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Abst rac t - -Ni t ra te  reductase is one of the most important enzymes in the assimilation of exogenous ni t ra te-- the  
predominant form of nitrogen available to green plants growing in soil. Activity of this enzyme in plants gives a 
good estimate of the nitrogen status of the plant and is very often correlated with growth and yield. Although it 
is difficult to explain the physiological significance and the mechanism of effects of several factors on the enzyme 
activity, in some cases suitable postulates have been advanced. In general, the enzyme activity in a plant tissue is 
a balance between its relative rates of synthesis/degradation and activation/inactivation. Factors may affect the 
overall activity by interfering with either of these processes. 

Most higher plants growing in soil obtain their nit- 
rogen in the form of nitrate. In the pathway NO3 

NH4 amino acids, reduction of nitrate to NO~ ~ + --~ " 
nitrite by the enzyme nitrate reductase (NR, EC 
1.6.6.1) is believed to be the rate-limiting step [1]. 
This is indicated by the fact that while ni t rate  may 
accumulate in the plant tissues, nitrite and ammonium 
do not [2, 3]. Significant positive correlations between 
nitrate reductase activity (NRA) and plant growth 
have been observed in Zea [4], Populus [5] and 
Triticale [6]. In several systems, enzyme activity is 
correlated with grain protein and nitrogen [7-14]. A 
positive correlation between N R A  and reduced nit- 
rogen at low level of nitrogen supply has been ob- 
served in many graminaceous plants [15]. Even in 
diseased plants increase in N R A  is closely correlated 
with the increase in ethanol-soluble and protein nit- 
rogen of the host [16]. In Hordeum vulgate and Zea 
mays, supply of nitrate induces N R A  and develop- 
ment of peroxisomes [17]. Since supply of ammonium 
also increases peroxisome number, it is concluded that 
induced N R A  supplies reduced nitrogen for the synth- 
esis of glycine and serine in the peroxisomes and 
therefore their number correlates with the N R A  [17]. 
Thus, NRA may serve as an index of the nitrogen 
status of the plant. Although the literature on the 
reduction of nitrate to nitrite has been reviewed by 
Hageman and Hucklesby [18], Hewitt [19] and Hewitt 
et al. [20], they concentrated mostly on the physico- 
chemical nature of the enzyme. A review by Beevers 
and Hageman [1] had incorporated work on the effects 
of environmental factors on NRA but since then the 

literature has grown enormously. In the present paper, 
a critical appraisal of the effects of different factors on 
N R A  is presented. 

SUBSTRATE INDUCTION 

The presence of N R A  has been demonstrated in 
almost all the tissues examined. Workers have demon- 
strated that the lack of activity in Malus sylvestris 
leaves [21] could be related to inadequate extraction 
and assay procedures [22, 23]. The enzyme is readily 
induced by the supply of nitrate in H. vulgate 
aleurone layers [24] and leaves [25, 26], embryos of 
Agrostemma githago [27], Z. mays tissues [28-31], 
Brassica cauli[lora [32, 33], Spirodela oligorrhiza [34], 
Lemna minor [35], Oryza sativa seedlings [36, 37], 
Raphanus sativus [38], Cucurbita pepo cotyledons 
[39], Pisum sativum buds [40], Crotolaria ]uncea pol- 
lens [41] and many other systems. In cases where 
tissue nitrate does not correlate with N R A  [42], it is 
possible that most of the nitrate is in a storage pool 
rather than in a metabolic pool. In a typical inducing 
system, the enzyme activity increases linearly after 
0.5 hr of nitrate supply, reaching a maximum after 
3-4 hr [30]. The initial lag period (0.5 hr) may repres- 
ent the time taken for the uptake and translocation of 
nitrate and the expression of NR specific gene(s). By 
using labelled nitrate, it has been shown that nitrate- 
induced N R A  is of a protein synthesized de novo [43]. 
This is supported by data from other investigations 
involving the use of protein synthesis inhibitors [44-  
47]. 
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Table 1. Saturating concentration of nitrate for the induction of nitrate reductase activity 

