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Nitrate Signaling by the Regulatory Gene NIT2
in Chlamydomonas
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Positive signaling by nitrate in its assimilation pathway has been studied in Chlamydomonas reinhardtii. Among >34,000 lines
generated by plasmid insertion, 10 mutants were unable to activate nitrate reductase (NIA7) gene expression and had a Nit~ (no
growth in nitrate) phenotype. Each of these 10 lines was mutated in the nitrate assimilation-specific regulatory gene NIT2. The
complete NIT2 cDNA sequence was obtained, and its deduced amino acid sequence revealed GAF, GiIn-rich, Leu zipper, and
RWP-RK domains typical of transcription factors and transcriptional coactivators associated with signaling pathways. The
predicted Nit2 protein sequence is structurally related to the Nin (for nodule inception) proteins from plants but not to NirA/Nit4/
Yna proteins from fungi and yeast. NIT2 expression is negatively regulated by ammonium and is optimal in N-free medium with
no need for the presence of nitrate. However, intracellular nitrate is required to allow Nit2 to activate the NIA1 promoter activity.
Nit2 protein was expressed in Escherichia coli and shown to bind to specific sequences at the NIA1 gene promoter. Our data
indicate that NIT2 is a central regulatory gene required for nitrate signaling on the Chlamydomonas NIA1 gene promoter and

that intracellular nitrate is needed for NIT2 function and to modulate NIA1 transcript levels.

INTRODUCTION

Nitrate is not only a substrate for the nitrate assimilation pathway
but is also a key signal regulating several metabolic, develop-
mental, and cellular differentiation processes. Plants have de-
veloped mechanisms to sense nitrate and to regulate expression
of the enzymes required for nitrate assimilation in response to
cellular levels of reduced nitrogenous compounds (Crawford,
1995; Crawford and Glass, 1998; Daniel-Vedele et al., 1998;
Forde, 2000). Plants also respond to nitrate levels by regulating
their metabolic carbon allocation (Scheible et al., 1997a), their
roots—shoots balance (Scheible et al., 1997b), and their state of
root development (Zhang and Forde, 1998) and stomatal open-
ing (Guo et al., 2003). In Chlamydomonas reinhardltii, gameto-
genesis is also modulated by the presence or absence of nitrate
(Pozuelo et al., 2000).

Microarray analysis of nitrate-responsive genes in Arabidopsis
thaliana has shown the importance of nitrate as a molecular
signal (Wang et al., 2003). Over 1000 genes were found to
respond to low levels of nitrate after only 20 min, and new
connections between nitrate levels and glycolysis, trehalose-6-P
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synthesis, iron metabolism, and sulfate uptake and reduction
have been uncovered. Wide transcriptome analysis for >1400
putative transcription factors has been performed to identify
processes affected by long-term nitrogen deprivation or short-
term nitrate nutrition in Arabidopsis (Scheible et al., 2004).
Multiple genes for nitrate assimilation were induced within
30 min, and there was a coordinate induction of genes assigned
to RNA synthesis and processing. Many genes from different
families responded to changes in N nutrition (Scheible et al.,
2004). However, specific roles for these genes are still to be
defined in most cases.

Nitrate, as a positive signal, plays an essential role in activating
expression of the genes involved in its assimilation, initially at the
level of transcription (Crawford, 1995; Crawford and Glass, 1998;
Galvan and Fernandez, 2001). Ammonium, or compounds de-
rived from ammonium, such as GiIn, provides a negative signal,
leading to the repression of genes encoding nitrate transporters
and enzymes of the pathway (Cove, 1979; Crawford, 1995;
Quesada et al., 1997; Vidmar et al., 2000; Galvan and Fernandez,
2001). Nevertheless, how nitrate is sensed to regulate the ex-
pression of nitrate-regulated genes is unknown in photosynthetic
eukaryotes.

On the other hand, the fungal regulatory genes for nitrate
assimilation are well characterized. The expression of nitrate
assimilation genes is regulated by two main transcription factors,
AREA and NIRA in Aspergillus and the homologous genes NIT2
and NIT4 in Neurospora (Crawford and Arst, 1993; Marzluf,
1997). In the yeast Hansenula polymorpha, two NIRA/NIT4
homologous genes have been identified (YNA7 and YNA2)
(Siverio, 2002). NIRA/NIT4/YNA genes from Aspergillus, Neuros-
pora, and Hansenula, respectively, are pathway-specific genes
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involved in nitrate induction, corresponding to GAL4-like Cys6/
Zn2 binuclear zinc cluster proteins (Marzluf, 1997; Siverio, 2002).
AREA, a GATA family transcription factor involved in the utiliza-
tion of alternative nitrogen sources, and N/IRA act synergistically.
The DNA binding of NIRA depends on nitrate concentration and
on the presence of a functional AREA gene (Narendja et al.,
2002).

Among photosynthetic eukaryotes, NIT2 of Chlamydomonas is
the only positively acting regulatory gene for the nitrate assim-
ilation pathway identified to date. The ANR1 MADS box factor
that was linked to nitrate regulation of root differentiation, but not
to the nitrate assimilation pathway, was originally proposed to
respond to nitrate in Arabidopsis roots (Zhang and Forde, 1998).
It has subsequently been shown to respond instead to N dep-
rivation (Gan et al., 2005). Chlamydomonas nit2 mutants are
unable to grow on nitrate as the sole nitrogen source, and they do
not express many of the genes required for nitrate assimilation
(NIA1, NRT2.1, NRT2.2, Nil1, NAR2, and NAR1.1) (Galvan and
Fernandez, 2001). NIT2 was cloned by transposon tagging, and
its expression was shown to be repressed in ammonium-grown
cells (Schnell and Lefebvre, 1993). However, the protein en-
coded by NIT2 has not been characterized, nor is it known
whether Chlamydomonas uses additional regulatory genes for
nitrate assimilation.

Previous studies, using the arylsulfatase reporter gene under
the control of the nitrate reductase (N/A7) promoter region as a
nitrate sensor (Ohresser et al., 1997; Loppes et al., 1999; Llamas
et al., 2002), have been used to understand nitrate signaling in
Chlamydomonas. Nitrate sensing to control NIA7T gene promoter
activity occurs intracellularly and is directly dependent on the
activity of the nitrate transporters. The high-affinity nitrate trans-
porter (HANT) system | (Nrt2.1/ Nar2) is responsible for the entry
into the cell of very small amounts of nitrate still present in
theoretically nitrogen-free medium (Llamas et al., 2002). In ad-
dition, two short regions in the NIA7 promoter were found to be
required for the activation and repression of the NIA7 gene
(Loppes and Radoux, 2002).

