 (80:20, v/v, treated plants). Data were plotted as
percentages of the respective apparent nitrogenase activity (ANA)
value obtained at time 0. The control data were obtained from three
replicate plants and the data for the treated plants were obtained
from five replicate plants. Bars represent SE at chosen times. The
average apparent nitrogenase activity value for the control plants at
time 0 was 13.4 6 0.8 mmol H2 g21 nodule dry weight h21 (n 5 8).
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a gradual accumulation of Suc in the nodules of the Ar:O2-
treated plants, with the final concentration being more than
twice that of the control plants. Initially, the accumulation
of Suc was probably due to decreased demand for C skel-
etons for the incorporation of fixed N (i.e. NH4

1) into
amino acids. Later, however, when the Ar-induced decline
in nitrogenase activity had taken place, there was probably
also decreased demand for respiratory substrates by the
bacteroids. The observation that the accumulation of Suc
occurred after the Ar-induced decline in nitrogenase activ-
ity (Figs. 4 and 5A) suggests that the main sink for Suc in
the nodules is the synthesis of respiratory substrates for the
bacteroids.

There has been considerable interest in the possible in-
volvement of nodule carbohydrates, particularly Suc, in the
regulation of nitrogenase activity and nodule O2 perme-
ability (Walsh et al., 1987; Vessey et al., 1988; Weisbach et
al., 1996; Gordon et al., 1997). Walsh et al. (1987) showed
that the decline in nitrogenase activity caused by stem-
girdling coincided with a decline in the total soluble-sugar
content of nodules. Vessey et al. (1988) found that the
decline in nitrogenase activity caused by NO3

2 treatment
coincided with a decrease in the size of the nodule starch
pool and in the partitioning of the 14C-labeled photosyn-
thate to nodules. Weisbach et al. (1996) reported that the
decline in nitrogenase activity caused by 100% defoliation
coincided with a decrease in the size of the nodule Suc
pool. From these results one could conclude that decreased
Suc supply to the nodules is responsible for the decline in
nitrogenase activity. However, it is unclear whether the
decline in Suc supply is the primary event or whether it is
simply a result of the decline in nitrogenase activity.

Gordon et al. (1997) proposed that the decline in nitro-
genase activity caused by various perturbations of plant
metabolism could be due to decreased capacity of the
nodules to catabolize Suc. This proposal was based on the
observation that there was a significant decline in Suc
synthase activity in soybean nodules in response to NO3

2,
salt, and drought treatments. The decline in Suc synthase
activity was associated with accumulation of Suc in the
nodules of salt- and drought-stressed plants but not in the
nodules of NO3

2-treated plants. More research, including
parallel measurements of nitrogenase activity and Suc syn-
thase activity, is required to determine whether the decline
in Suc synthase activity precedes the decline in nitrogenase
activity, or whether it is simply a result of decreased Suc
sink capacity of the nodules due to decreased nitrogenase
activity by some other mechanism. Our results suggest that
after Ar:O2 treatment, the decreased capacity of the nod-
ules to catabolize Suc was a result rather than the cause of
the decline in nitrogenase activity (Figs. 4 and 5A). This
does not exclude the possibility that decreased Suc syn-
thase activity may be involved in the decline in nitrogenase
activity in detopped plants.
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Figure 6. Effect of Ar:O2 treatment on the ratios
of Glc-6-P to Fru-1,6-bisP, Fru-6-P to Fru-1,6-
bisP, PEP to malate, PEP to pyruvate (Pyr), and
Glu to Gln. Data were derived from the results
presented in Figure 5. F, Control plants; Œ,
Ar-treated plants.
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Guérin V, Trinchant J-C, Rigaud J (1990) Nitrogen fixation (C2H2
reduction) by broad bean (Vicia faba L.) nodules and bacteroids
under water-restricted conditions. Plant Physiol 92: 595–601

Hartwig U, Boller B, Nösberger J (1987) Oxygen supply limits
nitrogenase activity of clover nodules after defoliation. Ann Bot
59: 285–291

Hartwig U, Boller BC, Baur-Höch B, Nösberger J (1990) The
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Möllering H (1983) l-(2)-Malate: determination with malate de-
hydrogenase and aspartate aminotransferase. In HU Bergmeyer,
ed, Methods of Enzymatic Analysis, Ed 3, Vol 7. Weinheim,
Basel, Switzerland, pp 39–47

Pathirana SM, Vance CP, Miller SS, Gantt JS (1992) Alfalfa root
nodule phosphoenolpyruvate carboxylase: characterization of
the cDNA and expression in effective and plant-controlled inef-
fective nodules. Plant Mol Biol 20: 437–450

Paul MJ, Stitt M (1993) Effects of nitrogen and phosphorus defi-
ciencies on levels of carbohydrates, respiratory enzymes and
metabolites in seedlings of tobacco and their response to exog-
enous sucrose. Plant Cell Environ 16: 1047–1057

Peterson JB, Evans HJ (1978) Properties of pyruvate kinase from
soybean nodule cytosol. Plant Physiol 61: 909–914

Plaxton WC (1996) The organization and regulation of plant gly-
colysis. Annu Rev Plant Physiol Plant Mol Biol 47: 185–214
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