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ABSTRACT

The process of nitrate assimilation is a very crucial pathway for the sustainable growth and productivity
of higher plants. This process is catalysed by two enzymes, nitrate reductase and nitrite reductase.
Both the enzymes differ from each other with respect to their structural organisation, subcellular
location, catalytic efficiencies and regulatory mechanisms. Nitrate reductase catalyses the rate limiting
step of nitrate assimilation process. The genes and proteins of this enzyme have been isolated and
characterised from many higher plants. The additional role of NR in the production of nitric oxide has
been also reported in last several years. The reduced ammonium is assimilated into carbon skeleton, a-
ketoglutarate, by the concerted action of glutamine synthetase and glutamate synthase. Glutamine
and glutamate are the transportable forms of nitrogen among various tissues and metabolic processes.
The rate of nitrate assimilation is regulated by the rate of uptake of nitrate by nitrate transporters,
availability of carbon skeleton, accumulation of nitrogenous end products, light and the rate of
photosynthesis. The partitioning of metabolites and resources between carbon and nitrogen
metabolism is an important factor for the growth and yield of plants. During the last several decades
excess use of nitrogen fertiliser has caused environmental pollution. Efforts have been made to
increase the nitrogen use efficiency of plants to reduce the cost on fertiliser and nitrate pollution,
increase the productivity and protein content of several commonly used crops. This review discusses

the process of nitrate assimilation and its interaction with the carbon metabolism.

Introduction

Nitrogen is one of the most essential elements
required by all types of organisms because it is a
major component of proteins, nucleic acids and other
biomolecules. The amount of nitrogen present in plant
is 1.5 to 2% of plant dry matter and 16% of total
protein. Although molecular nitrogen is present in
vast amounts in the atmosphere, only a few organisms
like bacteria including cyanobacteria can make use of
this form of nitrogen to meet their requirement. The
major types of nitrogen forms which can be used by
plants include ammonia, mineral N (nitrates and
ammonium), oxides of nitrogen (Nox) and amino acids
and peptides (1). Mineral nitrogen, ammonium and
nitrate are the important sources of nitrogen available
in the soils (2, 3). Nitrate is the very significant source
of nitrogen for most of the plants and algae, as well as
many fungi and bacteria. Nitrate assimilation

dominates as plants acquire 100-fold more nitrogen
through this process than other nitrogen acquisition
processes like nitrogen fixation (4, 5).

The assimilatory nitrate reduction pathway is a
very important physiological process, as it is one of
the major routes by which inorganic nitrogen is
assimilated into carbon skeleton in higher plants,
algae including cyanobacteria and fungi. Nitrate
assimilation is a multistep process which involves
nitrate uptake and its reduction to ammonium by two
highly regulated enzymes, cytosolic nitrate reductase
(NR) and plastidic nitrite reductase (NiR). The reduced
ammonium is fixed into the carbon skeleton using 2-
oxoglutarate provided by TCA cycle and amino acid
transamination reactions to form glutamate and
glutamine. These two amino acids act as the major
donor of nitrogen for the biosynthetic pathways of
other nitrogen-containing compounds and secondary
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metabolites. The synthesis of glutamine and
glutamate is accomplished by glutamine synthetase
and glutamate synthase (GS/GOGAT cycle) (6) (Fig. 1).
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Fig. 1. Nitrate Transport and Assimilation: Nitrate and ammonium
are taken up by the root cells by the nitrate (NRT) and ammonium
transporters (ART) respectively. Nitrate is converted to nitrite by
nitrate reductase (NR) and nitrite is reduced to ammonium by nitrite
reductase (NiR) in the plastids. The ammonium is further
incorporated into carbon skeleton by glutamine synthetase and
glutamate synthase. (Source (7).

NITRATE AND NITRITE TRANSPORT
Nitrate Transport

The uptake of nitrate by roots from the soil is the first
step in the nitrate assimilation process in plants
(reviewed by 8 - 13). The concentration of nitrate
varies widely in the agricultural soils and ranges
from 1-10 mM. To cope with this large variation in
nitrate concentration plants have developed three
distinct nitrate uptake systems, two having high
affinity and the third having low affinity for nitrate
(12). These uptake systems differ from each other
with respect to the induction by nitrate and the
operational concentration range of nitrate in the soil.
The inducible high affinity transport system (iHATS),
is strongly induced in the presence of nitrate while
the constitutive high affinity transport system
(known as cHATS) is constitutively expressed (14, 15).
The cHATS has high affinity for nitrate [Km values of
6-20 uM compared to 13-79 ym for the iHATS; (9, 12)],
but the iHATS has a much better capacity for nitrate
uptake. The low-affinity transport system (LATS)
comes into the picture when the external
concentration increases (>1 mM) (16, 17). In some
plants this system does not require prior exposure to
nitrate while in some other the expression increases
in the presence of nitrate supply (18).

