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Summary. Nodule mitochondria are highly sensitive to the respiratory in-
hibitor antimycine A. The antimycine-resistant oxygen uptake is 5—10% of
the rate of control mitochondrial respiration. The high sensitivity to this in-
hibitor means that non-phosphorilating pathways are absent from the nodules
and the energetic effectiveness of mitochondria is very high. The latter is prov-
ed by the good respiratory control, observed in mitochondria from soybean
plant nodules. Mitochondria, isolated from nodules of plants that are treated
with succinate and o-ketoglutarate during inoculation showed highest res-
piratory control.

A significant differences in the rate of oxygen uptake by mitochondria iso-
lated from soybean plant nodules were observed in all treatments investigat-
ed. The rates of oxygen consumption by mitochondria isolated from nodules
of citrate treated plants were close to these of the control plants. However,
treatment with succinate, malate and o-ketoglutarate resulted in a significant
increase of mitochondrial oxygen uptake.

Our results support the relation between plant photosynthesis and bacteroid
respiration. Photosynthetic intensity and the oxygen uptake of bacteroids
were the lowest in control soybean plants and the ones treated with citrate
during inoculation. In the cases when the intensity of photosynthesis was high
(treatments with succinate, malate and o-ketoglutarate during inoculation),
the rate of oxygen uptake of the bacteroids was the highest.

Results obtained indicate that the oxidative capacity of mitochondria and bac-
teroids from root nodules of soybean treated with organic acids succinate and
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o-ketoglutarate was stimulated and this may lead to more effective nodule
nitrogen fixation.

Key words: bacteroids, mitochondria, nodules, organic acids, oxygen uptake,
respiratory control

Abbreviations: AO — alternative oxidase, Cyt — cytochrome, PBM — peri-
bacteroid membrane

Introduction

Cytosolic ATP is a substrate for both protein kinase and ATPase on peribacteroid
membrane (PBM) and is therefore likely to play a key role in the regulation of metab-
olite exchange across this membrane. Adding ATP to isolated symbiosomes can stim-
ulate malate uptake across the PBM (Ou Yang at al., 1990, 1991). ATP concentration
is also important for ammonium efflux, because large quantities are required in plant
cytoplasm for ammonium assimilation. Most of plant cell’s ATP synthesis occurs in
the mitochondria. It is also possible that mitochondria play a role in the production
of a-ketoglutarate as amine acceptor in NH; assimilation reaction sequence.

Organic acids, especially succinate and malate, are the major sources of carbon
supplied in vivo to support nodule nitrogenase activity of legumes (O’Brian and Maier,
1989). The mitochondria of nodule cells are also likely to participate in the production
of these organic acids. Therefore, mitochondria are very important for the nitrogen-
fixing activity of soybean root nodules.

Results of our earlier investigations (Ignatov and Vassileva, 2000) showed that
the organic acids malate, succinate, o-ketoglutarate and citrate at 200 uM concentra-
tion significantly altered the symbiotic characteristics (nodulation, nodule and plant
biomass accumulation and nitrogenase activity) of Bradyrhizobium japonicum strain
273 — Glycine max nitrogen-fixing system. An increase in the photosynthetic intensity
and transpiration in this nitrogen-fixing system was established (Ignatov and Vassil-
eva, 1999). In this paper the oxidative properties of mitochondria and bacteroids from
root nodules of soybean treated with organic acids succinate, malate, o-ketoglutarate
and citrate are studied.

Materials and Methods

Plant material and bacterial strain

Soybean (Glycine max L. cv. Hodgson) seeds were surface sterilized with 70% ethanol
(v/v) for 60 min and germinated for 5 days at 25 °C. Sterile seedlings were transferred
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to plastic growth pots (1.21) with 2 plants per pot and cultivated on Hellriegel’s solu-
tion (1898) and micronutrients (Hoagland and Arnon, 1950) with 21 mg.1"! nitrogen
in a naturally illuminated greenhouse at sterile conditions as described by Ignatov et
al. (2000). Soybean seedlings were inoculated with Bradyrhizobium japonicum strain
273, using inoculant dose of 10® viable cells. The strain was cultivated and maintained
on yeast-mannitol (YM) medium (Vincent, 1970) at 28 °C. Organic acids were added
to the growth medium at final concentration of 200 uM. Nodules were harvested 8
weeks after planting and were used immediately.

