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Summary

Nitrate, the major nitrogen source for most plants, is not only a nutrient but also a signaling molecule. For

almost two decades, it has been known that nitrate can rapidly induce transcriptional expression of several

nitrate-related genes, a process that is referred to as the primary nitrate response. However, little is known

about how plants actually sense nitrate and how the signal is transmitted in this pathway. In this study, a

calcineurin B-like (CBL) -interacting protein kinase (CIPK) gene, CIPK8, was found to be involved in early nitrate

signaling. CIPK8 expression was rapidly induced by nitrate. Analysis of two independent knockout mutants

and a complemented line showed that CIPK8 positively regulates the nitrate-induced expression of primary

nitrate response genes, including nitrate transporter genes and genes required for assimilation. Kinetic

analysis of nitrate induction levels of these genes in wild-type plants indicated that there are two response

phases: a high-affinity phase with a Km of approximately 30 lM and a low-affinity phase with a Km of

approximately 0.9 mM. As cipk8 mutants were defective mainly in the low-affinity response, the high-affinity

and low-affinity nitrate signaling systems are proposed to be genetically distinct, with CIPK8 involved in the

low-affinity system. In addition, CIPK8 was found to be involved in long-term nitrate-modulated primary root

growth and nitrate-modulated expression of a vacuolar malate transporter. Taken together, our results

indicate that CBL–CIPK networks are responsible not only for stress responses and potassium shortage, but

also for nitrate sensing.
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Introduction

The growth of plants is governed by their environment. In

contrast to animals, plants cannot escape from harsh living

conditions and have to adapt to their surroundings. Limited

or excessive ion or nutrient availability are environmental

stresses frequently encountered by plants, as the concen-

tration of ions or nutrients in various soils can vary by sev-

eral orders of magnitude (Jackson and Caldwell, 1993).

Thus, a rapid nutrient detection mechanism allowing the

plant to adapt to dynamic environmental properties is

imperative for survival.

Most land plants use nitrate as the major nitrogen source

in aerobic soils. Nitrate is taken up into the root by several

transporters, such as CHL1 (NRT1.1) (Tsay et al., 1993),

AtNRT1.2 (Huang et al., 1999), AtNRT2.1 (Little et al., 2005)

and AtNRT2.2 (Li et al., 2007), and assimilated into organic

nitrogen by a series of enzymatic reactions catalyzed by

nitrate reductase in the cytosol and by nitrite reductase and

glutamate synthase in plastids and chloroplasts (Crawford,

1995). Several lines of evidence suggest that, in higher

plants, nitrate serves not only as a nutritional source, but

also as a signaling molecule. For example, nitrate, but not

other nitrogen sources added to the soil or growth medium,

induces the expression of several genes involved in nitrate

transport and assimilation (Stitt, 1999), induces leaf expan-

sion (Walch-Liu et al., 2000), stimulates lateral root growth

(Zhang and Forde, 1998), regulates abscisic acid (ABA)-

independent stomatal opening (Guo et al., 2003), and

relieves seed dormancy (Alboresi et al., 2005).

Although these nitrate-induced responses could be regu-

lated by downstream metabolites of nitrate, several studies

have indicated that nitrate itself regulates gene expression.

Genes regulated by nitrate include nitrate transporters
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(Lejay et al., 1999), nitrate assimilation enzymes (Gowri

et al., 1992), and carbon assimilation enzymes involved in

nitrogen/carbon balance (Scheible et al., 1997). These genes

are expressed at low levels in the absence of nitrate and are

rapidly induced in its presence. The rapid transcriptional

induction in response to nitrate is referred to as the primary

nitrate response (Redinbaugh and Campbell, 1991). The

primary response of these nitrate-regulated genes occurs in

the absence of nitrate reductase activity (Deng et al., 1989;

Pouteau et al., 1989), suggesting that it is the nitrate ion,

rather than the downstream products of nitrate metabolism,

that is the signaling molecule responsible for induction. In

addition, transcriptional induction occurs in the presence of

a protein synthesis inhibitor (Gowri et al., 1992; Redinbaugh

and Campbell, 1993), showing that de novo protein synthe-

sis is not required for nitrate-induced gene expression in the

primary response. Taken together, these data show that

nitrate itself serves as the signaling molecule regulating the

primary transcriptional response. The underlying mecha-

nism of nitrate sensing, which allows the plant to modulate

downstream metabolism in response to the external nitrate

concentration, has not yet been identified.