Approximate concentration of N O  3 

Plant species (mM) Reference 

Agrostemma githago embryo 50 49 
Gomphrena globosa 4.0 50 
Gossypium hirsutum leaves 100 51 
Hordeum distichum roots 0.02 44 
H. vulgate 

--aleurone layers 100 24 
--leaves 3.0 50 

Lemna minor 0.5 35 
Lolium perenne 0.5 52 
Pisum sativum 

--leaves 4.0 53 
--shoot tips 40 54 

Prunus leaves 10 23 
Raphanus sativus 

--cotyledons 10 55 
--seedlings 10 56 

Triticum aestivum leaves 3.0 50 
Zea mays 

--endosperm 100 57 
--scutellum 50 57, 58 
--root tips 50 58 

10 59 
--mature root sections 50 58 
--entire roots 25 60 
--leaves 3.0 50 

Nitrate is essential for the maintenance of NRA. 
When it is withdrawn from the medium, the enzyme 
from Z. mays and Nicotiana tabacum cells loses activ- 
ity with a half life of ca 4 hr [29, 43]. The rate of loss 
of activity, however, may also depend upon the tissue. 
For example, the enzyme has a faster rate of decay 
(t0.5 = 2 hr) in mature root sections than that in the 
root tips (t0.5 = 3 hr) [46]. Since neither nitrate nor 
NADH protect the decay of purified NR from H. 
vulgate leaves [48] it may be postulated that the 
protecting effect of nitrate on crude enzyme prepara- 
tions is indirect. 

Saturation-type kinetics are observed with various 
concentrations of nitrate. The concentration at which 
maximum activity is induced varies from species to 
species (Table 1). This may reflect the differences in 
the rates of uptake of nitrate among species and/or 
their capacity to mobilise nitrate to the metabolic 
pool. The concentration of nitrate at which half max- 
imum velocity of uptake (Kin) is observed differs from 
species to species [61, 62]. 

AMMONIUM AND AMINO ACIDS 

The effect of ammonium and amino acids as poten- 
tial end products of nitrate assimilation, on NRA, has 
been examined by several workers. Plants with am- 
monium salts generally have lower NRA than those 
grown with nitrate [37, 63]. When ammonium is sup- 
plied with nitrate, the substrate induction of enzyme is 
substantially inhibited in L. minor [35, 64, 65] and 
roots of Hordeum distichum [44] and Gossypium hit- 
suture [66]. In Vaccinium, ammonium completely in- 
hibits NRA at p H 4  but increases it at pH6  [67]. 

Ammonium grown Wolffia arhiza plants have very 
low levels of NRA but the enzyme is induced when 
the plants are transferred to a medium containing 
ammonium nitrate [68]. Many other workers have 
failed to demonstrate inhibition of NRA by am- 
monium [58, 69-71]. This may reflect the differences 
in the regulation of NRA in different tissues. A closer 
examination of the methods used shows that differ- 
ences in response to the ammonium may also be 
attributed, at least in some cases, to the compositio n 
of the media. 

Ammonium may inhibit NRA either by limiting the 
uptake of nitrate [72] or by interfering with its synth- 
esis. Alternatively it may inhibit the activity of the 
enzyme either by active degradation or by physical 
modulation of the enzyme molecule. The evidence for 
the latter possibility has been recorded in algae, where 
it has been shown that inactivation of NRA by am- 
monium is reversible [73]. That enzyme inactivation 
may be a probable mechanism of action of ammonium 
in higher plants also is indicated by the fact that 
addition of ammonium to nitrate-induced plants re- 
sults in a rapid loss of enzyme activity [74]. It has also 
been suggested that ammonium induces the synthesis 
of a regulatory protein specific for nitrate reductase 
[35]. 

Ammonium increases enzyme induction in cultured 
Rosa [75] and Triticum aestivum cells [76] and in 
Phaseolus aureus seedlings [77, 78]. Since ammonium 
has no effect on in vitro enzyme level [75], it is 
concluded that ammonium increases NRA by promot- 
ing its synthesis. It is possible that the tissues, where 
an increase in enzyme induction is observed, are defi- 
cient in amino acids and that supply of ammonium to 
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those cells increases the pool of amino acids available 
for the synthesis of enzyme. 