The genes for nitrate transporters have been
cloned and characterised from plants (8, 11, 13, 19).
These newly identified genes have been grouped into
two different nitrate transporter families: NRT1 and
NRT2, according to their sequence analysis (13, 19).
NRT1 contains low-affinity (mM nitrate) and NRT2
has high-affinity (uM nitrate) transporters. However
one transporter AtNRT1 has been shown to be a dual-
affinity transporter (2). There are reports on cloned
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and functionally characterised low
transporter gene, OSNRT1, from rice (20).

affinity

Regulation of Nitrate Transport

The rate of nitrate absorption is the balance between
the two opposite fluxes: influx from apoplasm to
cytoplasm and efflux in the reverse direction and the
transport is a highly regulated process (11, 12, 13, 19).
The rate of nitrate uptake into roots is influenced by
various environmental and internal signals. The most
significant inducer is nitrate itself. A basal level of
nitrate uptake having both high and low affinity
systems is present in the plants which are either
deprived of nitrate or are provided with another
source of nitrogen. Upon exposure to nitrate, uptake
rate increases. Nitrate uptake decreases when plants
are fed high levels of nitrate (feedback inhibition),
and ammonium. It has been shown that process of
influx is inhibited by ammonium instead of
stimulation of efflux and iHATS are more
significantly affected than the cHATS or LATS (21).
Providing amino acid as the sole nitrogen source for
plant growth also exerts a strong inhibition of NOg3
uptake (22). Uptake is also affected by circadian
rhythms, reduced carbon and shoot nitrogen demand
(23).

Primary uptake can also occur in leaves, a route
that is important for epiphytes and for incorporation
of foliar applications of fertilisers. Once within the
plant cell, nitrate may be immediately reduced to
ammonium and converted into amino acids.
Alternatively the nitrate may be temporarily stored
into the plant root system or loaded into the xylem
for long distance transport to leaves for subsequent
reduction. The vacoular high concentration of nitrate
can play role in general osmoticum or become the
source of nitrogen during low external supply (24).
Reports also suggest the loss of nitrate to the soil by
efflux across the plasma membrane (12). The nitrate
can be reduced in leaves or roots depending on the
external nitrate concentration, developmental age
and the type of the plant (25). The major storage
organs are root, shoot and leaves.

Nitrite Transport

The conversion of nitrate to nitrite takes place in
cytosol and the further reduction of this nitrite to
ammonium requires a chloroplastic enzyme, nitrite
reductase, an enzyme dependent on ferredoxin for
electrons. Nitrite can be transported in either of the
two forms: protonated form (HNO,, nitrous acid) or
as the nitrite ion. The protonated form diffuses freely
across membranes whereas ionic form is probably
transported by an active transport system. There are
reports that suggest both the mechanisms. The
presence of saturable nitrite transporters in the
chloroplast membrane, which is sensitive to protein
modifiers (26). While other authors have suggested
that a proton-linked transport is involved in the
transport of nitrite from cytosol to chloroplast. The
requirement of an active proton transport for
movement of nitrate across the chloroplast envelope
is probably met by the presence of an H*-ATPase (27).
A new nitrite transporter has been identified,
CsNitrl-L, a member of the proton-dependent
oligopeptide transporter (POT) family (28).
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ENZYMES OF NITRATE ASSIMILATION

Once the nitrate is taken up inside the cells, it is
converted to ammonium (reduced nitrogen).
NAD(P)H:NR nitrate reductase (NR), a molybdenum
cofactor (MoCo) cytosolic enzyme, catalyses the first
and the rate limiting step of conversion of nitrate to
nitrite. This enzyme is highly regulated at all levels of
gene expression by several factors. The newly
synthesised nitrite is transported to chloroplast
where it is immediately converted to ammonia by
nitrite reductase (NiR). Ammonia is subsequently
fixed into organic acids by the combined action of
glutamine synthetase (GS) and glutamate synthase
(GOGAT).

Nitrate Reductase
Isoforms
Eukaryotic assimilatory nitrate reductase (NR)

catalyses the reaction
NO; + NAD(P)H + H* — NO, + NAD(P)' + H,0

Hence, the conversion of nitrate to nitrite is an
irreversible reaction and controlled step of nitrate
acquisition in plants, fungi and algal species (29).
Different forms of NR have been suggested on the
basis of the electron donor they use: an NADH-
specific form (EC 1.7.1.1; formerly EC 1.6.6.1) in
higher plants and algae; an NAD(P)H-bispecific form
(EC 1.7.1.2; formerly EC 1.6.6.2) in higher plants,
algae and fungi. A bispecific form only has been
reported from birch (30). Monospecific NADPH:NR
(EC 1.7.1.3; formerly EC 1.6.6.3) is present in mosses
and fungi but is absent from higher plants (31). The
NADH specific form can be converted to a NADPH (bi)
specific form by making only small structural
changes in nitrate reductase. For example, a single
amino acid change in birch led to shift in the
specificity from a bispecific to a NADH specific
enzyme (32). The reason behind possessing nitrate
reductase with varied specificities for electron donor
is not clear yet. While in root cells NR can utilise both
NADH and NADPH as reductants, the NADH requiring
form is known to be present only in leaves.

