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Ammonium and nitrate are primary nitrogen sources for
many organisms. Though the energy cost required for ammo-
nium assimilation is lower than that of nitrate (2) and many
species use ammonium preferentially, nitrate is the nitrogen
source most preferred because of its major abundance (about
10 to 1,000 times more available) in natural soils, except in
some ecosystems such as coniferous forests (59). This prefer-
ence occurs even though nitrate concentrations are very het-
erogeneous, fluctuating by several orders of magnitude from 0
to >10 mM (10). Thus, organisms have evolved to have an
adequate supply of genes that are specific for ensuring efficient
nitrate assimilation. Even plants, especially crop herbaceous
plants, utilize nitrate as the preferred nitrogen form for growth
in combination with ammonium (3, 26), since in addition, ni-
trate provides an efficient signal for modulating many cell
processes such as root development, root-shoot balance, or
stomatal opening (24, 55, 67).

Nitrate assimilation is a fundamental pathway for incorpo-
rating the macroelement N, used by many living beings includ-
ing the crops responsible for supporting human food, like
wheat, barley, or corn. Due to the economic importance of
nitrogen for crop productivity and the ecological side effects
derived from the massive use of N fertilizers (26), molecular
developments in this area have made it a fast-moving field. The
initial molecular approaches focused on the main enzymes of
the pathway, nitrate reductase (NR) and nitrite reductase
(NiR) (46, 65), which subsequently changed to the transport
step, providing nitrate to the cells and constituting a versatile
point of nutrient control. Recently, attention has started to
point to the regulatory control of the pathway, the integration
of N assimilation with that of other nutrients, and the improve-
ment of nitrate assimilation efficiency.

Nitrate assimilation is an apparently simple process in pho-
tosynthetic eukaryotes. The process involves two transport and
two reduction steps to produce ammonium in the chloroplast,
the main site of ammonium incorporation into carbon skele-
tons, and takes place by the glutamine synthetase/glutamate
synthase cycle (Fig. 1A) (8, 17). The transport steps consist of
the entry of nitrate into the cell and nitrite into the chloroplast.
The first reduction step from nitrate to nitrite occurs in the
cytosol and is catalyzed by the NR enzyme, and the second
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reduction step from nitrite to ammonium in the chloroplast is
catalyzed by NiR.

Functional genomics strategies with the green alga Chlamy-
domonas sp. have shown the complexity of the process and
have helped to discover the fundamental regulatory steps (Fig.
1B). This haploid unicellular organism lacks the structural
complexity present in plants, though it has a remarkable flex-
ibility to adapt to extreme environmental conditions (25). This
review focuses mostly on the current progress attained in un-
derstanding the nitrate assimilation of Chlamydomonas and
how the generated data are providing clues to understanding
this process in other photosynthetic organisms, especially in
the more complex systems of plants.

The advantages of using Chlamydomonas in molecular stud-
ies are clear nowadays, since, in addition to its easy microbio-
logical handling, its haploid genetics, and the transformation of
its three genomes (25, 52), the sequencing of its genome re-
veals the evolution of key animal and plant functions (38) that
mark highlights on its future perspectives. In fact, Chlamydo-
monas has become an excellent system with which to study
fundamental biological processes such as photosynthesis, chlo-
roplast inheritance and biology, mitochondrial genetics, carbon
and nitrogen metabolism, and nutrient deficiency, among oth-
ers (52).

KEY POINTS OF NITRATE ASSIMILATION
IN CHLAMYDOMONAS

NR and NiR are highly conserved at the sequence level in both
algae and plants (5, 9, 66). The NR enzyme has a homodimeric
structure with three prosthetic groups: FAD, heme bss;, and
molybdenum cofactor (Moco). Thus, molybdenum is a micronu-
trient essential for nitrate assimilation. In the Chlamydomonas
system, two proteins for molybdate metabolism have been iden-
tified: MOT1, a high-affinity molybdate transporter that defines a
new family of transporters distantly related to those of sulfate and
is present in eukaryotes and prokaryotes (60), and MCP1, a Moco
carrier protein involved in Moco transfer to apo-NR (1, 18) (Fig.
2A). MOT!1 from Arabidopsis sp. has also been described recently
(61). The NR enzyme was the center of attention for a long time
as the critical step in the pathway, since it is highly regulated (9,
23). However, nitrate and nitrite transporters at the plasma mem-
brane and at the chloroplast envelope membrane (Fig. 2A) are
important players in the control of the overall efficiency of the
nitrate pathway (20).