Inhibition of NR by a mixture of amino acids (casein 
hydrolysate) has been demonstrated in N. tabacum 
cells [79] and Z. mays [71]. While each of the indi- 
vidual amino acid tested inhibits induction of NR in L. 
minor [35], only a few have any effect on enzyme 
activity in many other cases [34, 79-83], and the in- 
hibitory effect of one amino acid is reversed by others 
[79, 83]. In cultured Glycine max cells [76], alanine or 
putrescine increases N R A  in the presence of 2,4- 
dichlorophenoxy acetic acid while glutamine and 
glutamate have no effect. Several amino acid 
analogues such as DL-2-fluorophenyl alanine, DL-7- 
azatryptophan, L-canavanine, L-ethionine and thio- 
proiine inhibit induction of N R A  in A. githago [84]. 
However, the corresponding amino acids have no 
effect on the enzyme activity. 

As is the case with ammonium, amino acids may 
inhibit N R A  by inhibiting any of the steps from up- 
take of nitrate to the synthesis and activity of enzyme. 
Inhibition of N R A  in maize root tips by the amino 
acid analogue canavanine is observed to be on the 
synthesis of the enzyme [85]. This inhibition is reversi- 
ble by arginine and it has been suggested that the 
effect of canavanine is related to its incorporation into 
an inactive protein [86]. Incorporation of canavanine 
in NR protein has yet to be shown, however. The 
physiological significance and the mechanism of induc- 
tion of enzyme by some amino acids is not understood 
at present. While interpreting these observations, it 
must be noted that the amino acids supplied from 
outside and those generated in situ are channelled to 
different pools [87]. 

Inhibition of N R A  by hydroxylamine, another pos- 
sible product of nitrate reduction has also been re- 
ported [88]. 

INORGANIC SALTS AND IONS 

The effect of various inorganic salts and ions on 
N R A  has been studied. One of the most widely 
studied salts is molybdate. Since Mo is a component of 
the NR molecule [19, 89], N R A  in Mo-deficient plants 
is low but increases rapidly when Mo is supplied 
exogenously [32, 90-93]. Further, the level of Mo is 
correlated positively with N R A  in Citrus leaves [94]. 
Tungsten (W) is a competitive inhibitor of Mo and 
when it is incorporated in the enzyme molecule the 
activity is very low [19, 95]. Thus an exogenous supply 
of W inhibits induction of N R A  in N. tabacum cells 
[96, 97], embryos of A. githago [84] and H. vulgate 
seedlings [98]. However, the existing level of NR is 
not affected by the supply of W [99]. 

The effect of NaC1 on N R A  is rather varied. While 
it induces activity in the cotyledons of Phaseolus 
aconitifolium [100] and Z. mays shoots [101], it in- 
hibits N R A  in Atriplex confertifolia at a concentration 
of 50 meq/l. [102]. Several monovalent cations, such 
as Li +, Na +, K + and Rb +, have no effect on in vitro 
N R A  in Spina~ea oleracea but in vivo activity is 
strongly induced by Rb ~ [103]. In T. aestivum seedl- 
ings, induction of NRA was 2 to 3 times higher in the 
presence of KNO3 than that with NaNO3 [104]. The 
deficiency of the divalent cation Ca 2÷ decreases N R A  
in C. pepo plants [105]. 

The effect of sulphur (S) levels on N R A  has also 
been studied. Since NR is a ---SH containing molecule 
[1], deficiency of S decreases N R A  in Z. mays [106]. 
However, when S is not limiting, its supply has no 
effect on N R A  in Phleum pratense and Panicum vir- 
gatum [107]. Brown and Jones [108] compared the 
effects of Fe supply on calcicolous and calcifugous 
Lycopersicon esculentum plants. Fe deficiency de- 
creased NRA in the roots and shoots of calcicoles 
while it had no effect in calcifuges. 

