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Nodule structure and functioning in Cicer arietinum
as affected by nitrate
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Abstract

Chickpea (Cicer arietinum L.) cv. C-235 inoculated with Rhizobium sp. (Cicer) strain
cv4Az was raised in sand culture under natural conditions with nitrogen-free nutrient
solution. 45-d-old plants were treated with 20 and 50 mM KNGO, and samplings made
2 and 6 d after treatment. KNOj; application induced premature nodule senescence.
Light microscopic investigations showed that KNO; treatments resulted in structural
degradation of the central bacteroidal tissue. The mass of green nodules increased by
35 % under these treatments. This was accompanied by a rapid decline in
leghemoglobin (Lb) content of the nodules being 51 - 67 % lower than in control.
The total soluble nodule proteins showed relatively minor changes under KNO;
treatments thus suggesting preferential degradation of Lb. These changes were
associated with a rapid decline in N,-fixing activity. However, the decline in total
soluble sugars was relatively minor as compared to acetylene reducing activity, thus
indicating that sugar deprivation is not the cause of decreased nitrogen fixation
ability. Glutathione reductase and ascorbate peroxidase activity showed a 10 - 20 %
decrease in comparison with the control. Accumulation of H,0O; and structural
degradation of the nodular tissue are considered to be the factors leading to nodule
senescence under nitrate treatments.

Additional key words: chickpea, hydrogen peroxide, leghemoglobin, N, fixation, senescence,
soluble saccharides.
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functional life span which determmes thelr contribution to the host plant in terms of
fixed nitrogen. The duration of this functional period depends on legume plant
species, rhizobial strain, nodule structure and environmental conditions.
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Abbreviations: ARA - acetylene reducing activity, ASC - ascorbate, DAT - days after treatment,
GSSG - glutathione, Lb - leghemoglobin, TSS - total soluble saccharides
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As symbiotic N»-fixation is an adaptive mechanism, excess of combined nitrogen
in the rooting medium not only inhibits new nodule formation, but also limits the
functional span of already existing nodules. The study of nitrate induced senescence
of legume nodules is rather complex because of the involvement of nitrate
metabolism and oxygen reiations (Dalton er al. 1991). Nodules function under a
paradoxical situation. In order to fix nitrogen, bacteroids inside the nodules must be
supplied with O, at a sufficiently fast rate to meet their respiratory requirement for
efficient production of ATP, but at the same time, level of free oxygen inside the
nodule must be kept low to protect nitrogenase which is highly O, labile.
Leghemoglobin facilitates O, diffusion inside dense nodular tissue maintaining a

constant Supply at low tensions of free O,. However, it can perform this function only
if heme iron is present in ferro form; when it is present in ferric form it is unable to
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bind molecular 02 {Appleby 1984).

During senescence the pH of nodules becomes more acidic (pH approximately 5.5)
(Pladys er al. 1988) and this acidic pH favours autoxidation of oxygenated Lb to
ferric Lb yielding superoxide radical O,". The O," radical can also be formed by
oxidation of key proteins of bacteroids such as ferredoxin, hydrogenase and
nitrogenase (Dalton 1995). The superoxide radical and H,O, are also formed when
the O, consumed during respiration of bacteroids and nodule mitochondria is reduced
to water. O, is converted to H;0, in the presence of the superoxide dismutase.
Inereased H,0, production might hamper N,-fixation as it leads to lipid peroxidation
and is the precursor of the hydroxyl radical (FHO") which is highly toxic for biological
systems (Becana and Rodriguez-Barruco 1989). Becana ef al. {1988) reported that
nitrate treatment led to H, (O, accumulation in legume nodules. Therefore, the present
investigations were conducted to study the effect of nitrate on nodule functioning and
some H,0, scavenging enzymes in chickpea.