In fact, three different protein families, NRT1 (one mem-
ber), NRT2 (six members), and NAR1 (six members), related
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FIG. 1. Nitrate assimilation pathway in photosynthetic eukaryotes (A) and genes for its regulation (B). (A) Two transport and two reduction
steps are required to produce ammonium in the chloroplast, where it is subsequently incorporated. FdxH, reduced ferredoxin. (B) Phenotypes of
mutants defective in positive and negative signaling and the possible genes affected (21). NI, nitrate insensitive; ON, overexpression in nitrate; Al,

ammonium insensitive.

to nitrate and nitrite transport are deduced from the Chlamy-
domonas genome (14). The NRT2 genes that encode high-
affinity nitrate/nitrite transporters (HANNIT) have also been
cloned from mosses, fungi, algae, yeast, and bacteria, and in
almost all plant species, they appear as a multigene family (19,
20, 40, 64). Some NRT2 proteins require a second component
named NAR?2. The requirement for the NAR?2 protein for the
functionality of high-affinity nitrate transporters (HANT) has
been corroborated not only with Chlamydomonas (69) but also
with other systems such as the moss Physcomitrella patens (64)
and plants (39, 41, 62). The functionality of NRT2 proteins has
been shown only for some of them, as follows: NRT2.1/NAR2 as
a bispecific HANNIT, NRT2.2/NAR2 as a HANT, and NRT2.3
as a high-affinity nitrite transporter (14, 47-49) (Fig. 2A).

The NARI gene family is mostly present only in bacteria and
in eukaryotic organisms such as fungi, yeast, algae, and proto-
zoan parasites but not in plants. In Chlamydomonas, some of
the NARI genes are clearly regulated by carbon or nitrogen
(36), and functionality studies of NARI.I have provided the
first molecular evidence of a specific nitrite transporter in the
chloroplast, showing that this is a regulated process (50).
NARI1.1 mediates a nitrite transport with a K,,, of about 5 uM
and improves nitrate use efficiency for cell growth under light/
dark cycles and low CO, environments (35, 50). A second
member of the family, NAR1.2, was shown to be a bispecific
nitrite/bicarbonate transporter (36).

Interestingly, NIA1, the gene encoding NR, is clustered with
other genes that were initially named nitrate assimilation re-
lated (NAR) because of their clear relationship to the nitrate
pathway. Like NIA1, all of them show a coordinated regulation
by the nitrogen source, nitrate induction, and ammonium re-
pression (15). A second cluster of nitrate-regulated genes of
about 10 kb was also found in linkage group IX (Fig. 2B) and
contains NRT2.3 (encoding a nitrite transporter) and 40X/
(encoding a mitochondrial alternative oxidase) (48, 51). The
clustering of nitrate assimilation genes also occurs in Aspergil-
lus nidulans (27) and Hansenula polymorpha (43). This fact

might represent a cell strategy to optimize the regulation of
this pathway.

REGULATORY GENES FOR NITRATE ASSIMILATION

Notwithstanding the importance of the regulated transport of
nutrients for nitrate use efficiency, another key level of control
exists. This corresponds to the regulatory genes mediating posi-
tive and negative signaling of nitrate and reduced N compounds,
respectively. These regulatory genes have been well characterized
molecularly in fungi and yeast (37, 57). The NIRA, NIT4, and
YNAI genes from A. nidulans, Neurospora crassa, and H. polymor-
pha, respectively, are pathway-specific genes involved in nitrate
induction and encode GALA4-like CYS6/Zn2-type binuclear zinc
cluster proteins (37, 57). AREA and NIT2 from A. nidulans and
N. crassa are major regulatory proteins which mediate nitrogen
repression from rich nitrogen sources such as ammonium and
glutamine and encode GATA-binding transcription factors (37).
However, attempts to extrapolate these data and clone specific
regulatory genes for nitrate assimilation in photosynthetic eu-
karyotes have failed (11, 63), most probably because of significant
structural differences among regulatory proteins from fungi/yeast
and photosynthetic eukaryotes.

Valuable information about regulatory genes might be pro-
vided from photosynthetic eukaryotes, by systems such as
Chlamydomonas. In fact, a positive regulatory locus, NIT2, has
been known for a long time in this alga genus, and a lot of
research of different topics, aside from nitrate assimilation, has
been performed using strain 137¢ (lacking functional NI47 and
NIT2) as a wild-type strain (13, 25). Chlamydomonas NIT2-
defective mutant strains have a direct effect on nitrate and
nitrite assimilation (12), and the expression of a number of
genes (NII1, NRT2.1, NRT2.2, NRT2.3, NAR2, NIAI, NARI.1,
and NARI.6) encoding key elements of the pathway is pre-
vented (36, 47-49). This NIT2 gene was cloned by transposon
tagging and shown to be repressed in ammonium and ex-
pressed in nitrogen-free medium, and thus, it might mediate
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FIG. 2. Nitrate assimilation in Chlamydomonas. (A) Scheme of transporters, reductases, and the regulatory NIT2 protein for nitrate assimi-
lation. The main structural motifs in NIT2 are indicated: the GAF domain, nuclear export sequence (NES), poly-glutamine (Q), and the RWP-RK
(RWP) motif. (B) Nitrate gene clusters. Two gene clusters in linkage group IX contain nitrate assimilation genes in Chlamydomonas. The
regulatory gene NIT2 is in linkage group III. Genes and some of their encoded products are indicated in panel A (25, 48, 49). Other details are

given in the text.

metabolite repression of the nitrate assimilation pathway in
Chlamydomonas (56).