Subunits

In higher plants NR is a homodimer made up of two
identical subunits of about 110kDa (~900 amino
acids). Each subunit contains one equivalent of FAD,
heme-Fe and Mo-molybdopterin (Mo-MPT).
Dimerisation is required for the activity, and the
native NR is a homodimer which can further
dimerise to a tetramer. In microorganisms, tetramers
of about 500 kDa may also occur. The conversion of
nitrate to nitrite is driven by an internal electron
chain (Fig. 2) (33).

The 3-D structure of NR reveals five structurally
distinct domains: (i) Mo-MPT domain, (i) dimer
interface domain, (iii) cytochrome b (Cb) domain, (iv)
FAD binding domain and (v) NAD(P)H binding
domain. Cytochrome b reductase fragment (CbR) is
formed as a result of combination of FAD and NADH
domains. The combination of FAD and NADH
domains leads to the formation of cytochrome b
reductase fragment (CbR) which further combines

with Cb domain to form cytochrome c reductase
fragment (CcR).
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Fig. 2. Models for Nitrate Reductase Structure. (a) Functional model
of NR. (b) Sequence model of the enzyme (source: 29).

There are three sequences with no similarities to
any other protein and which also vary among the
different forms. They are (i) an N-terminal acidic
which may be involved in regulations of NRs (ii) a
Hinge I region containing a phosphorylated,
regulatory serine and a trypsin proteolytic site and
(iii) Hinge II, a proteinase site. Thus NR is assembled
from subunits that are believed to have evolved
separately and which may seem to be related to other
protein unit structures. For example CbR fragment is
similar to cytochrome bs reductase whereas the Cb is
closely similar to cytochrome bs. It is interesting to
note that the Mo-MPT and interface domains of
nitrate reductase are identical to sulphite reductase
(SOX) which reduces sulphite to sulphate by reduced
cytochrome c (29) (Fig. 2).

Each monomeric unit of nitrate reductase has
two active sites — one for accepting electron from
NAD(P)H and another for conversion of nitrate to
nitrite. The enzyme exhibits ping-pong mechanism
wherein there is a competition between NAD(P)" and
NAD(P)H atone active site and between nitrate and
nitrite at the other active site. The domains located
between each end of the monomer contain the two
active sites: 1) the nitrate-nitrite reduction site
between the molybdopterin and dimer interface
domains; and 2) the electron-donor active site
between the FAD and NADH domains (29, 33, 34).

The structure of NR consists of three cofactors,
namely, FAD, heme and MPT and two metal ions, iron
and molybdenum in each monomer. FAD and the two
ions can exist in either reduced or oxidised state.
Accordingly nitrate reductase can be found in 12-18
possible oxidised or reduced states. The redox
potentials indicate a flow of electrons within the NR
from electron donor to the active site of the enzyme
which actually reduces nitrate (33).

Molybdopterin is a unique cofactor found in
some other enzymes in plants, =xanthine



dehydrogenase, aldehyde oxidase and sulphite
oxidase (SOX), though the existence of SOX activity in
plants has not been proved beyond doubt. These
enzymes have been shown to possess a 31-amino acid
sequence containing an invariant cysteine residue
involved in Mo-MPT binding. This is characteristic of
eukaryotic molybdopterin oxidoreductases (35).

Prokaryotic NR also contains molybdenum and a
pterin cofactor but differs from eukaryotic
molybdopterin in having an extra nucleotide. The
bacterial enzymes are membrane bound terminal
electron acceptors or soluble enzymes involved in
denitrification. A NR activity from Desulfo vibrio,
referred to as NAP, and some other prokaryotic NRs
have been shown to be unique in possessing an iron-
sulphur redox centre (FesSs) in the same polypeptide
along with the Mo-MPT cofactor. Though no
eukaryotic nitrate reductase has been found to have
an Fe-S centre in its electron transport chain, the NAP
is similar to eukaryotic NR in having an arginine
residue involved in nitrate binding (29).

An active site mutant, where the only invariant
cysteine replaced by serine, was capable of binding
NADH but was unable to transfer electrons from
NADH to FAD. Hence, this cysteine residue (Cys889 in
AtNR2) is believed to be the inhibitor-sensitive thiol
of NR which is involved in electron transfer but not
binding of NADH (29).

