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A review of the nitrogen assimilation in maize is given, with special
emphasis on the differential uptake and metabolic strategies employed
for the incorporation of the nitrate and ammonium. The data presented
show that for optimum growth and development maize requires both
forms of nitrogen to be present in the soil. Under stress conditions (low
temperatures, drought or Jow pH and aluminium toxic soils) such different
uptake and metabolic pathways express themselves in a differential re-
sponse, making it possible to alleviate some of the unfavourable effects of
stress conditions by feeding maize plants in the field with an appropriate
nitrogen fertiliser mixture. In the future, breeding of plants with specific
nitrogen assimilation pathways, as a way to battle non-optimal environ-
mental conditions, could be envisaged.
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INTRODUCTION

Among the mineral nutrients nitrogen is umque in that the plant can take it up
as the posmvely charged ammonium ion (NH4 ) and /or the negatively charged nitrate
ion (NO3"). Both nitrogen forms are available in the soil to a smaller or greater extent.
Whilst ammonium can be produced in the soil as an intermediate of the urea metabo-
lism and the degradation and oxidation of other organic matter, nitrate is the dominant
form of soil nitrogen available to plants under default (normal) conditions. This is due
to the fact that under natural conditions ammonium is quickly converted to nitrate as
the result of the ubiquitous distribution of soil micro-organisms, capable of metabolic
utilisation of the free energy contained in the process of ammonia oxidation. However,
in agronomy practice, mankind has devised ways of 911pplym0 ammonium to the
agriculturally important plants, altering the NO3/NH4™ ratio and keeping it far from
the natural equilibrium.

Nitrogen assimilation involves the uptake of nitrogen from the soil by the root
system, the metabolic conversion of the absorbed nitrate form in the root and/or the
shoot, transport to the shoot, and its incorporation into different organic forms in the
cell metabolism. Most plants can use either nitrate or ammonium as a source of
nitrogen. However, the degree of effectiveness of these forms on plant growth and
nutrient uptake when both sources of nitrogen are available is dependent on plant
species and NI 14+ :NOz ratio(Errebhi & Wilcox, 1990). Maize plants require
both nitrogen forms for maximal growth (Schrader etal, 1972). If the source of
nitrogen is nitrate, it may be reduced in the root or transported to the shoot where it
can be processed.

Maize is the plant with which contemporary breeding in the last 70 years has
achieved the greatest results, the average yield of grain increasing more than 500%
from the yleld achieved for centuries before. Of course, such yields are possible only
when high energy input agronomy practice is applied, and adequate water, light and
high tempcrarurcs are available. The photosynthetic process, as far as it is known is
the same amongst the ancient varieties selected by nature in different environments
and the new hybrid varieties of maize being planted throughout the conr belt region of
the world. Itis common knowledge that the ancient varieties are not capable of utilising
extra fertiliser (especially nitrogen) when provided to such plants, as opposed to the
selected and improved hybrids, capable of utilising up to 200 kg of fertiliser per hectare
per year, resulting in such a spectacular increase in growth, yield and utilisation of the
efficient Cy4 type of photosynthetic process. However, no consistent physiological,
biochemical or molecular biology explantation has been offered to explain what is
known as , good recombination characteristics” and , heterosis” amongst the breders. The
logical explantation would be that the new varieties of maize have an altered nitrogen
assimilation pathway, capable of taking up and transforming the nitrogen provided by
human endeavour, when sufficient energy is available, but this has yet to be proved.

AMMONIUM AND NITRATE UPTAKE BY THE ROOT

Ammonium uptake systems, defined as energy-dependent and carrier-mediated
in algae, fungi and bacteria (Kleiner, 1981), in higher plants are relatively less
studied. In rice roots ammonium influx is biphasic and mediated by two discrete
transport systems (Wang et al, 1993). At low ammonium concentrations (below
ImM) influx is mediated by saturable high affinity transport system with high Q10 and
significant sensitivity to metabolic inhibitors. At higher concentrations ammonium
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influx shows a linear response due to low-affinity transport system, being much less
responsive to metabolic inhibitors and temperature. Mechanism of high-affinity trans-
port which appears to be an active process in roots of rice (Wang et al., 1994) is
unknown. The effects of CCCR, ATPase inhibitor (IDES) and respiratory inhibitors
(KCN + SHAM) confirm the dcpcndenu of these processes on metabolic energy and
indicate the involvement of H* transport (direct or indirect). It was suggested (Wan g
et al., 1994) that passive entry of ammomum might occur in the low-affinity trdnspon
syste m (specific channel for NH4™ or a shared cation channel).