In contrast, several nitrate signaling pathways have been

identified in micro-organisms. In Escherichia coli, two

membrane-spanning histidine kinases, NarX and NarQ, bind

nitrate and nitrite via a 17 amino acid periplasmic region

called the P-box, then phosphorylate their respective

response regulators, NarL and NarP, which then regulate

the expression of downstream genes (Cavicchioli et al.,

1996; Chiang et al., 1997). In higher plants, similar His-to-Asp

two-component systems have been shown to be involved in

cytokinin (Inoue et al., 2001) and ethylene (Chang et al.,

1993) signaling, but have not been implicated in nitrate

signaling. In a second nitrate-sensing system in the bacte-

rium Klebsiella oxytoca, nitrate and nitrite induction of

assimilation genes is mediated by a transcriptional anti-

termination mechanism involving an RNA-binding protein,

NasR (Chai and Stewart, 1998). In addition, in fungi, the

transcription factors NIT-4 from Neurospora (Fu et al., 1989)

and NIRA from Aspergillus (Burger et al., 1991) have been

shown to be involved in transcriptional induction of nitrate

assimilation genes, and the nuclear localization of NIRA is

regulated by nitrate (Bernreiter et al., 2007). While many

nitrate signaling components have been identified in bacte-

ria and fungi, there is no evidence that similar homologs

function in higher plants, and precisely how higher plants

monitor the concentration of nitrate and convert this signal

into physiological and developmental responses has puz-

zled plant biologists for a long time.

In higher plants, the only well-characterized component of

the nitrate signaling pathway, ANR1, a transcription factor of

the MADS box family, was identified in a mutant defective in

nitrate-stimulated proliferation of lateral root elongation

(Zhang and Forde, 1998). Several studies have suggested

that the dual-affinity nitrate transporter CHL1 (Liu et al.,

1999) and the high-affinity nitrate transporter AtNRT2.1

(Little et al., 2005) may be involved in nitrate signaling. For

example, mutants of both chl1 (Guo et al., 2001; Walch-Liu

and Forde, 2008) and atnrt2.1 (Little et al., 2005) exhibit an

altered root architecture even in the absence of added

nitrate, suggesting that CHL1 and AtNRT2.1 may serve as

nitrate sensors or signal transducers. In addition, nitrate-

stimulated ANR1-regulated lateral root growth (Remans

et al., 2006) and AtNRT2.1 repression by a high concentra-

tion of nitrate (Krouk et al., 2006; Munos et al., 2004) are

defective in chl1 mutants. More detailed analyses are

required to understand whether nitrate transporters partic-

ipate directly or indirectly in the nitrate signaling pathway.

In this study, a calcineurin B-like (CBL)-interacting protein

kinase (CIPK) gene, CIPK8, was identified by microarray

analysis of the chl1-5 mutant and found to be involved in the

primary nitrate response.

Results

Microarray analysis shows that the CBL-interacting protein

kinase gene, CIPK8, is down-regulated in the chl1-5 mutant

As CHL1 is one of the major transporters responsible for

nitrate uptake, and some studies suggest that it may also

play a role in regulating the nitrate response, its influence

was analyzed in a global transcriptome study. When

microarray analyses of root tissues from wild-type and chl1-

5 mutant plants were performed to explore differences in

gene expression between the chl1-5 mutant and wild-type

after 30 min of nitrate induction, the expression of 42 genes

in the chl1-5 mutant was at least 1.7 times lower than normal

(chl1/wild-type ratio £0.59) (Table S1; see Appendix S1 for

details of microarray analysis). Interestingly, most of the 42

genes (39/42) were nitrate-inducible genes, indicating that

the effects of CHL1 on gene expression correlate well with

the nitrate response.

These changes in gene expression could be due to either a

reduction in root nitrate content or another additional effect

in the chl1 mutant. To determine which, we first measured

nitrate levels in the roots of wild-type Arabidopsis thaliana

and the chl1-5 mutant when exposed to various nitrate

concentrations. After 30 min exposure, the nitrate content in

wild-type roots in 2.5 mM external NO3
) was similar to that

in the roots of the chl1-5 mutant in 25 mM NO3
) (indicated by

dotted line in Figure 1a). Although the cytosolic nitrate

content in the sensing cells is not be faithfully reflected by

the total tissue nitrate content, total nitrate content was used

as an indicator to facilitate screening. If nitrate content plays

a major role in regulating gene expression, as for the MYB

transcription factor At1g13300 shown in Figure 1(b), similar

expression levels of At1g13300 would be found in the

chl1-5 mutant exposed to 25 mM NO3
) and in the wild-type
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exposed to 2.5 mM NO3
) (labeled by an asterisk in Fig-

ure 1b). Genes with this type of expression pattern were

classified as ‘genes responding mainly to alterations of root

nitrate concentration’. On the other hand, genes such as

CIPK8 were classified as ‘genes responding to both root

nitrate concentration and some additional effects of CHL1’,

because the expression levels in the chl1-5 mutant exposed

to 25 mM NO3
) were quite different from the expression

levels in wild-type plants exposed to 2.5 mM NO3
) (labeled

with an asterisk in Figure 1c), indicating that, in addition to

nitrate, CHL1 plays some role in regulating their expression .