Isolation procedures

Intact mitochondria and bacteroids were isolated following the procedure of Day et
al. (1986). Thirty to 50 g of nodules were homogenized in 300 ml of ice-cold homogen-
isation buffer (0.4 M sorbitol, 50 mM TES buffer, 2mM EDTA, 10 mM KH,PO,,
30 mM ascorbate, 2% (w/v) PVP-40 and 1% (w/v) BSA). The final pH was adjusted
to 7.6 with KOH. The homogenate was filtered and centrifuged in a swing-out rotor
at 4000x g for 5 min at 4°C.

The pellet, containing bacteroids and cell debris, was resuspended in wash medi-
um (0.4 M sorbitol, 10 mM TES buffer pH 7.2 and 1% (w/v) BSA), layered over 30 ml
of wash medium containing 70% Percoll (v/v) and centrifuged at 40000x g for 30 min.
The purified bacteroids were located in a broad band near the bottom of the tube. This
band was removed by suction, diluted at least 5-times in wash medium and the bac-
teroids pelleted by centrifuging at 10000x g for 10 min. Then the bacteroids were re-
suspended in wash medium at a concentration of approximately 20 mg protein.ml!
and kept on ice until assayed.

The 4000xg supernatant (above) was carefully decanted and recentrifuged at
10000xg for 15 min. The pellet, which contained mitochondria, plastids, bacteroids
and membrane fragments, was resuspended in about 10 ml of wash medium, layered
over 30 ml of wash medium containing 45% Percoll (v/v) and centrifuged at 40000x g
for 30 min. The mitochondria were located in a tight brown band near the top of the
tube, together with plastids, peroxisomes and membrane fragments. This band was
removed by suction, diluted at least 5-times with wash medium and concentrated by
centrifuging at 15000x g for 10 min. The loose pellet was resuspended in about 5Sml
of wash medium and applied to the top of 30 ml of wash medium containing 28% Per-
coll (v/v) and a linear gradient of 0—10% (w/v) PVP-25 and centrifuged at 40000x g
for 30 min. The mitochondria were found in a pale brown band near the bottom of
the tube and were washed and concentrated as described above for bacteroids. The
mitochondria were finally resuspended in 1-2 ml of wash medium, at a protein con-
centration of about 10 mg.ml!.

The degree of purity of the preparations was regularly monitored by electron
microscopy (Price et al., 1987)
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Oxygen uptake measurements

Oxygen uptake was measured using a Clark-type electrode DW 1 (Hansatech, Eng-
land) in 2 ml of reaction medium with 0.7 mg mitochondrial or bacteroid protein at
25°C and pH 7.2. The standard reaction medium contained 0.4 M sorbitol, 5 mM
MgCl,, 10mM phosphate buffer, 10 mM TES buffer pH 7.2 and 1% (w/v) BSA. The
concentration of O, in air-saturated medium was taken to be 246 pM.

Protein measurement

Protein was estimated by the method of Lowry et al. (1951).

Results

Oxygen uptake by mitochondria

Nodule mitochondria readily oxidized all substrates tested with a good respiratory
control. In all our experiments, succinate was used as a substrate for mitochondrial
respiration (Fig. 1-6), and for comparison the oxygen uptake with malate as a sub-
strate was presented (Fig. 7). Results presented in Fig. 1, 3 and 5 show that mito-
chondria isolated from control soybean nodules, and the ones from soybean plants
treated with malate and citrate during inoculation, have similar levels of respiratory
control ratios (3.6—4.0, 3.9-4.1 and 3.88—4.00, respectively). Higher respiratory con-
trol ratios were obvious for mitochondria, isolated from nodules of plants that are
treated with succinate and o-ketoglutarate during inoculation (3.57—4.42 and 3.51—
4.5 respectively) (Fig. 2 and 4).

Mitochondria isolated from soybean nodules were highly sensitive to the respir-
atory inhibitor antimycine A. The antimycine-resistant oxygen uptake was 5-10%
of the rate of control mitochondrial respiration (Fig. 1-5).

Data presented in Fig. 6 and 7 show significant differences in the rates of oxygen
uptake by mitochondria isolated from soybean treated with various organic acids. An
increase of mitochondrial oxygen uptake was observed after treatment with succinate,
malate and o-ketoglutarate during inoculation. Rates of oxygen consumption were
similar to the control values after plant treatment with citrate. Oxygen uptake by nod-
ule mitochondria was influenced to a great extent by the type of substrate used. When
succinate was used as an energy-yielding substrate (Fig. 6), mitochondrial respiration
was 80% higher than in the case when malate was used (Fig. 7).