Materials and methods

Plants and growth conditions: Chickpea (Cicer arietinum L. cv. C-235) plants were
raised in sand culture in earthenware pots (22.5 x 22.5 c¢m) each containing 6 kg of
river sand. Before sowing, seeds were surface sterilized and inoculated with a
specific pure Rhizobium sp. {Cicer) strain cv4Az obtained from Microbioclogy
Department, Chaudhary Charan Singh Haryana Agricultural University, Hisar. Plants
were grown in a greenhouse under natural light and temperature. Except for an initial
dose of nitrate nitrogen (250 ¢cm® of 0.05 mM KNO;) plants were supplied with
appropriate amounts of nitrogen free nutrient solution (Wilson and Reisenauer 1963),
45 d after sowing, when the plants had developed sufficient number of nodules, the
plants were divided into three sets: one served as untreated control, the other two
were subjected to 20 and 50 mM KNO;, respectively. The samplings were conducted
2 and 6 d after treatment. From every treatment four pots constituting four replicates
of two plants each were sampled at appropriate intervals of time.

436



NITRATE INDUCED NODULE SENESCENCE

Nitrogen fixation: The rate of N,-fixation was determined by incubating isolated roots
bearing nodules in 10 % C,H; for 10 min at room temperature {20 £ 5 °C}) in 100 cm’®
bottles fitted with Subaseals (Perfir, India). The acetylene reduction assay was
carried out according to Hardy er al. {1973).

Contents of leghemoglobin, total soluble proteins, total soluble saccharides and
nitrogen: Immediately after sampling, the nodules were removed from the roots and
washed free of sand. Nodules were excised and processed for various estimations without
any further delay. Leghemoglobin content was determined as described previcusly
(Swaraj et al. 1986). The protein content was measured by the method of Lowry ef al.
(1951} using the Folin-Ciocalteau reagent with bovine serum afbumin as standard. Total
nitrogen content of nodules was estimated by microKjeldahl's method with liftle

modification using Kjeltac Autoanaivser 1030 (bweden). Total soluble saccharides were
measured by the method of Yemm and Willis (1954) using anthrone reagent.

Enzymes: The enzyme extract was prepared by homogenizing 0.8 g of nodules in
5 cm’ of 0.1 M phosphate buffer (pH 7.0), containing 0.05 % bovine serum albumin
in a prechilled pestle and mortar. The homogenate was centrifuged in a refrigerated
centrifuge (REM! G30, India) at 10 000 g for 10 min and the supernatant obtained
was used for determination of activity of GSSG-reductase and ASC-peroxidase. All
the steps in the preparation of enzyme extract were carried out at 4 °C,

Glutathione reductase (NADPH: oxidised glutathione oxidoreductase, EC 1.6.4.2)
was assayed by measuring the decrease in absorbance at 340 nm due to NADPH
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GSSG, 0.125 mM NADPH, 50 mM Tricine (pH 7.8), 0.5 mM EDTA and 0.05 cm”’ of
extract in a final volume of 2.0 em’. Rates were corrected for GSSG-independent
oxidation. The nonenzymatic rate was negligible.

Ascorbate peroxidase (L-ascorbate: hydrogen peroxide oxidoreductase, EC
L1111 Yy was measured by a spectrophotometer (Specironic - 21, Bausch & Lomb,
USA) based on the rate of decrease in absorbance of ascorbate at 265 nm during
ascorbate oxidation (Nakano and Asada 1981). The assay was performed in a 3 cm’
quartz cuvette containing 0.5 mM ascorbate, 0.1 M phosphate buffer (pH 7.0), 2.0
mM H,0, and 0.01 em® of extract. Corrections were made for the low rates of
ascorbate oxidation due to nonenzymatic FH,0;-independent oxidation.

Light microscopy: The nodules were fixed in FAA (formaldehyde, acetic acid,
alcohol and water in the ratio of 10:1:2:7), passed through ethanol-xylene series for
dehydration, infiltration and embedded in wax. Sections (8 - 10 pum thick) were
stained with 0.05 % (m/v) aqueous toluidine blue and observed under a light
microscope.