The uptake of NO3™ appears to be mediated by at least two distinet systems in
higher plants. The first is an inducible high-affinity active transport system, which has
a low Ky for NO3™, shows Michaelis-Menten saturation kinetics, is sensitive to meia-
bolic inhibitors and regulated according to the plant nitrogen status. Nitrate induced
pH dependent transient depolarisation of membrane potential followed by a repola-
risation, and observed on dlfferent plant objects (Ulrich, 1987), was explained by
the operation of a NO3/H" symport mechanism with excess protons, and subsequent
stimulation of proton pump. In maize roots a similar electrical response, which dis-
played nitrate-inducibility, pH dependence, as well as sensitivity to plasma membrane
ATPase inhibitors, was closely correlated to nitrate uptake characteristics (M cClure
et al, 1990a, b). The second transport system is a constitutive, low-affinity transport
system, operating at higher NO3™ concentrations, with linear kinetics and lower sensi-
tivity to metabolic inhibitors. Although it has some characteristics that would be
expected of a passive, channel mediated transport system, recent results suggest that
this system might also be active (King et al., 1992).

The plant plasma membranes contain redox systems involved in trans-plasma
membrane electron transport from internal electron donors, such as NAD(P)H, to
specific electron acceptors, often accompanied by proton extrusion from the cell. A
possibie involvement of constitutive plasma membrane-bound nitrate reductase in
redox activities in membrane was indicated by immunological correlation between
nitrate reduction activity and reduction of extracellular electron acceptors (Jones &
Morel, 1988). They proposed a model in which plasma membrane-bound nitrate
reductase reduces extracellular electron acceptor and intracellular nitrate and also acts
as a trans-plasma membrane proton pump.

Since it was proposed that such a nitrate reductase could be also responsible for
nitrate transport across plasma membranes (Butz & Jackson, 1977), the hy-
pothesis was supported or disputed by different authors. Experiments with barley
genotypes lacking the nitrate reductase gene demonstrated the independence of nitrate
uptake and nitrate reductase activity(Warner & Huffaker, 1989). Onthe other
hand, the existence of nitrate reductase activity localised in the plasma membrane, in
addition 1o soluble cytoplasmic nitrate reductase, in different plant objects including
barley and maize root (W ard etal., 1989), and inhibition of nitrate uptake and plasma
membrane-bound nitrate reductase of barley roots by same antibodies (W ard et al.,
1988), indicates a possible relationship between NO3 transport and NO3™ reduction in
the plasma membrane. This plasma membrane-bound nitrate reductase activity in
maize roots exhibited two different activities (NADH and NADPH-dependent), both
being constitutive and insensitive to ammonium, contrary to the soluble cytoplasmic
nitrate reductase with low constitutive activity (De Marco etal, 1994).
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METABOLIC CONVERSION OF NITROGEN FORMS AND ROOT-SHOOT
INTERACTIONS

Nitrogen taken up from the soil can be stored in the root, incorporated into
organic molecules in the root, or transported to the shoot and there stored or incorpo-
rated into organic matter. The process of nitrogen incorporation into organic matter
I among the most energy-intensive processes in plant. All of the organic 101ms of
mlmﬂm must be derived from NHs". Conversion of one molecule of NH4™ to
glul’amnlc requires two electrons and one ATP. In the case of nitrate serving as the
nitrogen source, it must be first converted to NH4*. This reduction of nitrate to
ammonium is a two reaction step, NO3 ™ reduction to NO2 requiring two electrons and
catalysis by nitrate reductase (NR EC 1.6.6.1 and 2), and NO2  reduction to NIg "
requiring six clectrons and catalysis by nitrite reductase (NiR 1€ 1.7.99.3). Thus, the
uptake and incorporation of nitrate by plants is a much more anrﬂy—dL manding and
costly process. Therefore, plants expend less energy for NHs ™ assimilation. Hnzymes
required for nitrate reduction and for the assimilation of ammonium ion are found both
in the root and shoot (Oaks & Hirel, 19853).