NIT2 cDNA was isolated, and the structural characteristics
of the NIT2 protein were analyzed together with the mecha-
nism of nitrate sensing (6). That NIT2 is induced in a nitrogen-
free medium (56) does not indicate that nitrate is not needed
for this induction, since it is well known that nitrate contami-
nates all N-free media and is able to accumulate intracellularly
by the HANT at concentrations high enough to mimic nitrate
effects for positive signaling of NI41 expression (31). By using
HANT-deficient mutants, it was shown that intracellular ni-
trate is not essential for NIT2 expression that takes place in the
absence of reduced N sources; however, nitrate causes a sta-
bilization of NIT2 transcripts (6).

NIT2 appears to be a signaling transcription factor with
important structural and sequence differences between the ni-
trate regulatory proteins of fungi and those of yeast, which

might explain the lack of success with previous attempts to
isolate nitrate regulatory genes from plants (11, 63). NIT2 has
an RWP-RK motif within a leucine zipper and shows conser-
vation with putative transcription coactivators from plants as
nodule inception (NIN) proteins and the minus dominance
(MID) protein of Chlamydomonas (6, 16, 29, 54). In addition,
NIT2 shows a GAF domain at the N-terminal fragment of the
protein, which is unable to bind specifically to DNA (Fig. 2A).
Glutamine-rich domains essential for NIT2 functionality are
known to be involved in protein-protein interactions (6, 42).
The GAF domain is known to bind small molecules such as
oxoglutarate, nitric oxide, or cGMP (4, 30, 53); however, ni-
trate was found not to bind to this domain (6). A nuclear
export sequence (Fig. 2A) was found in NIT2 that binds spe-
cifically to the NLAI promoter regions previously identified as
essential for a regulated expression of this gene (6, 33).

In an effort to identify regulatory genes for nitrate assimila-
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tion, a functional genomics approach was used with Chlamy-
domonas. To this purpose, an ordered mutant library of about
22,000 insertional mutant strains covering most of the genome
was obtained (21). It is well known that foreign DNA inser-
tions cause a deletion at the insertion position, ranging from a
few kilobases to more than 50 kb (7, 28). The rationale for that
approach was to interfere with the function of regulatory genes
for nitrate assimilation in the insertional mutants, obtained
with the mutagenic paromomycin marker gene (58) in strain
704, having the chimeric reporter construction of the Chlamy-
domonas arylsulfatase (ARS) gene under the control of the
NIAI gene promoter as a sensor for regulatory signals (34).
Mutant selection was undertaken from the different screenings
of phenotypes (Fig. 1B). First, essential genes mediating the
positive effect of nitrate were identified from NIT™ ARS™
mutants. Only five such mutants were isolated, and identifica-
tion of the affected region by restriction enzyme site-directed
amplification—-PCR (22) showed that all of them were affected
at the NIT2 gene location (6). Second, another screening was
based on strains insensitive to nitrate (low ARS) and able to
grow on nitrate, NIT" (21). These mutants are probably af-
fected at genes not essential for the expression of nitrate as-
similation genes but which are required for the efficient mod-
ulation of nitrate-positive effects (Fig. 1B). Forty such mutants
were isolated, and their characterization is in progress in our
laboratory. Third, those mutants overexpressing the ARS
marker activity in the presence of nitrate were unable to grow
on nitrate, NIT™. These mutants are affected at NIAI, Moco
biosynthesis genes, and new genes currently under study (21,
32). Finally, NIT" mutants expressing ARS in ammonium-
containing medium, proposed to be affected by the negative
signaling of the pathway by ammonium or ammonium deriva-
tives, were isolated.

These ammonium-insensitive mutants are particularly inter-
esting, since this kind of mutant has been reported previously
only in Chlamydomonas (NRGI-4, FARI), though affected
genes are unknown (44, 45, 68). Mutants from the Chlamydo-
monas mutant collection were found to be defective at
genomic regions bearing putative genes that could be related
to nitrate assimilation regulation. These are related to regula-
tory functions such as peptidyl-prolyl isomerase, DNA binding,
guanylate cyclase, or protein kinase (21). Generated data are
consistent with a complex network mediating negative signal-
ing of nitrate assimilation.

From the data discussed above, it can be concluded that
Chlamydomonas is an attractive system for unraveling funda-
mental points of nitrate assimilation such as genes and func-
tions for transporters at the plasma and plastid membranes
and for positive and negative regulatory networks of the path-
way in photosynthetic eukaryotes. Though valuable new infor-
mation has recently been generated from this pathway, much
more data are needed to get a better understanding of the
regulatory and metabolic circuits involved.
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