In this work, we examine the regulatory genes essential for
nitrate assimilation in Chlamydomonas, the structural character-
istics of Nit2p, and the mechanism of nitrate sensing. We find that
NITZ2 is an essential regulatory gene for nitrate assimilation, and
only mutants affected at this gene, whose deficiency led to the
lack of nitrate induction of NIA7, could be identified among
>34,000 insertional mutants. The deduced NIT2 amino acid
sequence reveals motifs characteristic of signaling transcription
factors and transcription coactivators in plants. NIT2 expression
is regulated posttranscriptionally and requires intracellular nitrate
to activate NIAT gene expression. Nit2p binds specifically to the
short regions previously identified in the NIA1 promoter, explain-
ing their role in the activation and repression of this gene.

RESULTS

Search for New Genes Involved in the Regulation of
Nitrate-Responsive Genes

Insertional mutagenesis was used to identify new genes medi-
ating the transcriptional regulation of NIA1 and other nitrate

assimilation genes. First, the 4.2-kb plasmid pSP124S conferring
bleomycin resistance (Lumbreras et al., 1998) was used to
transform Chlamydomonas strain 704. This strain is wild type
for nitrate assimilation and contains in its genome the reporter
gene ARS encoding Arylsulfatase (Ars) under the control of the
NIA1 gene promoter (Ohresser et al., 1997). Using expression of
this reporter gene as a genetic screen, mutants lacking the
function of a gene needed for positive regulation by nitrate were
identified. These mutants would also be expected to grow poorly
on nitrate or nitrite medium and be unable to express the
PNIAT:ARS reporter gene in nitrate-containing medium.

A total of 12,090 bleomycin-resistant (BleR) transformants
were isolated, 20 of which were unable to grow in nitrate medium.
Five strains—AE1, AE2, AE9, AE10, and AE20—Ilacked Ars
activity in nitrate medium and thus were candidates to be
defective in a nitrate signaling gene. A DNA gel blot of DNA
digests from these strains using the bleomycin resistance gene
as a probe showed that each strain had undergone a unique
single integration of the selectable marker DNA (Figure 1A).
However, genetic crosses with the wild-type strain 6145¢c gave
Nit* BleR and Nit~ BleS (for bleomycin-susceptible) segregants
in about equal numbers as Nit~ BleR and Nit* BleS segregants,
indicating that the mutation responsible for the Nit phenotype is
independent of the BleR gene insertion. In addition, genetic
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Figure 1. Detection by DNA Gel Blot of the Bleomycin Resistance
Marker and the NIT2 Gene in the Parental Strain 704 and AE Mutants.

Genomic DNA (5 pg) of the indicated strains was digested with the
indicated restriction enzymes and hybridized with a 1.2-kb Xhol fragment
from plasmid pSP124S (BLE) (A) or with a 1.5-kb HindllI-Sall fragment of
plasmid pMNG68 of the NIT2 gene (B).



crosses of these five strains with the nit2 mutant strain resulted in
100% Nit~ segregants. DNA gel blot analysis of the NIT2 gene
region showed no change in the expected size of the digestion
bands in the AE mutants compared with the parental strain
(Figure 1B). Moreover, in vivo genetic complementation of the
isolated AE Nit~ strains was tested using mutant strains 305
(nia1), S16 (nrt2.1, nrt2.2, and nar2), D2 (nia1, nrt2.1, nrt2.2, and
nar2), and nit2. These complementation results indicated that all
five of the AE mutant strains were allelic with the nit2 mutation.
Transformation of these strains with a plasmid carrying the
complete NIT2 gene (Schnell and Lefebvre, 1993) resulted in the
recovery of wild type (Nit*) colonies (Table 1). These data
indicate that these five BleR mutants contain mutations in the
NIT2 gene unrelated to the bleomycin marker insertion, probably
due to the mutagenic effects of bleomycin as discussed below.

New mutants insensitive to nitrate were further isolated from an
ordered mutant library of Chlamydomonas (Gonzalez-Ballester
et al., 2005b). This collection of 22,000 mutant strains was
produced by transformation of the 704 strain with the paromo-
mycin resistance gene APHVIII (Sizova et al., 2001). Five Nit~
mutants identified from the mutant library also displayed a
nitrate-insensitive phenotype (i.e., no expression of the pNIA1:
ARS reporter gene). In each of these mutants, which carried a
single insertion of the marker gene, the region adjacent to the
insertion was identified by restriction enzyme site-directed am-
plification PCR (Gonzalez-Ballester et al., 2005a) (Table 1). Two
of these mutants (257.67 and 257.92) had insertions at the same
nucleotide. Since these two mutants were isolated from the
same selection plate, they were probably sibling strains pro-
duced by a mitotic event that occurred after transformation but
before selection. These mutants contained insertions either
within the NIT2 gene (mutants 89.87 and 229.13) or in the
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adjacent regions, accompanied by deletions of all or a portion
of the NIT2 gene (mutants 177.1 and 257.67) (Table 1). Each of
these mutants was shown to be allelic with nit2 in complemen-
tation tests using stable diploids. Growth on nitrate medium and
expression of the pNIA1:ARS reporter upon nitrate induction
could be rescued by transforming the insertional mutants with
plasmids containing the NIT2 gene (Table 1). We conclude that
these five mutants are nit2 alleles.

The chlorate-resistant mutants RP3 and DC2IIl were previ-
ously shown to have a Nit~ phenotype similar to nit2. These two
strains were found to be affected within the promoter and the
transcript NIT2 regions, respectively (see Supplemental Figure
1 online).

Characteristics of the NIT2 Sequence

A full-length NIT2 cDNA was isolated and sequenced. The open
reading frame of 3591 bp has a 5’ leader sequence containing
stop codons in all three reading frames and an unusually long 3’
untranslated region of 1952 bp. From comparison of this cDNA
and genomic sequences from Chlamydomonas available from
the Joint Genome Institute (JGI; http://genome.jgi-psf.org/Chire3/
Chlre3.home.html), we conclude that NIT2 has six introns, all
located in the 5’ half of the gene (Figure 2A). Further confirmation
that this sequence is from NIT2 comes from the fact that the
Chlamydomonas strain used by the JGI to obtain the sequence of
the nuclear genome (JGI strain CC-503) carries spontaneous
mutations in both NIT1 and NIT2 (Harris, 1989). In comparing our
sequence with the sequence of the entire genome, the nit2 mu-
tation in strain CC-503 is caused by a C-to-A transversion at
position 2555 of the cDNA within the last exon of the gene,
resulting in a stop codon (open arrow in Figure 2A).