Twenty-two of the 42 genes with significantly decreased

expression in the chl1-5 mutant (Table S1; mainly known

transporters, transcription factors, signaling components, or

proteins involved in nitrogen assimilation-related pathways,

and a few unknown genes with high expression) were

selected for further analysis, and their expression in wild-

type and chl1-5 plants exposed to 2.5 or 25 mM NO3
) for

30 min was measured by RT-PCR or quantitative PCR. Of the

22, 18 were classified as ‘genes responding mainly to the

alterations of root nitrate concentration’ while the remaining

four were ‘genes responding to both root nitrate concentra-

tion and some additional effects of CHL1’ (Table S1 and

Figure S1). The classification was based on a t-test of the

expression levels in wild-type plants exposed to 2.5 mM

NO3
) and chl1-5 mutants exposed to 25 mM for 30 min.

CIPK8, one of the ‘genes responding to both root nitrate

concentration and some additional effects of CHL1’, was

induced in both the wild-type and the chl1-5 mutant by

30 min of NO3
) treatment, and the induction levels were

down-regulated in the chl1-5 mutant (Figure 1c). These data

suggest that a novel CBL–CIPK network may be involved in

the nitrate response.

CIPK8 is rapidly induced by nitrate

CBLs, a family of Ca2+ sensors, are only found in plants. On

binding to Ca2+, they activate the serine/threonine CIPKs

to trigger a downstream signaling transduction cascade

(Albrecht et al., 2001). CBL–CIPK complexes are known to

regulate several stress responses, such as salt, cold, drought,

abscisic acid signaling and K+ shortage (Batistic and Kudla,

2004; Gong et al., 2004; Li et al., 2006a; Xu et al., 2006).

Time-course analysis of CIPK8 expression in wild-type

plants by quantitative PCR showed that CIPK8 was induced

very rapidly by 25 mM NO3
) (Figure 2a). CIPK8 mRNA

levels increased at 15 min after nitrate induction, reached

Figure 1. Strategy for classifying ‘genes responding to both root nitrate

concentration and some additional effects of CHL1’ and ‘genes responding

mainly to alterations of root nitrate concentration’.

(a) Root nitrate content of wild-type and the chl1-5 mutant. Wild-type and chl1-

5 were grown in NO3
)-free medium (NH4

+ as the sole nitrogen source) for

10 days, then shifted to 25 mM or 2.5 mM nitrate for 30 min. The root nitrate

contents shown are the mean � SD for four vessels of plants of each type

tested in a single experiment.

(b) Quantitative PCR analysis of a putative MYB transcription factor gene

(At1g13300), which showed a ‘gene responding mainly to alterations of root

nitrate concentration’ pattern of expression.

(c) Quantitative PCR analysis of CIPK8, which showed a ‘gene responding to

both root nitrate concentration and some additional effects of CHL1’ pattern of

expression.

In (b) and (c), 10-day-old ammonium-grown wild-type and chl1-5 plants were

exposed to 25 mM or 2.5 mM nitrate for 0.5 and 16 h, then gene expression in

the root was measured and normalized to that of the wild-type exposed to

25 mM KNO3 for 30 min.
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maximum levels in 30 min, and fell to basal levels after 2 h.

No detectable change was seen when plants were exposed

to potassium chloride as a control, indicating that CIPK8

induction was specific for nitrate and was not due to addition

of potassium or removal of ammonium. When wild-type

plants were exposed to different concentrations of NO3
)

(250 lM, 2.5 mM and 25 mM), the time courses of CIPK8

expression were similar, with maximum expression at

30 min, but the maximum levels were concentration-depen-

dent (Figure 2b). These results show that CIPK8 is rapidly

induced by nitrate and that the level of induction is concen-

tration-dependent.

CIPK8 is a positive regulator of the primary nitrate response

To study the function of CIPK8, two independent T-DNA

insertion lines, cipk8-1 and cipk8-2, were isolated.

Sequencing analysis of cipk8-1 and cipk8-2 revealed that the

T-DNA insertions were located in intron 4 after 776 bp and in

exon 10 after 2391 bp from the start codon of the CIPK8 gene,

respectively (Figure 2c). RT-PCR analysis using three pairs of

primers indicated that, although a truncated form of CIPK8

transcript was expressed in cipk8-2, no full-length transcript

was detected in either mutant (Figure 2d).