SUGARS AND ORGANIC ACIDS 

Glucose as a source of energy for the induced 
synthesis of N R A  has been tested by some inves- 
tigators. It increases induction of N R A  in carbohyd- 
rate depleted green H. vulgare leaves in light and in 
dark [26]. On the other hand, it has no effect on either 
induction or loss of N R A  in the normal leaves of 
Perilla [rutescens [109]. Addition of glucose does not 
prevent the loss of N R A  under non-inducing condi- 
tions (--NO~) [59]. It is proposed that glucose affects 
N R A  by determining the distribution of nitrate in 
roots. 

Many compounds of carbohydrate metabolism also 
affect NRA.  Citrate induces N R A  in Cucumis sativus 
cotyledons which is maximum at pH 3 [110]. Since the 
induction by citrate is inhibited by cycloheximide it 
may be concluded that the induction involves de novo 
synthesis of the enzyme. Knypl and Ferguson [110] 
have also reported that N R A  is induced by Hepes 
buffer, acetate, ascorbate, aspartate, glutamate, oxa- 
late, succinate and tartrate at pH 3 but not at pH 6. 

ANTIBIOTICS AND METABOLIC 
INIII]$1TORS 

Since substrate induction of NR involves de novo 
synthesis, the process is inhibited by actinomycin D in 
H. distichum roots [44] and by cycloheximide in L. 
minor [35], O. sativa seedlings [36] and H. vulgate 
[24]. Cycloheximide delays the loss of N R A  when 
barley leaves are transferred from light to darkness 
[111]. On the other hand, soaking seeds in actinomy- 
cin D has little effect on N R A  after 6-50 hr of imbibi- 
tion but the enzyme in immature embryos is activated 
by the antibiotic [112]. Actinomycin D also stimulates 
NR induction in G. hirsutum seedlings when the ger- 
mination is preceded by a 3 hr soaking in actinomycin 
D [112]. This might have resulted from the inhibition 
of the synthesis of a negative effector of NR. 

Inhibition of NR induction by puromycin is also 
reported, although it is required at relatively higher 
concentration [44]. Chloramphenicol stimulates N R A  
in O. sativa [113, 114], Z. mays seedlings [115] and in 
C. sativus cotyledons [116]. On the other hand, it 
inhibits enzyme induction in Phaseolus vulgaris [117]. 
In Z. mays, when seeds are soaked in chioramphenicol 
for 24hr  and then: germinated in the presence of 
nitrate for 3 days, the enzyme activity is increased by 
27 and 44% in the roots and shoots, respectively 
[118]. Floating leaves on ehloramphenicot, however, 
inhibits the induction of enzyme [119]. In A. githago, 
chloramphenicol has no effect on benzyladenine- 
induced enzyme but it inhibits nitrate-induced enzyme 
activity [84]. 
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Chloramphenicol is a specific inhibitor of protein 
synthesis on 70 S ribosomes [120] while NR is re- 
ported to be synthesized in the cytoplasm on 80 S 
ribosomes [121]. The cytoplasmic location of the en- 
zyme has also been demonstrated by other workers 
[122]. In cases where chloramphenicol inhibits induc- 
tion of N R A  it is possible that a part of the NR 
molecule is synthesized in the cell organelles contain- 
ing 70 S ribosomes. Even the procedure of Ritenour et 
al. [121], adopted to demonstrate the cytoplasmic 
location, does not exclude the possibility that NR is 
located on the external membranes of the chloroplast. 
In cases, where chloramphenicol has stimulatory ac- 
tion, it may be postulated that it might be inhibiting a 
NR-specific inhibitor. It will be rather interesting to 
determine if the NR-specific inhibitor is synthesized in 
the cell organelles sensitive to the chloramphenicol. 

Several metabolic inhibitors are also known to in- 
hibit NRA.  Inhibition of activity by cyanide has been 
reported in H. distichum [44], T. aestivum [123], Z. 
mays [70], S. oleracea [124] and Glycine max [125]. 
The fact that inhibition of enzyme is reversible [124] 
and that thiosulphate and kidney rhodanase restore 
the activity of the inhibited enzyme [123] suggest that 
binding between cyanide and NR is loose. Inhibitors 
such as sodium azide [125], phosphon D, CCC, B-nine 
and Amo-1618 [116] and heavy metals such as Pb and 
Cd [126] also inhibit NRA.  