Table 1. Features of Insertional Mutants

No. of Transformants

Complementation with Strains

Mutants Plasmid + — 305(niat) nit2 Insertion Localization Distance to NIT2
AE1 pMN68 84 0 + - n.d. n.d.
AE2 pMN68 69 0 + - n.d. n.d.
AE9 pMN68 36 0 + - n.d. n.d.
AE10 pMN68 104 0 + - n.d. n.d.
AE20 pMN68 31 0 + - n.d. n.d.
89.87 pNit2 42 0 —+ - 9(324200]) 0
177.1 pNit2 79 0 + - 9(329046-) 25
pMN68 78 0
229.13 pNit2 5 0 + - 9(323980)
257.67 pNit2 6 0 + - 9(304248F) 15
257.92

The five AE mutants were isolated after insertional mutagenesis using the pBle marker DNA (Lumbreras et al., 1998), and the other five mutants were
isolated using the pAphVIIl marker (Sizova et al., 2001). Transformation of mutants with the indicated plasmid DNA bearing the complete NIT2 gene
was performed with 1 ug of DNA (+) or with no DNA (—) as a control (Kindle, 1990). Genetic complementation with the nit2 mutant was performed as
detailed in Methods; —, no complementation. The insertion of the bleomycin resistance gene is unlinked to the Nit~ phenotype and was not
determined (n.d.). Localizations of the paromomycin resistance gene insertions for the indicated mutants are indicated according to version 3 of the
JGI at the Chlamydomonas genome server as follows: first number, number of scaffold; numbers in parentheses, position in the scaffold of the
insertion; symbols | ,I, and -, insertion positions of the inserted plasmid DNA within the NIT2 gene, toward the right, or toward the left, respectively.
Mutants 257.67 and 257.92 correspond to an identical insertion event. GenBank National Center for Biotechnology Information accession numbers for
genomic sequences adjacent to the marker insertion are as follows: DQ385508, mutant 89.87; AY704202, mutant 177.1; DQ385509, mutant 229.13;

and AY704210, mutant 257.67.
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Figure 2. NIT2 Gene Structure and Nit2 Protein Domains.

(A) NIT2 gene structure (accession number DQ311647). Arrowheads show initiation (ATG) and termination (TGA) codons. Black boxes show the exon
regions. The open arrow indicates the C-to-A transversion at position 2555 of the cDNA in strain CC-503, used for the genome sequence initiative (JGI).
(B) Nit2 protein structure. GAF domain, residues 9 to 175. Green bar, Leu-rich NES (residues 166 to 175) in an RPT_1 domain. Q, Gin-rich regions
(residues 475 to 523, 539 to 558, 623 to 646, and 985 to 1068). Yellow bars (ala), groupings of approximately six to eight Ala residues. Circles, coiled-coil
regions (residues 614 to 638 and 1016 to 1050). Red bar, acidic domain (residues 681 to 703). RWP, RWP-RK domain (residues 720 to 778). Blue bar,
four KP grouped repetitions. The three black bars below the scheme represent the lengths of the Nit2 protein residues expressed in E. coli: bar 1, Nt
Nit2p fragment of 503 amino acids; bar 2, *Nit2p of 831 residues; bar 3, complete Nit2. Mutations in strains 203, Nit2 (CC-503), and AE2 are indicated
with long red lines.

(C) Alignment of GAF domains from Nit2 and several Nin plant proteins: Arabidopsis thaliana (NP_195547), Lotus japonicus (CAE30325), Oryza sativa
(BAD81274), and Zea mays (AAV64196).

(D) Alignment of the RWP-RK domain from Nit2 and several Nin plant proteins (the same as in [C]) and the Cr Mid protein (AAC49753), with stars
showing Leu heptal repetitions. The position from which the deletion in strain Nit2 (CC-503) occurs in also indicated with an open arrow.



The deduced Nit2 protein of 1196 amino acids (Figure 2B)
contains several domains characteristic of transcription factors
and transcription coactivators in other systems. No similarity is
seen in comparing the Chlamydomonas Nit2p sequence with the
nitrogen regulatory proteins from Neurospora crassa (Nit2 and
Nit4) and Aspergillus nidulans (AreA and NirA). At the N terminus,
Nit2p contains a GAF domain similar to those found in phyto-
chromes (Aravind and Ponting, 1997) and cGMP-specific phos-
phodiesterases (Rybalkin et al., 2003), and in NifA (Little and
Dixon, 2003), a transcriptional factor required for the activation
of molybdenum nitrogenase for nitrogen fixation in Azotobacter
vinelandii. Nit2p also contains a RWP-RK motif within a putative
Leu zipper DNA binding domain. This RWP-RK arrangement is
found in a Chlamydomonas protein involved in the dominance of
the minus mating-type locus (minus dominance or mid) (Ferris
et al., 2002). This motif is also found in plant proteins involved in
nitrogen-controlled development, such as nodule inception pro-
teins or Nin and Nin-like gene products (Schauser et al., 1999,
2005) (Figure 2D). Nevertheless, although several Nin-like pro-
teins carry both GAF and RWP-RK domains (Figures 2C and 2D),
the first Nin protein described (Schauser et al., 1999) lacks the
first conserved region present in Nit2p and the other proteins.
Database searching showed that plant proteins in different
organisms contained one or both domains, with intermediate
degrees of conservation with Nit2p. Additional motifs in the
protein were four Gln-rich domains, Ala groupings of approxi-
mately six to eight residues, two coiled-coil regions, an acidic
domain close to the RWP-RK domain, and a nuclear export
sequence (NES; la Cour et al., 2003) at the end of the GAF domain
(Figure 2B).