The stimulation of oxygen uptake by mitochondria was from 25 to 30% greater
when NADH was added together with succinate and malate as substrate than in the
case when only these organic acids were applied.
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Fig. 1. Oxygen consumption by mitochon-
dria isolated from nodules of soybean
plants, grown on Hellriegel’s solution
(control). In 2 ml of standard reaction me-
dium 10.0 mM succinate, 0.3 mM ADP
and 5 puM antimycin A were added as
shown. Numbers on traces refer to nmol
0,.min"!.mg! protein. Each point repres-
ents the mean value (+SE) of four replicates.

Fig. 2. Oxygen consumption by mitochon-
dria isolated from nodules of soybean
plants, grown on Hellriegel’s solution and
treated with 200 uM succinate during in-
oculation. Details as in Fig. 1.

Fig. 3. Oxygen consumption by mitochon-
dria isolated from nodules of soybean
plants, grown on Hellriegel’s solution and
treated with 200 uM malate during inocula-
tion. Details as in Fig. 1.
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Fig. 5. Oxygen consumption by mito-
chondria isolated from nodules of soy-
) ) ) ) ) | bean plants, grown on Hellriegel’s solu-
0 1 2 3 4 5 tion and treated with 200 uM citrate dur-
Time (min) ing inoculation. Details as in Fig. 1.

Oxygen uptake by bacteroids

Bacteroid respiration was characterized by a significant endogenous rate of oxygen
consumption (Fig. 8a and 9a), which could be stimulated by exogenous addition of
organic acids (Fig. 8b and 9b). Oxygen uptake with 10 mM succinate was about 20%
higher than that with 10 mM malate (Fig. 8b and 9b). Addition of NADH to the in-
cubation medium did not stimulate the rates of bacteroid oxygen uptake (Fig. 8¢ and
9¢) in comparison to the assays with a substrate of only succinate or malate (Fig. 8b
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Fig. 6. Oxygen consumption
by mitochondria isolated
from nodules of control soy-
bean plants (1) and plants
treated during inoculation
with (2) malate, (3) succin-
ate, (4) a-ketoglutarate, (5)
citrate. As exogenous subs-
trate was used: a — 10mM
succinate; b — 10 mM succin-
ate and 1 mM NADH. The
mitochondrial respiration
was in state 3 (refers to O,
uptake in the presence of
ADP). Each point represents
4 5 the mean value (+SE) of four
Treatments replicates.
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3 = b 1 Fig. 7. Oxygen consumption
by mitochondria isolated
from nodules of control soy-
bean plants (1) and plants
treated during inoculation
with (2) malate, (3) succin-
ate, (4) o-ketoglutarate, (5)
citrate. As exogenous subs-
trate was used: a — 10 mM
malate; b — 10 mM malate
and 1 mM NADH. The mito-
chondrial respiration was in
state 3 (refers to O, uptake in
the presence of ADP). Each
point represents the mean
1 2 3 4 5 value (£SE) of four replic-
Treatments ates.
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and 9b). In some cases, oxygen uptake of bacteroids with succinate and NADH as
substrates showed some resemblance of respiratory control of mitochondria, as the
addition of ADP stimulated the oxygen uptake with 46 and 31%, respectively (Fig.
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Fig. 8. Oxygen consumption
by bacteroids isolated from
nodules of control soybean
plants (1) and plants treated
during inoculation with (2)
malate, (3) succinate, (4) o-
ketoglutarate, (5) citrate. a —
endogenous oxygen consump-
tion; b — with 10 mM suc-
cinate; ¢ — with 10 mM suc-
cinate and 1mM NADH.
Each point represents the
mean value (£SE) of four
replicates.

Fig. 9. Oxygen consumption
by bacteroids isolated from
nodules of control soybean
plants (1) and plants treated
during inoculation with (2)
malate, (3) succinate, (4) o-
ketoglutarate, (5) citrate. a —
endogenous oxygen consump-
tion; b — with 10 mM malate;
¢ — with 10 mM malate and
I mM NADH. Each point
represents the mean value
(+SE) of four replicates.

10). When plants were treated with citrate during the inoculation the oxygen consump-
tion by soybean bacteroids had similar rates with the control ones (Fig. 8 and 9).
Higher oxygen uptake was observed for bacteroids from nodules of plants, treated
during inoculation with succinate, malate and a-ketoglutarate (Fig. 8 and 9).



Organic acids and the oxidative properties of nodule mitochondria and bacteroids 11

succinate

245 nmol O,

Fig. 10. Oxygen consumption by bacteroids
isolated from nodules of soybean plants,
grown on Hellriegel’s solution (control). In
2 ml of standard reaction medium 10.0 mM
succinate, 0.3 mM ADP and 5 uM antimycin
A were added as shown. Numbers on traces
refer to nmol O,.min"!.mg ! protein. Each
0 1 2 3 4 5 point represents the mean value (+SE) of
Time (min) four replicates.