GROWTH REGULATORS 

While gibberellins have no effect on the induction of 
NR in H. vutgare aleurone layers [127], G A  and G A  
in combination with a cytokinin increase N R A  in 
leaves [128]. Gibberellins and cytokinins applied 
simultaneously can substitute light for the mainte- 
nance of N R A  in N. tabacum leaves [129]. Indole 
acetic acid also increases N R A  and it has been estab- 
lished that the effect of growth substances on the 
enzyme is not due to stimulation of general protein 
synthesis [128]. Induction of N R A  by cytokinins [49, 
116, 130, 131] involves de novo protein synthesis 
[132] and therefore it is inhibited by actinomycin D 
and cycloheximide [133]. In Trigonella foenum- 
graecum seedlings, the enzyme activity is synergisti- 
cally induced by nitrate and kinetin [134]. However, 
the mode of induction of NR by cytokinins is different 
from that of nitrate. While benzytadenine loses its 
effectiveness as an inducer after 24 hr of seed germi- 
nation, the effect of nitrate is not time limited [135]. 

The growth regulator, abscisic acid, has no effect on 
enzyme activity in germinating G. hirsutum seeds 
[112] but it stimulates N R A  in the cotyledons of P. 
aconitifolium [100]. Soaking seeds in ascorbic acid and 
salicylic acid simultaneously also increases in vivo 
N R A  in Z. mays leaves [136]. 

The effect of various phenyl propanoids and their 
derivatives on the induction of NR in Z. mays seedl- 
ings has been examined by Schrader and Hageman 
[70]. Of the compounds tested, only transcinnamic 
acid and coumarin inhibit the induction of enzyme. 
The activity of NR in L. esculentum roots is unaffected 
by E D T A  [137]. 

Certain nucleotides are known to affect the enzyme 
activity. The in vitro NRA is inhibited by ADP while 
ATP and AMP have no effect [137]. Inhibition of 

N R A  by ADP is reported for O. sativa seedlings [138] 
and S. oleracea [139] also. In S. oleracea, the inhibi- 
tion changes from competitive to non-competitive in 
the presence of thiol compounds, such as glutathione, 
mercaptoethanol, thioglycoUate and cysteine [139] or 
is completely reversed by glutathione [140]. This may 
suggest the involvement of the - - S H  group in the 
regulation of enzyme activity by the nucleotides. 

Interaction among nitrate, NADH,  ferrocytochrome 
c and cyanide in the regulation of different compo- 
nents of NRA has been studied in algae as well as in 
higher plants. NR is inactivated synergistically by 
N A D H  and ferrocytochrome c in the absence of nit- 
rate. When nitrate is included, however, protection 
against inactivation is afforded involving ping pong (bi 
bi) kinetics [141,142]. Perhaps these inactivators con- 
vert the enzyme to a lower Vm~x value state. Further, 
the presence of N A D H  improves the inhibitory effect 
of cyanide on the enzyme [143, 144]. It has been 
postulated that N A D H  causes over-reduction of Mo 
of the enzyme to a valency state less than the normal 
(6+) value, resulting in the increased binding of the 
cyanide to the enzyme [19]. Nitrate either protects the 
inactivating site for N A D H  on the enzyme by mask- 
ing, or it suppresses the modulation of enzyme 
molecule to a state with lower Vm~x value [142], 

HERBXCIDES AND FUNGICnmS 

Herbicides such as triazines, urea, diazines, 
bipyridyliums, phenols and benzonitriles inhibit N R A  
in L. minor but dinitroanilines and amides (excluding 
propanil) have no effect on the activity [145]. Ametryn 
inhibits enzyme activity in T. aestivum [146]. Inhibi- 
tion of N R A  by chlorate in L. esculentum plants is 
proportional to the concentration of the herbicide 
[147]. On the other hand, simazine increases NRA in 
Z. mays linearly up to 24/~M [148]. Increase in N R A  
in H. vulgate and Z. mays seedlings also occurs with 
atrazine [149]. 

The fungicide chlorothalonil increases N R A  by 20-  
30% when the leaves are treated with the fungicide 2 
weeks before harvest. Inclusion of chlorothalonil in 
the extraction medium, however, inhibits N R A  by 
50% [150]. 