Functional Characteristics

NR is unusual in being a soluble protein that
catalyses an electron transport chain. A very small
fraction of total NR activity has been claimed to be
membrane associated. The major component, soluble
NR has one active site where NADH reduces FAD at
the beginning of the ETC and another to reduce
nitrate by the molybdopterin. These two are
physically separable. Besides nitrate, electrons can
also be transferred to other acceptors like
ferricyanide and cyt c. Other electron donors like
reduced dyes and flavins are possible. Among the
dye-dependent activities, bromophenol blue (BPB)
and methyl viologen (MV) donate electrons to Mo-
MPT directly during nitrate reduction while FADH,
and FMNH, require Heme-Fe of the Cyt b. Since BPB
and MV dependent activities are higher than NADH-
NR activity, internal electron transfer appears to be
rate limiting (33).

Studies with different recombinant holo-NR
forms have revealed two invariant Cys residues. A
Cys-191 which is liganded to molybdenum in nitrate
reducing active site and a Cys-891 in the NR’s second
active site which reduces FAD and which is crucial
for NADH positioning. Besides, two Arg residues
namely, Arg-144 and Arg-196 have been found to be
invariant and correspond to Arg residues in SOX.
When Arg-144 was mutated to glutamine the mutant
enzyme lost Mo-MPT binding activity. Mutations of
Arg-196 to glutamine resulted in the enzyme having a
higher k. for nitrate and resultant lower catalytic
efficiency. Studies of recombinant fragments of NR
have helped in identifying the residues responsible
for electron donor specificity. The importance of the
nitrate reductase dimer interface domain was also
identified by such studies. It was also observed that
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the NADPH-NR of Neurospora could be modified into
an NADH:NR enzyme by changing a single serine
with aspartate in the NADPH domain. Further,
kinetic analysis and recombinant expression have
also helped in identification of the regulatory ser in
Hinge I which gets phosphorylated and in clarifying
electron transfer rates (29).

Localisation

The cytosols of cells of all the vegetative organs of the
plant are the major location for the components of
nitrate reduction. Depending on the environmental
conditions, nitrate reductase is found both in shoots
and roots of most species. However, in few species
(e.g, cranberry and young chicory) NR is found only
in roots, whereas NR is expressed in leaves of some
other species (e.g., cocklebur). In C, plants like maize,
NR is located in mesophyll but not in bundle sheath
cells. Although it was reported that the association of
NR with chloroplast in spinach leaves through
immuno goldlabeling (36), but most of the evidence
supports the localization of NR in the cytoplasm of
the leaf tissue (37). The presence of nitrate reductase
in the cytoplasm of root epidermal and cortical cells
as well as in the parenchyma and the pericycle
within the vascular tissues has been demonstrated
(29, 33).

Nitric Oxide (NO) Production by NR

The fact that nitrate reductase can play an important
role in the conversion of nitrite to nitric oxide (NO)
has been recognised since long and has been
reported by several groups (2, 38, 39). Since the
discovery of NO as a signalling molecule in the plants
it became important to understand the mechanism
and the role of NR in the NO production.
Investigations are there on the production of NO by
purified NR, detached leaves and whole plants (40). It
was found that the NR activity used for the NO
production from nitrate was insignificant (about 1%)
as compared to the nitrate reduction process. Rapid
modulation of NR enzyme and nitrite affected the
rate of production of NO by this enzyme. Nitrate (K;
about 50 pM) competitively inhibited the NO
production from nitrite (K, -100 uM), and therefore,
NO production by intact tissues was also affected by
amount of the nitrate. It has been assumed that both
soluble and plasma bound NR may play roles in the
generation of NO (41, 42). However, the exact role of
environmental stress in the regulation of NR-
dependent nitric oxide production is not clear yet.

Nitrite Reductase

Structure

Nitrite reductase (ferredoxin:nitrite oxidoreductase;
EC 1.7.7.1) catalyses the six-electron reduction of NO,
to NH,".

NO, +8H'+6e — NH, +2H,0

In contrast to NR which is localised in cytoplasm,
nitrite reductase is localised within chloroplasts in
leaf and in plastids in root and other non-green
tissues (43). However, the presence of an extra-
chloroplastic NiR has been reported in cotyledons of
mustard (44, 45). In green leaves, the donor of
electron is reduced ferredoxin, generated in the light
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by photosystem I. A ferredoxin-like protein acts as
the electron donor in roots where this protein
acquires reducing power from NADPH generated by
pentose phosphate pathway found in the plastids
(46). The addition of nitrate in isolated pea root
plastids has been shown to increase the levels of the
Fd and NADPH-dependent ferredoxin
NADP-oxidoreductase (47).