Some mutant alleles have been sequenced in an attempt to
identify point mutations important for Nit2p function (Figure 2B).
Mutant 203 has a very low reversion rate and has been widely
used in genetic, biochemical, and molecular studies of nitrate
assimilation. This mutant is impaired in the expression of genes
for nitrate and nitrite assimilation (Fernandez and Matagne, 1986;
Prieto and Fernandez, 1993; Quesada et al., 1993). The NIT2
gene in this strain was found to have two mutations: at positions
2192 and 2195, both being G-to-T transversions resulting in the
changes Q634H and M635I, respectively, in Nit2p. These point
mutations fall within the third Gin-rich region containing Ala
repeats, highlighting the importance of this domain for Nit2p
function. In mutant AE2, deletion of an A nucleotide at position
3275 of the cDNA was found. This deletion occurs within the
fourth Gin-rich domain of the protein, as indicated in Figure 2,
causing a frameshift of the protein from position 995. This
frameshift elongates the protein by 172 residues unrelated to
the Nit2p sequence. Even though Nit2p in mutant AE2 still
contains most domains (GAF, Leu zipper, and RWP-RK), it is
not functional, indicating that most of the protein is not sufficient
to drive expression of the endogenous NIAT gene and that this
C-terminal domain is important for Nit2p structure or function.

NIT2 and Nitrate Signaling

The reporter gene pNIA1:ARS was transferred into a nit2 mutant
background (203 mt-derived) by a genetic cross between the
strains nit2— and 704 (pNIA1:ARS). Fifty percent of the segre-
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gants from this cross were incapable of growing in nitrate
medium and scored as nit2. None of these Nit~ strains had de-
tectable Ars activity when assayed on agar plates. Thus, the pres-
ence of a functional NIT2 gene product is essential for the
activity of the NIAT gene promoter. Segregants containing the
pNIA1:ARS reporter gene were identified by complementation
with strains containing the wild-type NIT2 allele. Four strains that
carried both the reporter gene and the nit2 mutation were ran-
domly chosen. When these strains were grown in ammonium
and transferred to liquid medium containing nitrate to induce
pNIA1:ARS expression, Nia1:Ars activity was undetectable.
NIT2 gene expression is subject to repression by ammonium
and induction in nitrogen-free medium (Schnell and Lefebvre,
1993). However, N-free medium can contain very low concen-
trations of nitrate sufficient to accumulate in the cell using high-
affinity nitrate transport systems and thus to signal positive NIA1
gene expression (Llamas et al., 2002). To determine whether
NIT2 is subject to positive control by nitrate or only to repression
by ammonium, two isogenic strains, D2R4 and SIR6, were used
(Figure 3). Strain D2R4 has a deletion of the NRT2.2, NRT2.1,
NAR2, NIA1, and NAR1 genes; thus, it lacks HANT systems | and
Il and is unable to accumulate nitrate intracellularly from the
minor concentrations present in nitrogen-free medium (Llamas
et al., 2002). In addition, strain D2R4 contains the low-affinity
system lll, capable of transporting nitrate at millimolar concen-
trations (Rexach et al., 1999). Strain SIR6 contains HANT system
| in the genetic background of strain D2R4. These two strains
were cultivated in ammonium and high CO, and transferred to
ammonium, nitrate, or nitrogen-free medium, and transcript
accumulation of NIT2 was analyzed. Strain D2R4 accumulated
NIT2 transcripts in nitrogen-free medium even though nitrate did
not accumulate intracellularly, indicating that nitrate is not es-
sential for NIT2 gene expression (Figure 3). In addition, even
though NIT2 transcripts were present, intracellular nitrate is also
needed to stimulate NIAT expression. As shown in Figure 3, in
N-free medium, pNial:Ars activity was detected only in strain

D2R4 SIR6
NH," N-free N-free NO;
NIT2 transcript - - .
7.4 134.5
Intracellular nitrate nd nd +1.6 +5.3
NIAT:ARS activity 0 0 fd?z iuzi

Figure 3. RNA Gel Blot Analysis of NIT2 Expression, Intracellular Nitrate,
and Ars Activity in D2R4 and SIR6 Strains.

Ammonium-grown cells were transferred to medium containing 8 mM
NH4Cl or 4 mM KNOjz or to N-free medium for 1.5 h of incubation.
Isolated poly(A) mMRNA (10 ng) of the indicated strains and conditions
was loaded onto the gel, and a 1-kb Pstl-Kpnl fragment from the pMN68
plasmid was used as a probe for NIT2 detection. Intracellular nitrate
concentrations (expressed as nanomoles of nitrate per milligram of
protein) and Ars activity (milliunits per milligram of protein) in these strains
were determined. nd, not detectable.
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SIR6 (which can accumulate nitrate) but not in strain D2R4
(which cannot).

These data suggest that NIT2 may require some sort of
activation by intracellular nitrate to mediate its positive signal
on the NIAT gene promoter. To test this hypothesis, ARS activity
expression from the NIA7 promoter was analyzed in strain D2R4
in different nitrogen sources (Figure 4). Nial:Ars activity was
determined at different times and compared with that observed in
cells previously preincubated during 3 h in nitrogen-free medium
to allow NIT2 transcript accumulation. This preincubation of strain
D2R4 did not allow the expression of NIA1:ARS in ammonium
medium or in nitrogen-free medium, as shown above. However,
in nitrate or nitrate plus ammonium medium, the preincubation
allowed NIAT:ARS expression, resulting in a greater induction in
nitrate medium and in an appreciable Nia1:Ars activity in nitrate
plus ammonium medium. During the first 30 min, this activity
reached 40% of the levels observed using medium containing
only nitrate, with little subsequent increase.

Nit2 expression was quantified by real-time PCR in the wild-
type strain 21gr and in strain D2R4. As shown in Figure 5A, NIT2
transcripts were scarce but detectable in ammonium medium
and in similar amounts in both strains. Transfer to nitrate or N-free
medium resulted in a rapid increase (10 to 20 times) of the
transcript levels. Although nitrate is not required for optimal
expression of NIT2 transcript, it showed a slight positive effect.
This effect of nitrate was more evident in a strain (D2R4) unable to
assimilate nitrate. Different levels of NIT2 transcript accumula-
tion in these experiments may be explained by potential differ-
ences in transcript stability under the conditions studied. These
effects on NIT2 transcript abundance were studied in cells from
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Figure 4. Nia1:Ars Activity Expression under Different Nitrogen Sources
in Strain D2R4.