SEEDLING AGE A N D  DIURNAL RHY'rHMS 

Seedling age affects both the steady state and induc- 
ible levels of enzyme. The steady state level of the 
enzyme is normally low in the tissues of young seedl- 
ings, reaches a maximum in mature tissues and then 
declines again in the senescent ones [32, 40, 69, 
151-157]. In Carica papaya fruits [158], in leaves of 
H. vulgate and T. aestivum [159] and in lpomaea 
batatas [160], the activity is higher in the younger 
tissues and declines with age. In the flag leaf of T. 
aestivum, enzyme level is highest during anthesis and 
declines with leaf senescence [161]. In contrast to 
these observations, Murty and Sirohi [162] have re- 
ported that N R A  in T. aestivum is high at 20 days, 
low at 50 days and again high at around 80 days of 
plant growth. This trend is apparently due to 
heterogenity in the sample. 
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The inducible level of enzyme is also influenced by 
seedling age. In Z. mays, the enzyme is induced to a 
higher level in detached leaves from 6-day-old seedl- 
ings than those from 9-day-old seedlings [163]. Lower 
steady state level of enzyme in young tissues of the 
seedlings appears to be due to the inhibitory effect of 
organic nitrogen flowing from reserve proteins. In P. 
vulgaris seedlings, when cotyledons (the source of 
organic nitrogen) are removed, the enzyme activity in 
the young leaves is the highest [153]. As the capacity 
to induce NR in the leaves depends upon their effi- 
ciency to synthesize proteins [164], the lower N R A  in 
overmature and senescent leaves, as observed in 
PeriUa [109] and Pisum [165], might have been due to 
reduction or loss of protein-synthesizing capacity. 

Like many other enzymes, a rhythm in N R A  has 
also been reported. Diurnal variation with a peak at 
about mid-day has been observed in Z. mays 
[151,166], L. perenne [52], G. max [167] and cotyle- 
dons of G. hirsutum [168]. Circadian rhythms in G. 
max and Z. mays have also been reported [169]. The 
enzyme shows periodicity when plants are kept in dark 
or  in light [170, 171]. The periodicity in N R A  appears 
to be correlated with nitrate and nitrite levels in 
Chenopodium rubrum seedlings [172]. In Capsicum 
annum leaves, 3 peaks of N R A  have been reported. 
Peak I is observed soon after the end of photoperiod 
[173]; peak II is observed within 1 hr of start of 
photoperiod and peak III, the major peak, is observed 
6 hr after light on [174]. In continuous light only two 
of these peaks are observed [175]. Since periodicity 
also exists in excised leaves, it is suggested that a 
leaf-based mechanism operates in the periodicity. In 
the duckweed Wolflia microscopica, cycloheximide in- 
hibits increase in enzyme activity and it has been 
suggested that the development of an enzyme peak is 
due to de novo synthesis [176]. 

TEMPERATUItiE 

Variation in temperature during seedling growth 
affects enzyme level in plants. In Z. mays, tempera- 
tures above 20 ° increase in vivo NRA, the most 
effective temperatures being 45 ° which causes a 
3- to 4-fold increase in the acti,)ity [177]. Higher 
temperatures (above a certain optimum) inhibit N R A  
[29, 178-182]. However, the magnitude of inactiva- 
tion by higher temperature varies according to species. 
For example, in a study of the effect of temperature 
(10--40 °) on N R A  in a cool season grass (Agrostis 
palustris) and a warm season grass (Cynodon dacty- 
lon),Kauffman et al. [183] noted 20 ° as the optimum 
temprature for both species. But the enzyme activity 
in Agrostis is greatly reduced when the seedlings are 
raised to 35 ° while it is little affected in Cynodon at 
that temperature. Inactivation of N R A  at tempera- 
tures lower than optimum is not as drastic as at higher 
temperatures. In fact in H. vulgate, lower temperature 
protects enzyme activity to some extent against its 
natural dark inactivation [180]. 