The nitrite reductase enzymes are monomeric
metalloproteins of about 60-64 kDa containing
siroheme prosthetic group, the binding site for nitrite
binds and a 4Fe-4S cluster at its active centre (48).
The NiR apoprotein is synthesised in nucleus and the
protein is targeted to chloroplast by an N-terminal
transit peptide. NiR proteins among plant species
show high conservation (75-80 %). Cyanobacterial
NiR is more closely related to plant than to
enterobacterial NiR whereas there is only a very less
degree of homology between plant, bacterial and
fungal NiR (49). Two isoforms of NiR have been
identified in maize and four in N. tabacum (50). The
enzyme is believed to possess two functional domains
and cofactors: an fdx binding domain on the N-
terminal and a domain on the C-terminal which has
the nitrite binding site, two redox centers, a 4Fe-4S
center and a siroheme. Four cysteines located in two
clusters provide a bridge between the domains as
well as S ligands for the 4Fe-4S cluster. A role for the
cysteines in cofactor binding is revealed by mutating
the residues next to them to bulky side chains which
leads to diminished NiR activity. The siroheme is an
iron tetrahydroporphyrin with eight COOH-
containing side chains (51). There are no reports in
the literature to indicate that the leaf and root NiRs
are different proteins. NiR mutants are difficult to
isolate due to the nonviability of the plants on
account of toxicity of accumulated nitrite. Reports
are on conditional-lethal mutant defective in NiR
apoprotein gene, Nir, in barley (52).

Evidence suggests that the 60 kDa NiR may be a
modified form of a larger, native NiR. A putative
native NiR of 85 kDa isolated from spinach has a
three- to four fold higher specific activity with
reduced ferredoxin than with reduced methyl
viologen and can be separated into two protein
components of 61 and 24 kDa. The 61-kDa fragment
retains high rates of methyl viologen, but not
ferredoxin NiR activity. The 24-kDa fragment has no
enzymatic activity, but contains a ferredoxin-binding
site (53).

ENZYMES OF AMMONIA ASSIMILATION

Ammonium, which is highly toxic to plant cells, is
rapidly incorporated into carbon skeleton by the
action of glutamine synthetase (GS) and glutamate
synthase (GOGAT). Together these enzymes constitute
the GS/GOGAT cycle, which is the major route of
assimilation of ammonia in plants (54). This cycle is
also important for the reassimilation of ammonia
produced from a variety of other metabolic pathways
which include photorespiration, the degradation of
amino acids and metabolism of phenylpropanoids.

Once the ammonium is incorporated into
glutamate by GS and GOGAT, the nitrogen is
transferred to other amino acids by the action of

aminotransferases which lead to the formation of
aspartate and alanine. Therefore, the GS/GOGAT cycle
sits at the interface of the N and C metabolism. In
higher plants, there are different isoenzymes of GS
and GOGAT which are identified by their subcellular
location in cytosol and chloroplast. Glutamate
dehydrogenase (GDH) is another important enzyme
of ammonia assimilation which has the ability to
generate glutamate from ammonium. At the same
time this enzyme can also deaminate glutamate into
ammonium and ketoglutarate. Although this is a
widely distributed enzyme in plant cells the exact
role of this enzyme in primary ammonia assimilation
is still not clear (55, 56).

Glutamine Synthetase
GS (EC 6.3.1.2) catalyses the ATP-dependent
conversion of glutamate to glutamine using

ammonium as substrate and a divalent cation such as
Mg, Mn* or Co* as a cofactor.

Glutamate + NH, + ATP — Glutamine + ADP + Pi + H,O

Higher plant GS protein is composed of eight
identical or almost identical subunits and has a
molecular mass of ~320-380 kDa (57). These subunits
are encoded by a small gene family. There are two
isoforms of GS: GS1 is primarily located in the cytosol
of leaves and nonphotosynthetic tissues and GS2 is
found in the chloroplasts, the plastids of roots or
etiolated plants (58).

A single nuclear gene codes for the GS2 in most
of the plants while GS1 is encoded by small family of
nuclear genes (2-6 genes per haploid genome). The
stages of development and external stimuli are the
key factors responsible for the differential expression
of GS1 genes (54). The subunit assembly into
homooctameric or heterooctameric form is regulated
by a different set of genes (59). These isoforms
assimilate ammonium derived by different
physiological processes. In roots, GS1 assimilates
ammonium derived from the soil and in cotyledons it
reassimilates ammonium released by the breakdown
of nitrogenous resources during germination. The
chloroplast form, GS2, appears to play important role
in the primary assimilation of the ammonia reduced
from nitrate in the chloroplast and/or reassimilation
of photorespiratory ammonium (60). In maize the
GS2 is localised in both the mesophyll and bundle
sheath cells (54). Cytosolic GS has been reported to be
localised in vascular bundle of leaf tissues in rice
where it plays a role in exporting nitrogen to sink
tissues (61). The primary function of the GS in the
root nodules is the quick acquisition of ammonium
released into the plant cytosol by the N,-fixing
bacteroides. Different environmental conditions and
growing season affect the cytosolic and chloroplastic
activities.