Ammonium-grown cells were transferred, either directly (open symbols)
or after a 3-h incubation in N-free medium (closed symbols), to medium
containing 5 mM (NH4)>SO,4, 4 mM KNOg, or 5 mM (NH,4).SO4 plus 4 mM
KNO3 or N-free medium and bubbled with 5% CO,. At the indicated
times, Ars activity was determined.

the wild type and the mutant D2R4 incubated for 3 h in N-free
medium (Figure 5B). After transfer to ammonium medium, NIT2
transcripts turned over rapidly in both strains. In 15 to 20 min,
transcript levels decreased to the low levels present in this
medium. The presence of nitrate (in nitrate plus ammonium-
containing medium) appeared to stabilize the transcripts, so that
elevated transcript levels were maintained for 90 min. In a true
N-free medium condition (strain D2R4), NIT2 transcripts were
maintained in constant amounts and nitrate appeared to stabilize
transcripts relative to N-free medium. However, in the wild-type
strain, NIT2 transcripts were maintained at high levels in both
N-free and nitrate-containing media (Figure 5B). When these ex-
periments were repeated with amounts of actinomycin D suffi-
cient to block transcription (20 wg/mL) (Harris, 1989), the high
and stable levels of NIT2 transcripts in N-free medium de-
creased to the basal amounts in ammonium in ~90 min. How-
ever, the presence of actinomycin D did not affect the decrease
in NIT2 transcript levels in ammonium or ammonium plus nitrate—
containing medium. These results suggest that ammonium
inhibits NIT2 transcription and nitrate stabilizes NIT2 transcripts.

Binding of Nit2p to the NIA7 Promoter

To study Nit2p binding to the NIAT promoter, the recombinant
full-length Nit2 protein was expressed in Escherichia coli. Sim-
ilarly, the *Nit2p fragment of 831 amino acids at the Nit2 C
terminus lacking the GAF domain fragment (Figure 2B, bar 2) and
an N-terminal fragment of 503 amino acids (Figure 2B, bar 1)
were expressed. It is noteworthy that this fragment contains in its
first 175 residues the GAF domain bound to 328 other residues of
the protein containing a Gly-rich region and almost the first GIn-
rich region. Whether the GAF domain in this N-terminal fragment
of Nit2p could correspond to a nitrate binding site was also
determined. Using procedures described by Nagore et al. (2006),
we were unable to detect binding to nitrate, suggesting that the
GAF domain in the N terminus of Nit2p might bind another kind of
small molecule.

Footprinting experiments were performed with each of the
preparations of Nit2p indicated above (Figure 2B). For complete
Nit2p and *Nit2p without the GAF domain, proteins were purified
from the soluble fraction. In footprinting experiments, Nit2p and
*Nit2p-GAF modified the pattern of bands at the same positions
inthe NIA1 promoter using primers from both orientations (Figures
6A and 6B). These modified bands, highlighted in Figure 6C,
were located within the region previously identified by Loppes
and Radoux (2002) as essential for activation and repression of
the NIAT gene in Chlamydomonas. However, the Nt Nit2p frag-
ment, which was able to bind to different regions of the 1059-bp
NIA1 promoter (data not shown), did not produce any consistent
or reproducible pattern of binding in footprinting experiments.
Thus, Nit2p appears to bind to specific regions of the NIAT
promoter by means of sequences involving regions of the protein
outside of the GAF domain.

DISCUSSION

The regulatory genes and mechanisms controlling nitrate assim-
ilation are mostly unknown in algae and plants, in contrast with
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Figure 5. Effect of the Nitrogen Source on NIT2 Transcript Amounts in
the Wild-Type 21gr and Mutant D2R4.

Ammonium-grown cells from the indicated strains were either trans-
ferred directly (A) or incubated for 3 h in N-free medium and then
transferred (B) to medium containing 5 mM (NH,4)>SO, (open triangles), 4
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the well-characterized regulatory pathways in fungi (Crawford
and Arst, 1993; Marzluf, 1997; Siverio, 2002). The only regulatory
gene for the nitrate assimilation pathway identified to date in
photosynthetic eukaryotes is NIT2 from Chlamydomonas (Schnell
and Lefebvre, 1993; Galvan and Fernandez, 2001). However, the
protein encoded by NIT2 and the mechanism by which Nit2p
regulates nitrate assimilation have not been described previously.

In this report, >34,000 potential insertional mutants were
examined for defects in the regulation of nitrate assimilation,
and only 10 new mutants were found, all of which were nit2
alleles. Interestingly, the five bleomycin-resistant/nitrate-sensing
mutants were unrelated to the marker insertion and might have
been caused by mutagenesis derived from the action of bleo-
mycin as a mutagen (Hecht, 2000). By contrast, all five paromo-
mycin-resistant/nitrate-sensing mutants resulted from insertion
of the marker DNA into the NIT2 gene, demonstrating the
usefulness of this library for insertional mutagenesis (Gonzalez-
Ballester et al., 2005b). Since mutants were selected in ammo-
nium medium for antibiotic resistance and screened afterward
for nitrate-sensing defects, it is unlikely that our selection proto-
col prevented the isolation of any particular class of mutants,
such as mutants with a lethal phenotype on nitrate medium. In
addition, two previously isolated mutant strains, RP3 and DC2III,
with a Nit~ phenotype related to NIT2 were proposed to be
affected either at NIT2 or at the closely linked gene NIT9 (Prieto
and Fernandez, 1993; Rexach et al., 1999; Navarro et al., 2005).
Now, these mutants are shown to be affected within the NIT2
locus, promoter, and transcribed regions, so they are allelic to
the other nit2 mutants isolated (see Supplemental Figure 1 on-
line). Thus, NIT2 is the only essential regulatory gene identified
and characterized so far in Chlamydomonas.

The predicted Nit2 protein sequence shows typical elements of
a transcription factor, and its sequence is unrelated to the known
fungal regulatory proteins for nitrate assimilation (Crawford
and Arst, 1993; Marzluf, 1997; Siverio, 2002). Nit2p appears to
be a Leu zipper protein, probably acting as a dimer and
containing a putative RWP-RK DNA binding domain. This do-
main is found in several Arabidopsis proteins, such as NLP, in the
Nin protein of Lotus japonicus (Schauser et al., 1999) and other
plants (Schauser et al., 2005) (Figure 2), and in the minus
dominance (Mid) protein of Chlamydomonas (Ferris et al.,
2002; Lin and Goodenough, 2007). Both Nin and Mid proteins
have been proposed to act as transcription factors, and both are
involved in nitrogen-controlled developmental processes. The
structural similarities between Nit2p, Nin, and Mid proteins may
have functional significance and reflect a selection during evo-
lution for a family of transcriptional factors mediating nitrogen
signals. Deletion of the C-terminal moiety of the protein or point
mutations at the third Gin-rich domain led to an inability of Nit2p
to promote NIAT transcription, as did a frameshift mutation at the
fourth GIn-rich domain. These Gin-rich domains are thought to

mM KNOj3 (closed circles), or 5 mM (NH,)>SO4 plus 4 mM KNO; (closed
triangles) or N-free medium (open circles) and bubbled with 5% CO,. At
the indicated times, the cells were processed as detailed in Methods,
and the amount of NIT2 transcripts was determined by real-time PCR.
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Figure 6. DNase | Footprinting of Nit2 Protein on the NIAT Promoter Region.