Temperature modifies the effect of seedling age on 
enzyme activity. In G. max seedlings [184], N R A  
increases concurrently with leaf development and then 
decreases as leaf maturation progresses at 25 and 
32.5 ° . At  40 ° , however, there is no initial increase and 
the activity decreases gradually as the leaf develops 
and matures. 

LIGHT 

Light is essential for the substrate induction of NR 
[28, 185, 186], although Beevers et al. [55] and Travis 
and Key [164] demonstrated the induction of NR in 
young Z. mays seedlings in the dark. In almost all 
cases studied, the level of NRA in the parts of light- 
grown plants is higher than those of dark-grown [56, 
164, 187-189]. When dark-grown etiolated seedlings 
are transferred to light, the enzyme is induced pro- 
gressively in the presence of nitrate [53, 170, 190, 191]. 
Similarly when light-grown seedlings are transferred to 
dark, the enzyme activity decreases [186,192] with a 
half life of ca 22 hr [170]. In G. max leaves, the dark 
inactivation of NR is faster at 40 ° and slowest at 20 ° 
[193]. 

Besides its duration, the intensity of light also in- 
fluences NRA.  In H. vulgate, N R A  is greater in plants 
grown at higher irradiance than at lower [194]. In- 
creasing irradiance from 6 to 45 klx increases NRA in 
G. max [167] and from 6 to 40 klx in P. sativum, T. 
aestivum, H. vulgate, Z. mays, Gomphrena globosa 
and C. pepo [50]. 

Light-mediated induction of N R A  seems to involve 
phytochrome. This assumption is based upon observa- 
tions that the inducing effects are red/far red reversi- 
ble [39] and that induction by red light is insensitive to 
cycloheximide [191]. Further, the protein synthesizing 
capacity of 80 S ribosomes (which are supposed to be 
the site of NR synthesis) is enhanced by a 5 rain red 
light treatment and the effect is completely reversed 
by a brief far red treatment [195]. By examining both 
chlorophyllous and non-chlorophyllous tissues, it has 
been concluded that modulation of NRA by light is 
not through photosynthetic photoreceptors, but that 
phytochrome is involved in the photocontrol of N R A  
[196]. 

Several hypotheses have been proposed regarding 
the mechanism of induction-activation of N R A  by 
light: (1) Initially it was proposed that light may 
increase N R A  by increasing nitrate uptake [39, 55, 98, 
197]. This proposal, however, may be applicable only 
to those cases where nitrate supply is really limiting. 
(2) From studies involving green tissues, it has been 
concluded that photosynthesis is involved in induction 
either directly [109, 198] or by increasing cytoplasmic 
protein synthesis [185]. However, the presence of NR 
in the dark-grown tissues [55, 164] and increase in its 
activity by light in non-chlorophyllous tissues, such as 
endosperm and scutellum [199], do not support this 
proposal. Further, DCMU at a concentration required 
to inhibit the photosystem II activity does not inhibit 
the induction of NR by light [200]. (3) Light may 
increase N R A  by inducing protein synthesis. This 
hypothesis is based upon observations that light in- 
duces synthesis of m R N A  [201,202]. This hypothesis 
seems to be viable when we assume that under induc- 
ing conditions , i.e. when nitrate supply is adequate, 
light induces synthesis of NR molecules more than 
other proteins and hence there is an increase in the 
specific activity of the enzyme. However, the observa- 
tion that induction of NR by light is insensitive to 
cycloheximide [191] does not support this hypothesis. 
(4) Recently Jolly and Tolbert [203] have demon- 
strated that NR levels in light and dark are regulated 
by relative activities of specific inhibitors and ac- 
tivators. They have proposed that the inhibitor is 
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formed in the dark and is reversibly inactivated by 
light. That an inhibitor does really exist, has been 
demonstrated in H. vulgare [186], Z. mays [204, 205], 
O. sativa seedlings [206, 207] and in cultured cells of 
(9. sativa, T, vulgate, G. max, N. tabacum and Ruta 
graveolens [208]. 

Wright and Murphy [209] have examined the effect 
of UV irradiation on NRA.  UV irradiation of cultured 
N. tabacum cells inhibits production of NR; subse- 
quent illumination with white light allows limited 
synthesis of NR. 