When ammonium is the source of nitrogen, it is incorporated into the amide
nitrogen of glutamine, glutamine then being exported to other parts of the plant
(Oaks, 1997) In such a case the nitrate upml\c system(s), and the nitrate and nitrite
reductases, with their high encrgy demands, would be bypassed. When nitrate is the
dominant ion taken up by the plant, the planl root responses to such an increase of
environmental NO3 are the induction of enhaced NO3” uptake syshm(s) and induction
of enzymatic activities to catalyse the reduction of NO3 to NFHg* (JTackson et al,
1986; Larson & Ingemarsson. 1989). Also, increased availability of NOy
induces the system for the assimilation of reduced nitrogen, the transport of NO3 to
the shoot, proliferation of the root system, changes root to shoot ratios and enhances
root respiration (Granato & Raper, 1989; Bloom ctal, 1992).

In the case of nitrate reduction occurring in the leaf, the whole process is linked
directly to the photosynthetic assimilation process. It was shown that C4 plants
(amongst which is maize) have the enzymes of nitrogen reduction and amination
distributed between the two types of photosynthetic cells and chloroplasts, the high
energy demand components (reductases) being localised in the mesophyll cell
(Moore & Black, 1979). Maize has been known for a long time to be an efficient
rmitrogen utilising species. Such a characteristic was based on the capability of maize to
achicve a greater total dry weight to nitrogen ratio, when compared to other agricul-
turally important plants. It was only with the discovery of the Cy4 pathway, when it was
shown that the most prominent leaf enzyme, ribulose bisphosphate carboxylase/oxy-
genase (in C3 plants accounting for 50% of the leaf protein), due to the efficient
functioning of the photosynthetic process of such plants can be reduced in quantity,
thus altering the total dry weight/nitrogenratio(Hatch, Osmond & Slatyer,
1971) that an explantation for such greater efficiency was offered. The energy for
nitrate reduction in nonchlorophyllous tissues comes from oxidation of carbohydrates
or organic acids.

Under conditions of limited external nitrate concentrations (without ammonium
present), higher nitrate reductase is detected in maize leaf than in root tissue (O aks
& Hirel, 1985), but with increasing nitrate concentrations the component of nitrate
becoming reduced in roots also increases. Thus the proportion of nitrate reduced in
maize roots was shown to be about 37% of the total nitrate takenup (Van Benish-
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chem etal., 1989), the remainder being reduced in the shoot tissue. Other authors
have shown that the partitioning of nitrate assimilation between root and shoot and
relative concentrations of nitrate and reduced nitrogen in xylem sap, in maize plants,
showed substantial pmpomon of nitrate assimilation in the shoot (up to 90%) (An -
drews, 1986). Our results (Hadzi-Taskovié¢ Sukalovié & Baoguo,
1996) demonstrated that changes of NO3™ concentration in nutrient solution from 2.5
mM to 10.9 mM increased the specific activity of the nitrate reductase for 170% in root
and 50% in leaf tissue of 15 days old maize. The ratio of leaf to root nitrate reductase
activity being 5.7 in low NO3” solution and decreasing to 3.2 in high NO3 solution. This
suggests that growth of plants in high nitrate concentrations alters the proportion of
nitrate reduced in the shoot by enhancing the root capacity to reduce NO3". Such
observations could be explained by a metabolic shilt to a different mechanisms for the
uptake of nitrate ions.