(A) Patterns of fragments resulting from digestion with DNase | of the 5’ end 32P-labeled DNA fragment upon binding with no protein, with different
amounts of full-length Nit2p or Nit2 protein without GAF domain (*Nit2), or with BSA. Sequences protected from DNase | are indicated by arrows (band
identification was performed by sequencing; data not shown).

(B) Patterns of fragments resulting from digestion with DNase | of the 3’ end 32P-labeled DNA fragment. The regions of DNA protected from DNase |
digestion by Nit2 or truncated *Nit2 proteins are indicated by arrowheads.

(C) NIA1 gene promoter scheme. Oblique hatching shows the DNA fragment used in footprinting assays. Black boxes indicate two regions of the
promoter that are essential to full expression of the gene (Loppes and Radoux, 2002). The palindromic sequences proposed as sequence signatures for
the DNA binding sites in experiments A and B are compared with those present in the NIA7 gene promoter. Bases showing a clear modified pattern in
DNase | digestions are shown in boldface and underlined.

provide appropriate protein—protein interactions for the buildup protein function by binding ligands such as nucleotides and small

of the transcriptional machinery (Owens et al. 2003). In addition, molecules. Examples of small ligands binding to proteins with
motifs named GAF domains, for their presence in cGMP- GAF domains include 2-oxoglutarate binding to the NifA protein
regulated cyclic nucleotide phosphodiesterases, certain adenylyl (Little and Dixon, 2003) and nitric oxide binding to the NorR

cyclases, and the bacterial transcription factor FhIA, regulate protein (Busch et al., 2005). An interesting possibility is that Nit2p



or an associated protein functions as a sensing protein similarly
to NorR (Busch et al., 2005; D’Autreaux et al., 2005). It seems that
the Nit2p fragment containing the GAF domain does not bind
nitrate, so the effect of this anion on Nit2 activity might occur at
another level. Alternatively, this GAF domain could bind cGMP,
as described for other proteins with GAF domains from different
organisms (Ho et al., 2000; Bridges et al., 2005).

Previous studies showed that nitrate regulation of the NIA71
gene promoter in Chlamydomonas occurs through intracellular
sensing of nitrate levels (Llamas et al., 2002). Conclusions
derived from data on the expression of nitrate assimilation genes
in fungal NIAT mutants were puzzling, since these genes were
highly expressed in medium with no added nitrate, suggesting an
autoregulation mechanism mediated by NIA7 itself (Cove and
Pateman, 1969; Crawford and Arst, 1993; Marzluf, 1997). Similar
results were found in Chlamydomonas and the yeast Hansenula,
in which it was subsequently shown that this overexpression is
the result of the accumulation of intracellular nitrate from minor
concentrations present in N-free medium and is dependent on
HANT activity (Llamas et al., 2002; Navarro et al., 2003). Thus,
Chlamydomonas strains lacking HANTs have been critically
important in demonstrating the role of intracellular nitrate in
gene regulation.

Recently, it was shown in A. nidulans that AreA regulates NirA
through the nitrate transporters. Nuclear import of NirA triggered
by nitrate is an essential step in NirA activation as a transcription
factor (Berger et al., 2006), with an additional regulatory check-
point of nitrate effects mediated by the nuclear export machinery
of NirAp (Bernreiter et al., 2007). Our work (Figure 2) shows that
NIT2 does not require nitrate for its expression, because its tran-
scripts accumulated at maximum levels in N-free medium in a
mutant (D2R4) devoid of HANT system | (Rexach et al., 1999).
Intracellular nitrate, however, is required for NIT2 to promote
transcription of the NIA7 gene. Only when both intracellular ni-
trate and NIT2 transcripts were present (i.e., in the SIR6 strain)
did we observe expression from the Ars reporter construct. The
precise mechanism of Nit2 activation by nitrate remains to be
determined in Chlamydomonas. Nuclear import and additional
export of Nit2p might play an important regulatory role, similar to
the mechanism described for the fungal nitrate transcription
factors (Berger et al., 2006). In fact, Nit2p has a typical NES
(Figure 2B). Although activation mechanisms might be shared
between the fungal/yeast and algal/plant systems, the nature of
the regulatory transcriptional factors is very different. In Chla-
mydomonas, Nit2p is a RWP-RK domain-containing protein
within a Leu zipper motif. Thirteen additional RWP proteins are
present in the Chlamydomonas genome, although only Nit2p
shows phylogenetic proximity to Mid from Chlamydomonas or
NLP and Nin from plants (Lin and Goodenough, 2007).

Our data support the conclusion that Nit2 is a DNA binding
protein. Nit2p and *Nit2 without the GAF domain bind to specific
sequences in the NIAT promoter DNA, indicating that the GAF
domain does not participate in DNA binding. Because the NES is
so close to the GAF domain, a possibility is that the NES activity is
modulated by the GAF through the binding of small molecules.
The sequences that bind to Nit2p reside within a NIAT promoter
region identified previously by Loppes and Radoux (2002) as
essential for positive and negative control of NIA7 expression.
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Interestingly, NIT2 is expressed constitutively in low amounts,
and when ammonium is removed from the medium, NIT2 tran-
script levels increase by ~15 fold. In A. nidulans, AreA acts to
facilitate the expression of genes involved in metabolizing alter-
native nitrogen sources. A signaling mechanism involving the
regulated degradation of AreA transcripts in response to ammo-
nium and Gin provides the first direct means of monitoring
nitrogen signaling in this fungus (Morozov et al., 2001). Our ob-
servations indicate that, as with AreA, regulation of NIT2 tran-
script levels would ensure that cells preferentially use ammonium
rather than nitrate. While in the fungal or yeast systems two
regulatory genes are required for nitrate induction of the nitrate
pathway (Crawford and Arst, 1993; Marzluf, 1997; Siverio, 2002),
based on the data presented here it is likely that NIT2 is the only
gene in Chlamydomonas required for NIA1 induction in response
to changes in nitrate concentrations. Now that the complete
Chlamydomonas genomic DNA sequence is available (Merchant
et al., 2007), it is clear that NIT2 is a single-copy gene.