WATER STRESS 

Decrease in water potential below - 4  to - 2  bars 
causes a decrease in N R A  in H. vulgate [210], Z. 
mays [211,212] and G. hirsutum [168]. Adverse 
effects of water stress have also been reported in other 
systems [177, 213-216]. 

Water  stress may decrease N R A  by inhibiting either 
nitrate uptake or protein synthesis. In an intact plant, 
reduced transpirational pull during water stress may 
cause a decline in nitrate flux into the tissues. How- 
ever, the differences in nitrate concentration in wheat 
seedlings grown at different irrigation regimes is small 
and insignificant [214]. On the other hand, water 
stress leads to a decline in polyribosome levels in Z. 
mays [217] and both polyribosomal level and NRA 
recover after rewatering [211,213]. 

GASEOUS ENVIRONMENT 

Induction of NR in relation to CO2 supply has been 
studied in Perilla [109] and Zea leaves [218,219]. 
Increasing the concentration of CO2 from 100 to 
800/~1/1. increases N R A  in Z. mays leaves. But the 
plants pretreated with CO2 in the dark and maintained 
in an atmosphere of 100/xl/1. CO2 in the light have 
almost twice the N R A  of plants exposed to 600 t~l/1. 
CO2 after 5 hr of illumination [219]. The in vitro N R A  
is substrate inducible in the absence of CO2 but actual 
assimilation of nitrate is inhibited [220]. The enzyme 
activity in plant parts exposed to an atmosphere of 
nitrogen is normally higher than those exposed to a 
normal atmosphere [185]. High N R A  is detectable in 
the leaves of barley plants grown in low 02 conditions, 
although the enzyme is not specific for NADH,  unlike 
the normal assimilatory enzyme developed under 
aerobic conditions [221]. However, other characteris- 
tics of the enzyme are similar to the normal assimilat- 
dry enzyme. In many flood-tolerant species, when 
anaerobiosis is created by flooding, the enzyme activ- 
ity is increased [222, 223]. In H. vulgate roots NRA 
increases in a low 02 environment [224]; however, in 
the same system, with a completely anaerobic atmos- 
phere the reduction and assimilation of nitrate stopped 
or occurred at very slow rate [225]. 

A wind or wind plus sand at a speed of 13.4 m/sec 
for 40 min inhibited N R A  in G. max seedlings [226]. 

Air  pollutants are also known to affect NRA.  In 
young G. max leaves, the enzyme is inhibited by 0.25 
and 0.5 txl/l, ozone, while in mature leaves only the 
higher concentration is inhibitory [227]. Further, the 
air pollutant does not seem to cause any permanent 

effect since activity is recovered in most cases when 
the ozone is withdrawn. In another investigation a 
ozone-resistant cultivar of G. max (hood), N R A  was 
not affected by a 2 hr exposure to 0.5/~1/1. ozone while 
it was significantly inhibited in a sensitive variety 
(dare) [228]. Since the supply of exogenous sucrose 
eliminates inhibition of N R A  by ozone, it has been 
suggested that the air pollutant inhibits NRA by inter- 
fering with carbohydrate metabolism. 

CONCLUSION 

Although the effects of various environmental and 
nutritional factors on N R A  are well documented in 
various systems, the exact mechanisms at molecular 
level are understood only in a few cases. It is apparent, 
however, that the enzyme is sensitive to various fac- 
tors and that it has a rapid turnover rate [29, 31, 43]. 
The factors may affect the synthesis and/or activity of 
the enzyme either directly or by changing the physico- 
chemical environment of the cell and the cell organel- 
les. The occurrence of a NR-specific inhibitor and its 
sensitivity to various factors in many systems [186, 
204-208] indicates that it is possibly a critical 
molecule in the regulation of NR and that some of the 
factors regulate enzyme activity through this molecule. 
The isolation of a NR-defieient mutant of haploid N. 
tabacum cells [229] and production of a diploid hybrid 
containing normal level of NRA,  by fusing protoplasts 
of two lines of such mutants [230] are important 
recent contributions in this field. The information from 
these techniques may lead us to understand the 
mechanism of NR regulation at the molecular level. 
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