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SUMMARY. The effect of waterlogging of root nodules on nitrogenase activity
and synthesis was studied in Piswn sativum inoculated with Rhizobiwn legumino-
sarum (strain PRE). It was shown that: 1. nitrogenase activity of intact pea
plants was decreased by waterlogging, 2. this decrease was paralleled by a
decline of the amount of active nitrogenase determined in toluene EDTA treated
bacteroids, 3. SDS-polyacrylamide gel electrophoresis revealed that. the amount
of nitrogenase component II (CII) decreased by waterlogging while the amount
of component I §g1)=was not markedly affected, and 4. analysis of bacteroid
proteins after SO labeling of pea plants showed that CII synthesis was
repressed while CI synthesis continued indicating that the synthesis of CI

and CII is regulated by independent mechanisms.

INTRODUCTION. In Klebstiella prewmoniae the nif-genes can be repressed in at

. . . +
least two different ways. A fixed nitrogen source (e.g. NH

4 or amino acids)

will repress nitrogenase synthesis; glutamine synthetase (GS) probably plays
a role in this repression (1). Secondly, oxygen can also repress nitrogenase
synthesis in Klebsiella, which is a facultative anaerobic nitrogen fixing
organism (2) and GS does not participate in the repression of nitrogenase

synthesis by 0O, (2).

2

Regulation of nitrogenase synthesis in rhizobia probably differs from that
in K. pneumoniae. In symbiotic as well as nitrogen fixing rhizobia ex planta,
NH4+ decreases nitrogenase activity. In both cases, however, nitrogenase syn-
thesis is probably not repressed as in X. prewnontae and other nitrogen fix-
ing organisms (3,4,5).

Oxygen is probably important in the regulation of nitrogenase synthesis in
Rhizgobium, a micro-aerobic nitrogen fixing organism. In nitrogen fixing R.

Japonicum ex planta 0.16% 0, is the optimal concentration for nitrogen fix-

ation (6). Higher as well as lower O2 concentrations cause a decrease in
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nitrogenase activity. In root nodules of legumes, the 02 concentration is
important for nitrogenase activity. If the oxygen supply is reduced by water-
logging of the root nodules, nitrogenase activity is decreased (6,7). Whether
nitrogenase synthesis is also influenced, however, was not determined. In
this paper we report on the effect of waterlogging of the root system on
nitrogenase activity and on the synthesis of the two nitrogenase components

of Pisum sativum nodulated with R. leguminosarum.

MATERIALS AND METHODS. The growth of peasplants (P. sativwn, var. Rondo)
nodulated with R. leguminosarum (PRE), S -sulfate labeling of pea plants,
polyacrylamide gel electrophoresis and autoradiography were performed as de-
scribed previously (5,9).

Waterlogging treatment. Plants of 20 days old were used for the water-—
logging treatment. Waterlogging was effected by filling the trays, that con-
tained the pea plants, with distilled water, so that all root nodules were
submerged in the growth medium.

Preparation of soluble bacteroid proteins. Bnaerobic isolation and lysis
of bacteroids by osmotic shock after lysozyme treatment, were performed as
described before (5,9). The bacteroids were isolated in a glove box flushed
with N, (9) and buffers contained 20 mM dithionite and 4% polyvinylpyrroli-
done.

Acetylene reduction. Nitrogenase activity of intact pea plants was
measured by the acetylene reduction assay in 500 ml Erlenmeyer flasks con-
taining 10% acetylene and 90% air. The waterlogged root nodules were blotted
with absorbent paper prior to analysis. Acetylene reduction was followed
for 15 min, after which the pea plants were placed back in the culture
medium. Nitrogenase activity was expressed as nmole acetylene reduced per
plant per hour.

Acetylene reduction of anaerobic bacteroid suspensions was measured after
the bacteroids were treated with EDTA and toluene as described by Houwaard
(4)

RESULTS.