Nitrogen from ammonium is processed primarily in the roots (Lewis, 1986).
When ammonium is the available source of nitrogen, it is incorporated into glutamine
in the root mainly in a reaction mediated by glutamine synthetase (GS EC 6.3.1.2).
Glutamine is the dominant form of transport to the other parts of the plant. Synthesis
of glutamine requires glutamate, ammonium and ATP in a reaction with GS. This
reaction takes place in root tissue under normal conditions, assuming that glutamate
is generated from glutamine and 2-oxoglutarate, an intermediate of TCA cycle in a
reaction mediated by glutamate synthase, ((IO(IAT EC1.4.7.1) asdiscovered by L e a
and Mifflin (1974). As a result of this NHa ™ - induced metabolic activity in the root,
which could deprive other txssues of carbon skeletons and energy resources required
for growth under high NHs " conditions and thereby result in NHs ™" toxicity. On the
basis of organic nitrogen transported to the shoot, it was sug,g,asu.d that the
( 1%/(1()(;/\1 system alone may not be sufficient to assimilate NH4 " in roots (Il anda
et al., 1984) and glutamate dehydmé,cndse (GDH EC 1.4.1.2) activity in maize roots
has bwn reported with NI 14 assimilation (H anda etal, 1985; Oaks et al., 1980),
expecially when high NHs™ concentration is dvallable for plant growth. Aminating
function of GDH Whlbh uses 2-oxoglutarate, NH4" and NADH in high ammonia
conditions is considered to be mvolvcd in tissue detoxification. Recent results have
shown that ammonium isomerization of GDH molecule occurs with high NHs™"
concentration (above 5 mM) to form the hexameric structure of enzyme (Osuji &
Madu, 1995). This is a critical reaction step in the synthesis of glutamate. Many
authors reported the amination function of GDH for numerous plant tissues
(Yamaya & Oaks, 1987; Zhang-Qiang etal, 1992; Osuji & Cuero,
1992). Our unpublished results (Had Zi-Taskovié¢ Sukalovié & Vuletié)
on maize root mitochondria isolated from 15-days old plants grown on 10.9 mM NO3’
+7.2mM NHs " demonsrated also an amination role of GDH induced by high NI4 "
level present in nutrient solution. Increased GDI activity indicate that mitochondria
could be the place of glutamate synthesis and therefore, may be involved in detoxifica-
tion ol"uccss of NHa4 ™. As the result of the requirement of carbon skeleton and energy
for NHy " assimilation and biosynthetic purposes, mitochondria exhibited intensificd
TCA eycle activity and also increased phosphorilative and non-phosphorilative activity
which could provide a mechanism for the turn-over of the TCA cycle. Glutamate
synthesis in mitochondria by GDH would function as an amino donor in transamina-
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tions inside mitochondria to provide aspartate (in a reaction with oxaloacetate) or
alanine (in reaction with pyruvate), as well as for the formation of glutamine in a
reaction with GS outside mitochondria (O aks, 1992).

Uptake of NO3 in maize is not inhibited in the presence of NH4 ™, but assimila-
tion of NO3' into org,amg nitrogen is retarded by NHg *. When both nitrogen forms are
absorbed, NHa™ is used preferentially for synthesis of amino acids and protein
(Schrader et al, 1972). Assimilation of nitrate or ammonium is dependent on
carbohydrate metabolism. In root tissue, a significant provision of carbon required for
amino and organic acids synthesis is derived from phosphoenolpyruvate (PLEP) car-
boxylation (A1 nozis etal,1988; Cramer etal., 1993). The requirements of NIH4 ™"
assimilation cannot be fully satisfied by the endogenous supply of 2-oxoglutarate
because of the intensified amino acid synthesis, and therefore higher rates of dark
fixation of dissolved inorganic carbon provides the carbon skeleton for both, amino
acid and organic acid synthesis. In nitrate assimilating plants, the products of PEP
carboxylation are preferentially diverted to organic acid synthems Accordingto Cra-
mer etal (1993), the capacny of plants to assimilate NH4 ™, especially under limiting
supply of respiratory 2-oxoglutarate, is determined by the capacity of such plants to
provide the necessary carbon skeleton in the roots. A balanced ammonium-nitrate
assimilation may induce a desirable organic acid content in plant tissue.

NITROGEN ASSIMILATION IN STRESS CONDITIONS

Instead of internal control, the uptake and assimilation of two nitrogen contain-
ing ions in maize are regulated also by external conditions. Concentration of nitrogen,
pH, temperature and light all influence nitrogen uptake, transport to the shoot and
assimilation Jackson & Volk, 1992).