NIT2 also provides a negative signal in the presence of nitrate
for the expression of Cr AMT1.1, a putative ammonium trans-
porter, thus connecting the pathway for ammonium uptake with
that of nitrate assimilation (Gonzalez-Ballester et al., 2004). This
dual role of Nit2p in gene expression, dependent on intracellular
nitrate, positive for nitrate assimilation genes and negative for
AMT1.1 expression, reinforces the central role of NIT2 in the
nitrogen metabolism in the alga. Thus, we propose that Chlamy-
domonas Nit2p is a transcriptional factor mediating nitrogen
status of the cell.

METHODS

Strains and Growth Conditions

Chlamydomonas reinhardtii strain 704 (mt* cw15 arg7+ pnial:ars*) was
kindly provided by Roland Loppes (University of Liege, Belgium) and
characterized as described elsewhere (Ohresser et al., 1997; Loppes
et al., 1999). Strains 6145¢c mt— and 21gr mt* (wild type), 305 (mt—nial),
nit2 (mt—nit2) D2R4 (mt-Alnial, nar1, nar2, nrt2.1, nrt2.2]::pnial:ars™),
S16 (mt—A[nrt2.1, nrt2.2, nar2]), D2 (mt~A [nia1, nrt2.1, nrt2.2, nar2]), and
SIR6 (mt~D2R4::pT2CO-5 [NRT2.1, NAR2]) have been described else-
where (Harris, 1989; Llamas et al., 2002). Mutants 203 (Fernandez and
Matagne, 1986), RP3 mt~ (nit2*) (Prieto and Fernandez, 1993), and DC2III
(mt=A [niat, nrt2.1, nrt2.2, nar2] nit9) (Rexach et al., 1999) were charac-
terized previously. Cells were grown at 25°C under continuous light with
5% (v/v) CO,-enriched air in minimal medium containing 8 mM ammo-
nium chloride (Harris, 1989). Cells were collected at the midexponential
phase of growth by centrifugation (4000g, 5 min), washed twice with 10
mM potassium phosphate, pH 7, and incubated in the indicated medium.

Insertional Mutagenesis of Chlamydomonas Cells

Cells were washed in N-free medium and concentrated to ~108 cells/mL.
Transformation using the glass bead method (Kindle, 1990) was per-
formed using 100 ng of pSP124S, conferring bleomycin resistance
(Lumbreras et al., 1998), or 100 ng of pSI104, conferring paromomycin
resistance (Sizova et al., 2001), as detailed elsewhere (Gonzalez-Ballester
et al., 2005b).

Genetic Analyses and Complementation Tests

Genetic crosses were performed using the random spore-plating method
(Levine and Ebersold, 1960; Harris, 1989). Segregants were analyzed for
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their ability to grow on medium containing nitrate by replica plating. In vivo
complementation was performed by isolating stable vegetative diploids
according to a previously described method (Ebersold, 1967; Fernandez
and Matagne, 1986).

Ars Assays

Cells were collected by centrifugation at 3000g and disrupted by freezing/
thawing in 250 pL of 0.4 M Gly-NaOH buffer, pH 9. After centrifugation, 2.5
L of 1 Mimidazole and 50 pL of the enzyme substrate a-naphthylsulfate
were added to 100 pL of the extract. The samples were incubated for
30 min at 37°C. The reaction was stopped with 50 pL of 20% SDS, 200 pL
of sodium acetate buffer, pH 4.8, and 50 pL of 10 mg/mL tetrazotized
o-dianisidine. The absorbance was determined at 540 nm (Ohresser et al.,
1997). Ars activity is expressed as milliunits, corresponding to nanomoles
of a-naphthol produced per minute of assay. The data presented in this
work correspond to mean values and sb from at least three independent
experiments. Ars activity was also determined in situ by assaying the
activity on the agar plates after removing cells from the agar surface with a
razor blade and following the procedure reported previously (Ohresser
et al., 1997).

Nitrate Determination

To determine intracellular nitrate accumulation, cells were collected by
centrifugation at 3000g, washed with ice-cold 75 mM potassium phos-
phate buffer, pH 7.0, and disrupted by freezing/thawing in 20 mM
potassium phosphate buffer, pH 4.0, at a dilution of 1:10 (w/v). After
eliminating the cell debris by centrifugation at 10,000g, nitrate concen-
trations in the supernatant were determined by HPLC with a Partisil SA
jon-exchange column (10 uwm) using the same extraction buffer, pH 4.0, at
a flow rate of 0.4 mL/min (Llamas et al., 2002).

Isolation of DNA and RNA from Chlamydomonas and
Hybridization Analysis

Isolation of genomic DNA and DNA gel blot analysis were performed
according to previously described methods (Sambrook et al., 1989).
Conditions for hybridization were as described by Schloss et al. (1984),
and washes were performed at 65°C with 0.2 X SSC solution (1 SSC is
0.15 M NaCl and 0.015 M sodium citrate) containing 0.2% SDS. Total
RNA isolation was performed as reported previously (Schloss et al.,
1984). The PolyTtract mRNA isolation systems kit from Promega was
used following the instructions of the manufacturer. Poly(A) RNA was
fractionated on 1.6% agarose gels containing 17.5% formaldehyde and
transferred onto nylon membranes (Nytran-N2; Schleicher and Schuell) in
10X SSC. Conditions for hybridization were as reported (Schloss et al.,
1984) at 42°C and 50% formamide. Washes were performed at 65°C with
0.2X SSC solution containing 0.2% SDS. Radioactive probes were
labeled by the random primer method (Feinberg and Vogelstein, 1984)
using [«-32P]dCTP for both RNA and DNA gel blot analyses. The hybrid-
ization probes used were as follows: the 1-kb Pstl-Kpnl fragment of the
NIT2 gene from plasmid pMN68 (Schnell and Lefebvre, 1993), the 2.2-kb
fragment nit2-52 obtained by PCR amplification at the NIT2 5’ end, and
the 2.4-kb fragment nit2-32 fragment obtained by PCR amplification
from the NIT2 3’ end (see Supplemental Figure 1 online). Digoxigenin
labeling was performed according to the instructions of the manufacturer
(Boehringer Mannheim).