The effect of waterlogging on mitrogenase activity. The effect of water-

logging on nitrogenase activity was studied on whole pea plants. Two groups

of 6 nodulated pea plants of 20 days old with about equal acetylene reducing
capacity were selected out of 10 groups. One group was placed under water-
logging conditions while the other was used as a control. Nitrogenase ac-
tivity was followed over a period of 4 days. Fig. 1 shows that the activity
of the control plants increased slightly during the first 3 days. At the third

day nitrogenase activity reached its maximal value after which it decreased
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Fig. 1. Acetylene reducing activity of whole pea plants. The same plants
were used throughout the experiments. x—=x, control; o--o, waterlogging.

Fig. 2. Acetylene reducing activity of toluene EDTA treated bacteroids,
isolated from control and waterlogged root nodules. x—=x, control; o--o,
waterlogging.

slightly at the fourth day. Nitrogenase activity of the waterlogged plants
decreased rapidly after the onset of waterlogging. After 4 days of water-
logging nitrogenase activity of the waterlogged plants was 25% of that in
control plants.

Nitrogenase activity depends on several factors, e.g. amount of nitrogen-
ase and supply of energy, and reduction equivalents. To determine if the
amount of active nitrogenase is limiting in waterlogged root nodules we de-
termined the amount of active nitrogenase in bacteroids isolated from these
nodules. Anaerocbic nitrogenase activity of bacteroid suspensions, treated
with toluene and EDTA, supplied with energy (ATP) and reduction equivalents
(dithionite) was determined. Nitrogenase activity of waterlogged bacteroids
decreased parallel to the activity of whole plants while nitrogenase activity
of control bacteroids remained about constant over a period of 5 days (Fig.
2). After 5 days waterlogging, only 15% of the control activity was left.

This result strongly indicated that by waterlogging the amount of active
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FPig. 3. Polyacrylamide gel electrophoresis of bacteroid proteins isolated
from control and waterlogged root nodules. a. Component I, b. Control bac-
teroid proteins, c¢. Bacteroid proteins from waterlogged root nodules, d.
Component II.

nitrogenase in bacteroids decreases, as in toluene EDTA treated bacteroids
the amount of active nitrogenase limits activity.

Nitrogenase synthesis during waterlogging. The amounts of the separate

nitrogenase components in bacteroids can be estimated by polyacrylamide gel
electrophoresis of bacteroid proteins. Fig. 3 shows an electropherogram of
proteins stained with Coomassie brilliant blue, prepared from bacteroids
isolated from control plants (Fig. 3b) and from pea plants placed for 4 days
under waterlogging conditions (Fig. 3c). The nitrogenase components were
identified with purified nitrogenase components (Fig. 3a, d). This figure
shows that the amounts of the two subunits of component I (CI) are not
markedly affected but the amount of component II (CII) is reduced in com-
parison to the other protein bands.

To determine whether this decrease of the amount of CII is caused by a

repression of the synthesis of CII, bacteroid protein synthesis was followed
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3 =
Fig. 4. Densitograms of bacteroid proteins isolated from 5SO labeled

control and waterlogged root nodules. A. Control bacteroid proteins, B.
Bacteroid proteins of waterlogged root nodules. The arrows indicate the
position of the two subunits of CI and CII.

by 35804: labeling. Two groups of pea plants were labeled with 35SO4= for 24
h. Bacteroid proteins were analysed by polyacrylamide gel electrophoresis

and an autoradiograph was made. Figs. 4a and b show densitograms of autoradio-
graphs of the bacteroid proteins shown in Fig. 3b and c. Total bacteroid
protein synthesis is not markedly affected by waterlogging: control, 166
cpm/ug protein and waterlogging 181 cpm/ug protein. Fig. 4 shows that the
incorporation of 355 into CII is markedly reduced, since the peak corre-
sponding with CII is reduced in comparison to the other proteins., The in-
corporation of 35S into the two subunits of CI is hardly affected by water-

logging however. Besides the repression of CII, proteins with molecular

weights of about 80, 48 and 22,000 were also repressed.
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The decrease of 358 incorporation into CII can be caused by an increased
degradation or a repressed synthesis of CII. Analysis of 355 labeled bacter-
o0id proteins isolated from 1 day waterlogged root nodules, revealed that the
amount of CII on polyacrylamide gels was not significantly decreased, while
the incorporation of 355 into CII was repressed (result not shown). This
result indicates that the decrease of 358 incorporation into CII is caused

by a repressed synthesis rather than increased degradation of CII.