Nitrate assimilation is more affected than NH4 ' assimilation in all stress condi-
tions, independent of the stress origin. Many studies indicate that the leaf nitrate
reductase is an extremely susceptible enzyme to environmental changes. Decreased
leaf nitrate reductase activity was reported in the conditions of low light intensity (L i
& Oaks, 1995), high temperature and drought (Amos & Scholl, 1977), low
temperature (Bakker & Van Hasselt, 1982; HadZi-Taskovi¢
Sukalovié¢ & Zari¢, 1991), or aluminium t0x1cxty stress (Hadzi-Ta%kovic
Sukalovié¢ et al, 1993) HadZi-Taskovi¢ Sukalovi¢ & Baoguo,
(1996) reported a strong negative effect of aluminium on the maize leaf NADH-nitrate
reductase activity. The reduction of activity was dependent on the maize genotype
analysed. In some cases, more than 70% of enzyme specific activity was lowered during
aluminium stress. An opposite effect was detected in roots. NADH-nitrate reductase
specific activity was slightly decreased or even stimulated. Therefore, it was evident
that aluminium stress changed proportions for nitrate reduction between shoots and
roots. The same authors demonstrated that bifunctional NAD(P)H-nitrate reductase
activity was significantly elevated in roots, suggesting that this enzyme plays a more
important role in NO3™ assimilation under aluminium stress and therefore in alu-
minium tolerance.

Low temperatures decrease the NO3 transport to the shoot and increase the
NO3 concentration in the root tissue (Kafkafi, 1990), but aluminium stress limits
the NO3™ uptake (Durieux et al,, 1995) and decrease NO3™ concentration in maize
roots (HadZi-Taskovié Sukalovié & Baoguo, 1996; Mihailovié et
al., 1995). Under unfavourable external conditions, NH4 © is a better source of nitrogen,
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because it is quickly metabolised in the root tissue, and translocation of metabolites to
the shoot is less affected by root temperature. It is in this context that the activity of
enzymes involved in the incorporation of NHs ™ to organic compounds are not affected,
or even stimulated in different stress conditions.

Miranda-Ham & Loyola-Vargas (1994) reported the resistance of
maize root glutamine synthetase during water and salt stress. HadZi-Tagkovié
Sukalovi¢ etal (1990) found that aluminium stress did not affect the GS activity,
buteven increased GIDH activity in roots of many maize inbred lines subjected tostress.
In order to survive unfavourable conditions, many plants absorb more NH4" than
nitrate (Shaviv, 1990).

CONCLUSIONS

According to Kafkafi (1990) NHs" can serve as a good source of nitrogen as
long as sugar reserves and supply are available in the root, and opposite, the conditions
when high consumption of sugart takes part in the root, NO3' is a better source of
nitrogen for the plant. The adaptability of maize plant to change the proportion of NO3
or NHy* rates of uptake under stress conditions, gives a mechanism for improvement
of crop yield by adequate supply of appropriate nitrogen nutient.

It is obvious from the data presented that maize plants have a versatile and
adaptable nitrogen uptake and metabolism system. Under conditions of stress, or
through human endeavour and varying fertiliser application, when different forms of
nitrogen are supplied to plants, its cellular mechanisms are capable of performing a
switch and metabolic adaptationso as to be able to take up as much nitrogen as possible.

The importance of studying nitrogen assimilation Olsen (1986) emphasised
with words: ,,Controlled nitrogen (ammoniwm-nitrate) nutrition is the largest and most
significant laboratory proven potential for increased crop growth that has not been demon-
strated on a field scale”. We would like to add the word ,yer”.
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Rezime

VESNA HADZI-TASKOVIC SUKALOVIC!, MIRJANA VULETIC!,
7ELIKO VUCINIC?

ASIMILACIJA AZOTA KOD KUKURUZA

, nstitut za kukuruz Zemun Polje”, Beograd
“Centar za multidisciplinarne studije Univerziteta u Beogradu

Daje se pregled mehanizama asimilacije azota (sa posebnim osvriom na kuku-
ruz). razmatrajudi razlicite puteve usvajanja i metabolickih transformacija za ugradnju
nitritnog i amonijacnog jona. Padaci pokazuju da je za optimalan rast i razvoj kukuruza
pozeljno prisustvo obe forme azota u zemlistu. U uslovima stresa (niska temperatura,
suSa ili niski pH i aluminijum toksi¢na zemlji§ta) takvi razliciti putevi usvajanja i
metabolizma azota nalaze ekspresiju u razli¢itim odgovorima biljke, omogucavajuci da
se ncki od Stetnih efekata stresa uklone prihranom biljaka kukuruza u polju
odgovarajuéom kombinacijom azotnih formi pri dubrenju. U buducnosti, selekcija
biljaka sa specifi¢nim putevima asimilacije azota bi mogla da se pokaZe kao jedan od
pristupa borbe protiv neoptimalnih uslova spolja$nje sredine.