Results

Application of KNO; to the plants accelerated the rate of nodule senescence as is
evident from the ratio of red to green nodules (Table 1). Two days after 20 and
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50 mM KNOj; treatment (DAT) acetylene reduction activity (ARA) decreased
considerably (60 - 65 %) (Fig. 1). ARA decreased further with increase in duration of
nitrate treatments, the value dropped by 82 - 83 % although 50 % of the nodules were
still red. The decline in leghemoglobin (Lb) content was relatively slow (Fig. 1).
However, as the duration of the treatment increased to 6 d, the Lb content decreased
by 50 %. Nodule cytosolic proteins showed a relatively minor decline under nitrate
treatments (Fig. 1) reflecting that Lb was more sensitive to KNO; as compared to
other soluble proteins. The total soluble saccharide (TSS) content also showed minor
decline under nitrate treatment (Fig. 1) as compared to the sharp decline in ARA. The
nitrogen content, however, increased by 25 % at 20 mM KNO;, but it was retained
near conirol fevel at 50 mM KNQO; (Fig. I).

Table. 1. Effect of KNO; on total nodule mass, green and red nodule mass and nodule volume.

KNQO; DAT Total nodule Red nodule Green nodule Nodule
[mM] mass [g] mass [g] mass [g] volume [%]
0 2 1.80 £ 0.30 1.54 £ 0.36 0.29£0.11 1.90 + 0.30
6 2.00£0.40 1.64 £ 0.25 0.3510.04 2.00 £0.20
20 2 1.68 £ 0.40 1,30 + 0.35 0.38 £ 0.05 1.70 £ 0.30
6 1.05 £ 0.20 0.54 £0.11 0.51 £ 0.0t 1.00 £ 0.20
50 2 1.16£0.10 0.75+0.10 0.35+£0.06 1.10 £ 0.10
6 0.94 £ 0.04 0.46 £0.04 0.48 £ 0.03 1.03 £ 0.05

Among the M0, scavenging enzymes of the glutathione ascorbate cycle, a
considerable decrease in ascorbate peroxidase (ASC-peroxidase) activity was
observed. A 23 to 27 % decline was registered 2 DAT at 20 and 50 mM KNO,
(Fig. 2). As the DAT increased from 2 to 6, the ASC-peroxidase activity further
declined by 32 to 63 % of the control. A lower decline in glutathion (GSSG)-

reductase activity was observed raneine from 10 ta 20 0% with 20 mM KNO- 2 and
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6 DAT, respectively (Fig. 2). Increasing the concentration of KNO; to 50 mM did not
further affect the GSSG-reductase activity.

As compared to the control, nodules harvested 6 DAT with 20 mM KNO; had
smaller regions of meristematic activity. At 50 rnM KNOs (6 DAT), the meristematic
activity was reduced to almost zero and the outer cortex was damaged. Investigations
of the central bacteroidal tissue from control nodules showed that the number of
uninfected cells were less. In the infected cells, the nuclei were prominent and the
bacteroids were densely packed (Fig. 3a). At 20 mM KNO; (6 DAT) no nuclei were
seen and the bacteroids were packed less densely. The rhizobia appear to be
contained within packet-like structures (Fig. 34). Similar results were observed with
50 mM KNO; (Fig. 3c,d), where the bacteroids appeared shrunken and distorted,
surrounded by a darkly staining material. As the nitrate concentration increased, a
steady increase in the disorder in infected cells and the ratio of number of uninfected
cells to infected cells were observed.
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Nodule senescence can be induced prematurely by treating the plants with KNO;
(Swaraj et al. 1993, Escuredo ef af. 1996). Becana and Sprent (1987) have reviewed

that nitrate application induced premature greening of nodules, which is an

protein, and total soluble sugar con

Discussion
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established index of nodule senescence. In the present investigations, treatment with
20 and 50 mM KNO; increased the green nodule mass which was accompanied by a
considerable decrease in Lb. It was also observed that b was more deleteriously

80
[ contral -

20 mM KNO;
+ I sommknD,

—
(5]

(o1
(=)

1
—
[=}

ASCORBIC ACID PEROXIDASE

[U mg *(protein)]
-
o
T
[mmol{ascorbated oxidised) mg™(f.m.)]