Glutamate Synthase

Glutamate synthase (glutamine:oxoglutarate
aminotransferase; GOGAT) catalyses the synthesis of
two molecules of glutamate from glutamine with
ketoglutarate. One molecule of glutamate becomes a
substrate for glutamine synthetase and the other is



used as nitrogen carrier to other tissues or donor for
other metabolic processes

Glutamine + 2-0OG + 2 ferredoXinyeaucea — 2 glutamate +
2 ferredoXinoxigisea

Glutamine + 2-OG + NAD(P)H - 2 glutamate +NAD(P)"

There are two isoforms of glutamate synthase
depending on the electron donor. Fd GOGAT (EC
1.4.7.1) accepts electron from reduced ferredoxin
(Fd;ed) whereas NADH GOGAT (EC 1.4.1.14) receives
electrons from NADH. These enzymes are Fe-S
flavoenzymes differing from each other with respect
to physicochemical, immunological and regulatory
properties and genes encoding them (54, 62, 63).

The Fd-GOGAT is primarily found in chloroplasts
and is involved in the assimilation of ammonia
derived from the nitrate assimilation and
photorespiration (64). There are reports on the
occurrence of this enzyme in the mesophyll cells of
rice (65). A single gene codes for the Fd-GOGAT in
most of the plants with an exception in Arabidopsis
where it is encoded by two genes (66). Although this
enzyme is mostly a monomeric one (145-165 kDa), the
enzyme present in rice is made up of two subunits of
115 kDa and contains one FMN and one [3Fe-4S]
cluster per molecule (67). Light regulates the
transcription of Fd-GOGAT gene in leaves leading to
an increase in the translational product as well as
enzyme activity (56). The dependence on nitrogen
sources for transcription and protein activity of the
Fd-GOGAT varies from species to species; in some
species presence of nitrogen is required for the
enzyme activity (68) and in some other species
nitrogen does not play any role (69).

NADH-GOGAT (EC 1.4.1.14) is a monomeric
enzyme with a molecular mass of 190-240 kDa in land
plants. It occurs in the vascular bundles of
developing leaf blades. The NADH-GOGAT is less
active than the Fd-GOGAT in green leaves (70) but
activity and proteins are reported at higher levels in
the non-green and developing leaf blades of rice (71).
Another isoform of glutamate synthase, NADPH-
specific GOGAT (EC 1.4.1.13), has been also reported
from some plant species; Pisum arvense, Lycopersicon
esculentum and Bryopsis maxima (72, 73).

CARBON-NITROGEN INTERACTION

Plant growth and biomass accumulation are
determined largely by the availability, absorption
and assimilation of carbon and nitrogen from the
environment and carbon release in respiration.
Photosynthesis is the main source of energy and
carbon skeletons for either carbohydrate or amino
acid Dbiosynthesis (74). Carbon and nitrogen
metabolites not only serve as the driving forces for
growth but are also involved in the transcriptional
regulation of enzymes involved in photosynthesis,
carbohydrate synthesis and nitrogen assimilation.
Growth is modulated so that formation of new plant
material closely matches the rate at which carbon
and nitrogen are taken into the plant (75).

Much research has also focused on C-N
interactions to improve the metabolic capacity of the
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plant in order to maximise biomass production and N
fertiliser usage, overuse of which has led to the
pollution of aquatic environment. The responses of
photosynthesis and C metabolism in N-limited plants
have been studied especially in order to understand
the mechanism by which plants adapt to changes in
N supply. The pathway of N assimilation responds to
changes in the rate of photosynthesis. Similarly, C
assimilation pathway and C partitioning also respond
to fluctuations in the supply of inorganic nitrogen
(74).

The interaction of nitrogen assimilation with
carbon metabolism is complex. Nitrogen assimilation
affects the primary carbon metabolism because a
large amount of nitrogen is utilised in the proteins
and chlorophyll of the photosynthetic apparatus (76).
This makes N availability as the major factor
affecting both photosynthetic capacity and crop yield.
Conversely, nitrogen assimilation depends on carbon
metabolism for (i) the electron donors which are
required for conversion of nitrate to ammonium (77),
(ii) ketoglutarate as the carbon skeleton for ammonia
assimilation by GS/GOGAT pathway, (iii) malate as a
counter anion to prevent alkalinisation, (iv) carbon
precursors for other amino acid pathways and (v)
energy in the form of ATP for nitrate transport into
the cell and formation of glutamine, the step
catalysed by glutamine synthetase in GS/GOGAT cycle
(78). These interactions lead to the partitioning of
photosynthetic products between carbohydrate
synthesis (between starch and sucrose) and the
synthesis of amino acids. The partitioning must be
controlled in a flexible manner due to the variability
in the external N availability and internal N demand
(79). This regulation occurs at both transcriptional
and post-translational level (80).