DISCUSSION. Sprent (8) proposed that a reduced oxygen supply to the root
nodules, causing a decrease in the energy supply to the bacteroids, is res-
ponsible for a decreased nitrogenase activity under waterlogging. If only this
reduced energy supply to the root nodules was responsible for the decrease

of nitrogenase activity, we would expect an immediate decrease of nitrogenase
activity at the beginning of the waterlogging treatment after which it should
remain constant. Our results confirm those of e.g. Minchin et al. (10), who
showed that nitrogenase activity decreases continually during the waterlogging
treatment.

It was shown in experiments with toluene EDTA treated bacteroids that
waterlogging of the root nodules caused a decrease in the amount of nitrogen-
ase enzyme in parallel with the decrease of nitrogenase activity. 35SO4= labe-
ling showed that CII synthesis was repressed. Therefore, besides the reduced
O2 supply to the root nodules, a decreased amount of active nitrogenase is
probably responsible for the continued decrease of nitrogenase activity during
waterlogging. It appears that the decrease in the amount of nitrogenase is
parallelled by a decreased CII synthesis, while CI synthesis seems rather un-
affected.

Since only the synthesis of CII of nitrogenase seems to be repressed by
waterlogging, the synthesis of CI and CII of nitrogenase probably can be

regulated independently. This is in accordance with results we reported in

previous papers on nodule development (9,11).
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The mechanism by which waterlogging causes a repression of CII synthesis

is yet unclear. We speculate that the decrease of the O, supply to the root

2
nodules plays a role in the repression of CII synthesis.
The decrease of nitrogenase activity of toluene EDTA treated bacteroids

is caused by a repression of CII synthesis. If nitrogenase activity is pro-
portional to the amount of CII, with CI present in excess, the turnover rate
of CII during waterlogging can be estimated. Fig. 2 shows that after 3-5 days
of waterlogging acetylene reduction has decreased to 15% of the original
value. This indicates that t17 of CII is between 1 and 2 days. This value is

consistent with the turnover rates determined in other ways (Bisseling, un-

published results).

ACKNOWLEDGMENTS. The authors thank Mr. Van Geffen, Mr, Van Velsen and Mr.

Houwers for culturing nodulated pea and cowpea plants, Mr. Hoogeveen for

making the illustrations and Ms. Wil Landeweerd for typing. This investigation
was partially supported by the Netherlands Foundation for Biological Research
(BION) with financial aid from the Netherlands Organization for the Advance-

ment of Pure Research (ZWO).

REFERENCES .

1. Streicher, S.L., Shanmugam, K.T., Ausubel, F., Morandi, C., and Goldberg,
R.B. (1974) J. Bacteriol, 120, 815-821,

2. Eady, R.R., Issack, R., Kennedy, C., Postgate, J.R., and Ratcliffe, H.D.
(1978) J. Gen. Microbiol. 104, 277-285.

3. Scowcroft, W.R., Gibson, A.H., and Pagan, J.D. (1976) Biochem. Biophys.
Res. Comm. 73, 516-523.

4. Houwaard, F. (1978) Appl. and Envir. Microbiol. 35, 1061-1065.

5. Bisseling, T., Van den Bos, R.C., and Van Kammen, A. (1978) Biochim.
Biophys. Acta 539, 1-11.

6. Keister, D.L., and Rao, V.R. (1977) in Recent Developments in Nitrogen
Fixation (Newton, W., Postgate, J.R., and Rodrigues-Barrueco, C., eds)
pp. 419-430, Academic Press London.

7. Schwinghamer, E.A., Evans, H.J., and Dawson, M.D. (1970) Plant and Soil
33, 192-212.

8. Sprent, J.I. (1969) Planta (Berlin), 88, 372-375.

9. Bisseling, T., Van den Bos, R.C., Weststrate, M.W., Hakkaart, M.J.J., and
Van Kammen, A. (1979) Biochim. Biophys. Acta 562, 515-526.

10. Minchin, F.R., and Summerfield, R.J. (1976) Plant and Soil 45, 113-127.

11. Van den Bos, R.C., Bisseling, T., and Van Kammen, A. (1978) J. Gen.
Microbiol. 109, 131-139.

693