PCR Procedures

PCR was performed in a final volume of 25 pL with the following
components: 5 pmol of each primer, 0.2 mM of each nucleotide triphos-

phate, 0.5 units of Tag DNA polymerase from Biotools (B&M Labs), 2.5 uL
of specific buffer (containing 2.5 mM MgCl,), 50 to 100 ng of DNA, and
1% DMSO. Primers for restriction enzyme site-directed amplifica-
tion PCR were as follows: T1IRP (5'-CGCATTGCTGCTCGTTCA-3’) and
T2RP (5'-TCGGGCAACATTCTCCGCTTT-3') in strain RP3 and T1Bas
(5'-GCAGCTTCCATGAACAACAA-3") and T2Bas (5'-GGCGACGCGGG-
GGATGAC-3') in strain DC2III; for specific amplification of the inserted
DNA in strain DC2III, BaslnsUpper (5'-GGGATGCACATGGGTGTCA-3')
and BaslInsLower (5'-GGCGACTGGAGGGGATGCT-3’) were used.

Synthesis of cDNA

cDNA synthesis was performed with 3 g of total RNA by reverse
transcription amplification using the SuperScript Il kit (Invitrogen), follow-
ing the instructions of the manufacturer, in the presence of an RNase
inhibitor, RNAguard (Amersham Pharmacia Biotech), and QT primer
(5’-CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTTTITITTIT-
TTTTTT-3') as well as specific primers 5RTUpperNit2 (5'-GCGCCAT-
GCGAGGGGTTCACA-3'), ATGNit2Upper (5'-CTTCGAATGAATACAGG-
GATGGCTTAC-3’), BaslnsUpper (5'-GGGATGCACATGGGTGTCA-3'),
LowerHindlll (5’-CAAGCTTATCGCGCGCTGATGCCGGCCA-3'), 4RTNi-
t2Lower (5'-GTGCAGGTTGCCGGTGGACA-3'), and 23T1Bas (5'-GCA-
GCTTCCATGAACAACAA-3').

Quantification of Gene Expression by Real-Time PCR

PCR was performed on the LightCycler instrument (Bio-Rad iCycler iQ
real-time PCR detection system) using Tag DNA polymerase with its
corresponding buffer (Biotools Biotechnological and Medical Laborato-
ries) in a 25-pL final volume with 0.2 mM of each nucleotide triphosphate
and 5 pmol of each primer. The specific primer set (forward, 5'-GCG-
CCATGCGAGGGGTTCACA-3'; reverse, 5'-CGAGCTCAAGCTTTTTTTT-
TTTTTTTGTA-3') amplified a 132-bp Nit2 cDNA fragment. Each reaction
was performed on 3 pL of a 1:5 (v/v) dilution of the first cDNA strand,
synthesized as described above. As fluorescent dye, SYBR Green |
diluted 1:10,000 (v/v) in water (Molecular Probes) was used. The reaction
was incubated at 96°C for 3 min, followed by 40 cycles of 30 s at 96°C, 30
s at 60°C, 20 s at 72°C, and 10 s at 87°C, where fluorescence was
measured to avoid primer-dimer and background signals. The specificity
of PCR amplifications was checked by a melting curve program (60 to
95°C with a heating rate of 0.5°C/s and a continuous fluorescence
measurement) and analyzed by electrophoresis on a 1.6% agarose gel.
The data are expressed as relative values with respect to the constitutive
expression of the ubiquitin ligase gene used as a control (Gonzdlez-
Ballester et al., 2004).

Expression and Purification of Nit2

The full-length Nit2 protein and the N-terminal Nit2 fragment of 503
amino acids (Figure 2B) were expressed from pQ80L in Escherichia coli
strain TP1000 for 3 h at 37°C in Luria-Bertani medium containing 1 mM
isopropyl B-thiogalactoside at Aggo = 0.5. Constructions corresponding
to 6XxHis-tagged full-length Nit2p resulted in the expression of minor
amounts of soluble protein, since most localized in the inclusion bodies at
the different temperatures (28 to 45°C) and isopropyl 3-D-thiogalactoside
concentrations (1 to 500 wM) used. This fact is not surprising considering
that the protein has an isoelectric point of 6.85 and a high proportion of
hydrophobic residues with long stretches of Ala and Gin residues. The
truncated Nit2 protein, *Nit2 (Figure 2B, bar 2), lacking the first 365 amino
acids, was expressed from pET30b(+) in E. coli strain BL21 using the
same conditions as full-length Nit2. Harvested cells were extracted and
purified using 1 mL of nickel-nitrilotriacetic acid superflow matrix per
2-liter culture (Qiagen). His-tagged Nit2 protein was purified according to
previously reported methods (Schwarz et al., 1997).



DNase | Footprinting

The DNase | protection assay was performed as described previously
(Frias et al., 2000). DNA fragment used in DNase | footprinting assays was
obtained by PCR amplification using NIA7 promoter as template (primers
Upper, 5'-CCTTGGGAAGCGTTGGACTATAT-3'; and Lower, 5’ -ATTGG-
TCGGTTCCTGTATCGTCTT-3’) and 5’ end-labeled with polynucleotide
kinase (Promega).

DNA Sequencing and Sequence Analysis

DNA sequencing was performed at the Servicio Central de Apoyo a la
Investigacion (University of Cérdoba) with fluorescence-labeled termina-
tors for an automatic sequencer (model ABI 377; Applied Biosystems
Perkin-Elmer), according to the manufacturer’s instructions, or at the
Advanced Genome Analysis Center of the University of Minnesota.
Sequences were analyzed using DNAstar software version 4.05 (Laser-
gene Navigator), the Bioedit Sequence Alignment Editor version 5.0.9
(Department of Microbiology North Carolina State University), the Na-
tional Center for Biotechnology Information BLAST server (http://
www.ncbi.nlm.nih.gov/BLAST/), and the Chlamydomonas JGI server
(http://www.chlamy.org). Domain predictions were analyzed with the
Smart server (http://smart.embl-heidelberg.de/).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: NIT2 cDNA sequence,
DQ311647; genomic sequences adjacent to the marker insertion for
mutant 89.87, DQ385508; mutant 177.1, AY704202; mutant 229.13,
DQ385509; and mutant 257.67, AY704210; DNA inserted (419 bp) at
the NIT2 gene in mutant DC2IIl, DQ835537.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Figure 1. Analysis of the NIT2 Genomic Region in
Mutants RP3 and DC2lIII.
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