GLUTATHIONE REDUCTASE
N
=]
T

TIME AFTER TREATMENT [d]

Fig. 2. Effect of KNO; on glutathione reductase and ascorbate peroxidase activity. Lincs above the
bars indicate SEM of three replicates.

affected by the presence of nitrate than the total soluble proteins indicating that it is
particularly sensitive. This was also found in alfalfa, cluster bean and pea nodules
(Becana er al. 1988, Swaraj ef al. 1993, Escuredo er al. 1996). In nitrate treated
nodules, b may be inactivated by oxidation of the heme Fe, formation of a complex
with NOj™ or degradation of the globin or the heme group (Becana ef al. 1991,
Becana and Klucas 1992, Jun et al. 1994). The decline in Lb content may be also
ascribed to degradation of the hemoprotein by acidic proteases with high affinity for
Lb (Pladys and Rigaud 1985), a process that is favoured by the low pH of nitrate-
treated nodules (Pladys er al. 1988).

Nitrate-treated plants resulted in a considerable inhibition of ARA within 2 to
6 DAT. Comparable results have been reported (Minchin ef al. 1989, 1992, Faurie
and Soussane 1993, Swaraj ef /. 1993). One possible explanation is that the
utilization of reducing equivalents to support nitrate assimilation would deprive the
nodules of their sugar supply and cause the nitrogenase activity to decrease
(Oghogorie and Pate 1971, Hardy and Havelka 1976, Taylor et a/. 1988). Contrarily,
in our studies the total soluble saccharide content of nodules showed a relatively
minor decline as compared to ARA. There are many reports supporting our
observations (Streeter 1981, 1985, Wasfi and Prioul 1986) where no decrease in total
soluble saccharide content of the nodules was observed after NO3™ supply.

Little is known about H,0; metabolism in legume nodules during their senescence.
Nodule cytosol contains high level of the ASC-peroxidase (Dalton £993). In our
studies the activities of ASC-peroxidase decreased by 30 to 50 % with 20 and 50 mM
KNG;. The decline in GSSG-reductase activity was lower ranging from 10 to 20 %.
Escuredo ef al. (1996) reported a 50 % decrease in ASC-peroxidase activity 4 d after
treatment with 10 mM KNO; in pea nodules. Swaraj e al. (1994) reported
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approximately 30 % decline in ASC-peroxidase activity in cluster bean with 20 and
50 mM nitrate, Dalton (1995) and DeLorenzo et al. (1994) also reported a decline in
the operativity of the ASC-GSH cycle.

e

Fig. 3. Cross section of chickpea nedules showing the central bacteroidal region (x1200).
a - control, & - 20 mM KNO,, 6 DAT, ¢ - 30 mM KNO;, 2 DAT, 4 - 30 mM KNOs, 6 DAT;
UT - uninfected cells (with starch grains), IC - infected cells.

Nitrate treatments (20 and 50 mM KNO3) adversely affected the nodule structure.
The control (0 mM) nodules had a defined general structure of infected and
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uninfected cells. As the nitrate concentrations increased to 20 mM the bacteroids
were less densely packed. The rhizobia appear to be contained within packet like
structures. When the concentration of nitrate was increased to 50 mM the bacteroids
appeared shrunken and distorted, surrounded by a darkly staining material. Naisbitt
and Sprent (1993) have also observed that at 20 mM nitrate the area around the
bacteria was filled with fibrillar material and rhizobia appeared to be contained
within packet like structures. DeLorenzo et al. (1990) also reported that the
application of NO; to nodulated plants gave rise to general structural degradation of
the nodule.

The concomitant decrease in activities of ASC-peroxidase and GSSG-reductase
suggests a link between N, fixation and some of the H;O; scavenging enzymes, Our
results do not support the sugar deprivation hypothesis, and accumulation of H,0,
due to decline in activities of ASC-peroxidase and GS8SG-reductase and structural
degradation of the nodular tissue may be the factors leading to nodule senescence
under nitrate freatments,

References

Appleby, C.A.: Leghemoglobin and Rhizobium respiration. - Annu. Rev. Plant Physiol. 35: 443-478, 1984.