Discussion

Intact and functional nodule mitochondria largely free from contamination by other
membrane components were produced by the method of Day at al. (1986). Electron
microscopy studies showed that mitochondria, isolated from soybean nodules, pos-
sessed a well defined matrix and largely intact membranes (Day et al., 1986).

Contamination of bacteroid preparations by mitochondria can be ruled out be-
cause we observed no measurable stimulation of oxygen uptake upon addition of
NADH to the reaction medium (Fig. 8c and 9¢), while such NADH oxidation is very
rapid in isolated nodule mitochondria (Fig. 6b and 7b). These results are consistent
with those of Day et al. (1986).

In the last few years, there have been considerable advances in the characteriza-
tion of the cyanide-resistant alternative pathway associated with plant respiration. The
pathway consists of a single enzyme, a cyanide-resistant quinol oxidase called the
alternative oxidase (AO), that shunts electrons off the cyanide-sensitive Cyt pathway
at the level of the ubiquinone pool and reduces oxygen to water with no conservation
of energy (Wagner and Krab, 1995). Studying the partitioning of electron flow be-
tween the alternative and Cyt pathways by use of isolated mitochondria, Bahr and
Bonner (1973) found that low concentrations of Cyt pathway inhibitors such as cyan-
ide or antimycin A diverted electrons onto the alternative pathway. In our experiments
the non-phosphorylating alternative pathways were detected by their insensitivity to
the inhibitor antimycine A. The mitochondria from soybean plant nodules showed
high sensitivity to this inhibitor, which means that a non-phosphorylating pathway is
absent in the nodules and the energetic effectiveness of these organelles is very high
(Fig. 1-5). The latter was proven by the good respiratory control ratios, observed in
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nodule mitochondria from soybean plants that were treated with succinate and o-keto-
glutarate during inoculation (Fig. 2 and 4).

The insignificant number of branches from the respiratory chain of nodule mito-
chondria which do not accumulate energy is yet another metabolic divergence that
is realized in the differentiation of root cells during nodulation. It is fully consistent
with the high energy dependence of the infected nodule cells during fixation of at-
mospheric nitrogen and the formation of ammonia. These results confirm the data
obtained by de Visser and Lambers (1983) who have established that respiration of
nodules is significantly more effective than the one of roots.

Free oxygen concentration within infected cells of nodules is about 10 nM and
increases to about 2026 nM at the cell periphery (Sheehy et al., 1985). The location
of mitochondria at the periphery of mature infected cells (Bergersen and Goodchild,
1973; Newcomb et al., 1985) is probably related to the need for access to higher oxy-
gen concentrations (Rawsthorne and LaRue, 1985). Nevertheless, these levels of oxygen
concentration are apparently sufficient to maintain functional mitochondrial integrity.

Our experiments show that mitochondria in state 3 have high rate of oxygen con-
sumption (in the range of 102 nmol to 198 nmol O,.min"!.mg"! protein) and probably
together with leghaemoglobin maintain a low level of oxygen in the infected cells
which creates optimal conditions for nitrogenase functioning. A significant difference
in the rate of oxygen uptake by mitochondria isolated from soybean plant nodules was
observed in all treatments investigated. The control plants and the ones treated with
citrate during inoculation had a lower rate of oxygen consumption, but this rate was
higher in the plants treated with succinate, malate and o-ketoglutarate.

Bacteroid respiration was characterized by significant endogenous rate of oxygen
uptake which could be reduced by placing the soybean plants in the dark for two—
three days prior to bacteroid isolation (Carroll, 1985), presumably because endogen-
ous substrates became depleted when photosynthate supply to the nodule ceased. Our
previous investigations (Ignatov and Vassileva, 1999) and results presented in Fig. 8
and 9, fully confirm the dependence of plant photosynthesis and bacteroid respira-
tion. Photosynthetic intensity and the oxygen uptake of bacteroids were lowest in the
control soybean plants and the ones treated with citrate during inoculation. In cases
when the intensity of photosynthesis was high (treatments with succinate, malate and
a-ketoglutarate added) the rate of oxygen uptake of the bacteroids was highest.

In conclusion, after treatment of soybean plants with organic acids succinate and
a-ketoglutarate, the oxidative capacity of mitochondria and bacteroids from their root
nodules was stimulated. It seems reasonable to assume that this stimulation may lead
to a higher nodule nitrogen fixation, that was established in our previous study
(Ignatov and Vassileva, 2000).
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