Plants differ from each other with respect to the
relationships between carbon and nitrogen
assimilations which are dependent on various
factors. These factors include life cycle and longevity,
proportion of N assimilated in roots and leaves as
well as the habitat of the plant which determines the
type of nitrogen sources available (79).

There is a 2.5 times more electron requirement
for the assimilation of nitrate as compared to the
carbon fixation. Although the rate of nitrate
assimilation in leaf is very low as compared to
carbon metabolism, it utilizes the major amount of
photosynthetic resources and energy (81). This is
evident from the fact that light is the major
stimulator of the process of nitrate assimilation (82,
83).

Reductant Supply

Leaves are the major site for the photosynthetic
activity in higher plants and in most cases this
activity is light dependent except in a few specialised
plant groups, e.g. CAM plants. On the other hand, a
significant amount of nitrogen can be reduced in the
absence of light in leaves as well as in the
nonphotosynthetic tissues such as roots. In terms of
reductant, this reductive assimilation of nitrate
requires ten electrons. This reductant is supplied by
the photosynthesis, directly through ferredoxin and
indirectly through the operation of redox shuttles, or
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via the metabolism of fixed carbon. In leaves,
ferredoxin is the major source of electrons for the
activities of nitrite reductase and glutamate synthase.
Therefore, photosynthesis is the major source of
reductant for nitrite and ammonia assimilation into
organic acids. Although nitrate assimilation can
occur in etiolated leaves containing sufficient
carbohydrates, rates are about 2- to 5- fold faster in
the light (82, 83). Glycolysis and oxidative pentose
phosphate pathway (OPPP) are the processes
supposed to be involved in supplying reductants in
the dark. NADPH, generated by the hexose
monophosphate pathway, has been considered to
play a significant role in nitrite assimilation in roots,
where specific forms of ferredoxin and Fd-NADP
reductase may favour transfer of electrons from
NADPH to ferredoxin (84). Nitrate reductase being a
cytosolic enzyme is dependent on NADH which is
generated during the oxidation of carbon.

The amount of photosynthetic electron flow
linked to nitrogen assimilation in leaves depends
largely on the nitrogen status of the plant. For
example, approximately 10% of the photosynthetic
electron was diverted to nitrate assimilation under
optimal supplication of nitrogen in barley, pea and
tobacco. On the other hand, only about 1% electron is
consumed for nitrate assimilation in N-deprived
tobacco (85). When tobacco leaves were fed with
nitrate and sucrose, which yielded higher rates of
nitrate assimilation as compared to just nitrate fed
leaves, the proportion of electron flow for nitrate
assimilation increased upto 25 % (86). In higher
plants, there is little evidence to suggest that nitrogen
assimilation and carbon metabolism compete for
photosynthetic electron flow and available resources.
Rather, continuous reciprocal coordination at the
molecular and metabolic levels in response to
environmental stimuli prevents competition and
allows adaptive responses to supply and demand. For
instance, nitrogen starved algal cells bring about an
inhibition of CO, fixation when they are resupplied
with nitrogen. This may indicate rerouting of carbon
from the C; cycle to respiratory pathways and/or
utilisation of electrons by N assimilation.

Supply of Carbon Skeleton for Amino Acid
Synthesis

The biosynthesis of amino acids from reduced
nitrogen utilises the major amount of carbon fixed in
the chloroplasts. It has been reported that a decrease
in the rate of nitrogen metabolism leads to an
increase in the accumulation of storage
carbohydrates which ultimately reduces the
efficiency of photosynthesis (74). Anapleurotic CO;
fixation replaces the TCA cycle intermediates which
are consumed during activation of nitrogen
assimilation.

In plants and algae, amino acid biosynthesis uses
carbon generated during recent photosynthesis if
stored carbohydrates are not available (82, 87). In
fact, CO, fixation is suppressed in some cells during
nitrogen assimilation. There have been a few reports
on this drop in CO; fixation in plants as compared to
algae where a limitation of ribulose 1,5-bisphosphate
carboxylase (Rubisco) by ribulose 1,5-bisphosphate

(RuBP) has been suggested as the cause for the drop
in CO, fixation (88). The capacity for photosynthesis
and the availability of carbohydrates are two factors
which decide the source of carbon for amino acid
biosynthesis (88). The partitioning of photosynthate
to starch decreased with an increase in nitrogen
supply in soybean plants (90).