Becana, M., Aparacio-Tejo K., Sdnchez-I}az, M.: Nitrate and hydrogen peroxide metabolism in
Medicago sariva nodules and possible effect on leghaemoglobin function. - Physiol. Plant. 72:
755-761, 1988.

Becana, M., Klucas, R.V.: Transition metals in legume root nodules: iron-dependent free radical
production increases during nodule senescence. - Proc. nat. Acad. Sci. USA 89: 8958-8962,
1992.

Becana, M., Rodriguez-Barrueco, C.: Protective mechanisms of nitrogenase against oxygen excess
and partially reduced oxygen intermediates. - Physiol. Plant, 75; 429-438, 1689,

Becana, M., Salin, M.L., Ji, L., Klucas, R.V.: Flavin-mediated reduction of ferric leghemoglobin
from soybean nodules. - Planta 183: 575-583, 1991.

Becana, M., Spreni, J.1.: Nitrogen fixation and nitrate reduction in root nodules of legumes. -
Physiol. Plant. 70: 757-765, 1987.

Dalton, DLA.: Antioxidant defence of plants and funs. - In; Ahmad, 8. (ed.): Oxidative Stress and
Antioxidant Defences in Biclogy. Pp. 298- 355, ('hapman and Hall, New York 1995,

Dalton, D.A., Pest, C.J., Langeberg, L.: Effect 1 ambient oxygen and of fixed nitrogen on
concentrations of glutathione, ascorbate and associated enzymes in soybean root nodules. - Plant
Physiol. 96: 812-818, 1991.

Dalton, D.A., Russell, 5.A., Hanus, F.J, Pascoe, G.A., Evans, H.J.: Enzymatic reactions of
ascorbale and glutathione that prevent peroxide damage in soybean root nodules. - Proc. nat.
Acad. Sci. USA 83: 3811-3815, 1986.

DeLorenzo, C.A., Ferndndez-Pascual, M\M., De Felipe, M.R.: Protective enzymes against active
oxygen species during nitrate-induced senescence of Lupinus albus nodules. - J. Plant Physio!.
144: 633- 640, 1994.

Del.orenzo, C.A., Lucas, M.M., Vivo, A., De Felipe, M.R.: Effect of nitrate on peroxisome
ultrastructure and catalase activity in nodules of Zupinus albus 1.. cv. Multolupa. - J. exp. Bot.
41: 1573-1578, 1990,

Escuredo, P.R., Minchin, F.R., Gogorcena, Y., Iturbe-Ormaetxe, 1., Klucas, R.V., Becana, M.;
Involvement of activated oxygen in nitrate induced senescence of pea root nodules. - Plant
Physiol. 110: 1187-1195, 1696.

442



NITRATE INDUCED NODULE SENESCENCE

Faurie, O., Soussana, J.F.. Oxygen-induced recovery from short term nitrate inhibition of N
fixation in white clover plants from spaced and dense stands. - Physiol. Plant. 89: 467-475, 1993.

Hardy, RW.F., Burns, R.C., Holsten, R.I:.: Application of C,H,-C;H, assay for measurement of
nitrogen fixation. - Soil Biol. Biochem. 5: 47-81, 1973,

Hardy, R.W.F., Havelka, U.D.: Photosynthate as a major factor limiting nitrogen fxation by field
grown legumes with emphasis on soybean. - In: Nutman, P.S. (ed.}: Symbiotic Nitrogen Fixation
in Plants, Pp. 421-439. Cambridge University Press, Cambridge 1976.

Jun, HK., Sarath G., Moran, ILF., Becana, M., Klucas, R.V., Wagner, F.W.: Characteristics of
modified leghemoglobins isolated from soybean (Glycine max Merr.) root nodules. - Plant
Physiol. 104: 1231-1236, 1994.