In the dark, stored photosynthates are the source
of carbon for nitrogen assimilation (91). The rate of
nitrogen assimilation is significantly increased when
exogenous carbon is provided to the leaves and roots
in the dark (82). The light-dependent fluctuation in
the amount of carbohydrate can be accounted for
diurnal regulation of nitrogen assimilation in all
types of tissues (92). The fact that anapleurotic
carbon is required to replace the TCA cycle
intermediates consumed in amino acid biosynthesis
has been shown by studies on CO, fixation in dark.
The onset of nitrogen assimilation leads to a
significant induction of dark CO. fixation (93). The
rates of nitrogen assimilation and anapleurotic
carbon fixation are dependent on each other (93, 94).

The developmental stage, nitrogen accessibility
and the type of the metabolites are the major
determinants for the proportion of the fixed carbon
required by N assimilation in plants (81). The most
important carbon acceptor of assimilated nitrogen is
ketoglutarate. Reports are on the increase in the rate
of utilisation of ketoglutarate by GOGAT activity
during the photorespiratory N cycle in the leaves of
C3 plants (95). However, there is no net intake of C
skeletons in  photorespiratory utilisation of
ketoglutarate unlike nitrogen assimilation. One
molecule of ketoglutarate is utilised for each
molecule of ammonium to form glutamate.

NITROGEN USE EFFICIENCY (NUE)

The availability of nitrogen is the one of the major
nutrient requirement and a limiting factor affecting
the growth and development of plants (96). The
application of additional nitrogen on plants has a
significant effect on the crop yield. However,
systematic and planned application of nitrogen
fertiliser is becoming an important strategy to
enhance the crop production. For this reason, the
cultivars of many crops in use have been selected on
the basis of their capacity to utilise additionally
supplied nitrogen (97). But excessive use of fertilisers
has led to a range of environmental issues, especially
eutrophication of fresh waters (98). Therefore, there
has been an increasing demand to decrease the
utilisation of N fertiliser and new plant varieties are
being explored for their greater N use efficiency
(NUE). NUE, therefore, can be used as an expression
to explain the effectiveness with which plants use
nitrogen for their growth and development.

Nitrogen use efficiency is defined as the ratio of
nitrogen applied and used by the plants with a
significant increase in the biomass. An increased NUE
can lead to a decrease demand for N fertiliser
without compromising with the crop yield. The other
challenges which affect the crop yield are removal of
N with the harvested plants and fertiliser run-off.
Therefore, it becomes important to maintain the
amount of N in the soil for most of the crops being



non-nitrogen fixers. Accordingly attempts are being
made to manipulate the inherent efficiency of the
plant to utilise available nitrogen for increased crop
productivity at the biological level. This includes
nitrogen acquisition and assimilation, relocation
within the cell and balance between storage and
current use (2).

In the case of cereal crops like rice, NUE is
important in terms of both grain yield as well as
grain-protein yield, since there is a high demand for
improving protein content in food grains to alleviate
protein malnutrition in developing countries like
India. In the last decade several attempts were made
to increase NUE by selectively altering the expression
of some of the proteins and enzymes of nitrate
acquisition and reduction in transgenic plants. But
these experiments have not yielded expected results
demonstrating that the earlier notion of single-point
rate-limiting regulation is too simple an approach to
tackle these problems. Therefore, an enhanced
understanding of the regulatory mechanisms of N
metabolism and the factors that regulate the N and C
traffic is required to find the most appropriate site(s)
for future research.

FUTURE PERSPECTIVE

The process of nitrate assimilation is dependent on
carbon fixation for energy and other purposes. The
atmospheric carbon dioxide is the major source of
carbon skeletons in plants. In last few decades, the
concentration of carbon dioxide has increased and
there are reports which suggest that the capacity to
assimilate nitrate will decrease in high CO; level (99).
Laboratory observations reveal the mechanism by
which plants adapt to such situation for optimizing
their growth and development. Nitrogen pollution
has become another challenge for the researchers
and agronomists. Optimizing the use of mixed
nitrogen regimes (ammonia and nitrate) can be
helpful in solving some of the problems associated
with excess usage of nitrogen fertilizers (100).

Conclusion

Nitrate assimilation pathway is a complex and
regulatory process. The enzymes of this process are
regulated by various endogenous and exogenous
factors like nitrate, ammonia, light and hormones.
Nitrate and light are the major signals for this
pathway. Ammonia is also assimilated and
reassimilated by another set of enzymes. A
coordinated regulation of nitrogen and carbon
metabolism is essential for the plant growth and is
maintained by stringent signalling pathways like
protein  kinases/phosphatases, calcium, inositol
triphosphates etc. However, the exact mechanisms by
which the metabolites and reductants are partitioned
between the two major primary pathways are still
not very clear. Last few years, there has been a great
concern about the nitrate pollution because of the
excessive use of nitrogen fertilizers. Plants differ
from each other with respect to their nitrogen use
efficiency. An understanding about the NUE will lead
to the proper utilization of fertilisers which in turn
will reduce the cost and nitrate pollution.
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