Lowry, O.H.. Rosenbrough, N.J., Farr, A.L., Randail, R.J.: Protein measurement with the Iolin
phenol reagent. - I. biol. Chem. 193: 265-275, 1951,

Minchin, F.R., Becana, M., Sprent, J.1.: Short-term inhibition of legume N, fixation by nitrate. II.
Nitrate effects on nodule oxygen diffusion. - Planta 180: 46-52, 1989,

Minchin, F.R., lannetta, P.P.M., Fernandez-Pascual, M., DeLorenzo, C., Witty, J.F_, Sprent, J.L:
A new procedure for the calculation of oxygen diffusion resistance in legume nodules from flow-
through gas analysis data. - Ann. Bot. 70: 283-289, 1992,

Naishit, T., Sprent, J.I.: The long term effect of nitrate on the growth and nodule structure of the
Caesalpinioid herbaceous legume Chamaecrista fasciculata Michaux., - J. exp. Bot. 44: 829-835,
1993,

Nakano, Y., Asada, K.; Hydrogen peroxide is scavenged by ascorbate-
spinach chloroplasts. - Plant Cell Physiol. 22: 1236-1241, 1681,

Oghohorie, C.G.O., Pate, J.S.: The nitrate syndrome of the nodulated field pea (Pisum arvense L.). -
In: Lie, T.A., Mulder, E.G. (ed.): Biological Nitregen Fixation in Natural and Agriculture
Habitats, Pp.185-202. Martinus Nijhoff, The Hague 1971.

Pladys, D., Barthe, P., Rigaud, I.: Changes in intracellular pIl in French bean noedules induced by
senescence and nitrate treatment. - Plant Sci. 56 99-106, 1988.

Pladys, D., Rigaud, J.: Senescence in French bean nodules: occurrence of different proteolytic
activities. - Physiol. Plant. 63: 43-48, 1985.

Streeter, J.G.: Seasonal distribution of carbohydrates in nodules and stem exudate from fleld-grown
soybean plants. - Ann. Bot. 48: 441-450, 1981.

Streeter, J.G.: Nitrate inhibition of legume nodule growth and activity. I1. Short term studies with
high nitrate supply. - Plant Physiol. 77: 325-328, 1985,

Streeter, 1.G.; Inhibition of legume nodule formation and Na fixation by nitrate. - Crit. Rev. Plant
Sei. 7: 1-23, 1988,

Swaraj, K., Kuhad, M.S., Garg, O.P.: Dark treatment effects on symbiotic nitrogen fixation and
related processes in Cicer arietinum (chickpea). - Environ. exp. Bot. 26: 31-38, 1936,

Swaraj, K., Laura, J.8., Bishnoi, N.R.: Nitrate induced nodule senescence and changes in activities
of enzymes scavenging IO, in cluster bean (Cyamopsis tetragonoloba Taub.). - J. Plant
Physiol. 141: 202-205, 1993,

Swaraj, K., Laura, I.8., Bishnoi, N.R.: Dark treatment effects on nitrogen fixation and enzymes
associated with scavenging hydrogen peroxide in cluster bean nodules. - Plant Physiol. Biechem.
32:115-119, 1994.

Taylor, D.C., Shelp, B.J., Belson, L.M., Grodzinski, B.: Carbon and nitrogen partitioning in young
nodulated pea (wild type and nitrate reductase-deficient) plants exposed to NHNO;. - Physiol,
Plant. 74: 393-601, 1988.

Wasfi, M., Prioul, J.L.: A comparison of inhibition of French bean and scybean nitrogen fixation by
nitrate, 1 % oxygen or direct assimilate deprivation. - Physiol. Plant. 66: 481-490, 1986.

Wilson, D.0., Reisenauer, H.M.: Cobalt requirements of symbiotically grown alfalfa. - Plant Seil
19: 364-373, 1963.

Yemm, E.W,, Willis, AJ.: The estimation of carbohydrates in plant extracts by anthrone. -
Biochem. J. 57: 508-514, 1954,

443