As CIPK8 is rapidly induced by nitrate and several CIPKs

have been implicated in the regulation of gene expression,

the expression of several nitrate-induced genes was ana-

lyzed in the cipk8 mutants to determine whether CIPK8 is

involved in the primary nitrate response. The genes

analyzed included two nitrate-induced nitrate uptake trans-

porter genes, CHL1 and NRT2.1, and three nitrate-assim-

ilation genes, nitrate reductase 1 (NIA1), nitrate reductase 2

(NIA2) and nitrite reductase (NiR) (Figure 3a–e). When

wild-type plants were exposed to 25 mM nitrate, all five

genes were highly induced, with expression reaching

maximum levels at 30–45 min. In the cipk8 mutants, these

genes were still induced by nitrate with a similar time

course, but the induction levels were significantly lower

than in the wild-type. Similarly, two other known primary

nitrate response genes, glutamine synthetase 2 (GLN2)

(Redinbaugh and Campbell, 1993) and glucose-6-phos-

phate dehydrogenase 3 (G6PDH3) (Redinbaugh and Camp-

bell, 1998) also showed reduced expression in cipk8

mutants (data not shown). The non-nitrate-regulated his-

tone subunit gene H3G, used as a control, had similar

expression patterns in wild-type and mutant plants (Fig-

ure 3f and Figure S2b).

(a)

(b)

(c)

(d)

Figure 2. Nitrate induces rapid expression of CIPK8 in a concentration-

dependent manner.

(a) Quantitative PCR analysis of the nitrate induction pattern of CIPK8

expression in wild-type plants. Plants were exposed to 25 mM KNO3 or

25 mM KCl as a control for the duration indicated.

(b) Quantitative PCR analysis of CIPK8 in wild-type plants exposed to the

indicated concentration of nitrate. The relative level is the expression

normalized to that for CIPK8 in wild-type plants exposed to 25 mM KNO3 for

30 min.

(c) Intron–exon organization and T-DNA disruption of the Arabidopsis CIPK8

gene. The filled and empty boxes indicate exons and untranslated regions,

respectively.

(d) RT-PCR analysis of CIPK8 expression in wild-type and cipk8 mutants. RNA

was isolated from the roots of plants exposed to 25 mM KNO3 or 12.5 mM

(NH4)2succinate for 30 min.

The primers used here are indicated in (c). H3G (At4g40040) is shown as a

control.

The growth conditions of wild-type and cipk8 plants in (a), (b) and (d) were the

same as those described in Figure 1.
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Similar defects in the primary nitrate response were found

in both mutants, suggesting that the truncated form of CIPK8

encoded by the cipk8-2 mutant is non-functional in this

signaling. To further confirm that the defects observed were

due to the mutation in CIPK8, a complemented line was

generated by introducing a full-length cDNA fragment under
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Figure 3. The induction levels of nitrate-regu-

lated genes are reduced in cipk8 mutants.

Quantitative PCR analysis of the expression of

two nitrate uptake transporter genes, CHL1 (a)

and NRT2.1 (b), three nitrate assimilation genes,

NIA1 (c), NIA2 (d) and NiR (e), and a non-nitrate-

regulated gene, H3G (f). Wild-type or cipk8 plants

were grown in NO3
)-free medium using

(NH4)2succinate for 10 days, then exposed to

25 mM KNO3 for the durations indicated. The

relative level in the root is the expression

normalized to that in wild-type plants exposed

to 25 mM KNO3 for 30 min.

268 Heng-Cheng Hu et al.

ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd, The Plant Journal, (2009), 57, 264–278



the control of the 35S promoter into the cipk8-1 mutant (see

Appendix S1). Quantitative PCR analysis indicated that

expression of CIPK8 transcripts was restored in the comple-

mented line (Figure S2c). When the complemented line was

exposed to 25 mM nitrate, the expression of primary nitrate

response genes was restored to wild-type levels (Figure 4a

and Figure S2a), indicating that the observed phenotypes

were associated with the mutations of CIPK8. Together,

these data suggest that CIPK8 participates in the transcrip-

tional regulation of nitrate response genes.

Using the protein inhibitor cycloheximide, it has been

shown that de novo protein synthesis is not required for the

primary nitrate response (Gowri et al., 1992; Redinbaugh

and Campbell, 1993, 1998; Sakakibara et al., 1997). To

confirm that CIPK8 is involved in the primary nitrate

response, wild-type and cipk8-1 plants were treated with

cycloheximide, and then exposed to nitrate. Consistent with

previous studies, in wild-type plants, cycloheximide treat-

ment did not affect nitrate-induced expression of CHL1

(Figure 4b). With or without cycloheximide treatment, the

induction levels in the cipk8-1 mutants were reduced to 50–

60% of the wild-type levels in response to 25 mM nitrate,

indicating that the contribution of CIPK8 to transcriptional

regulation of the nitrate response genes is not affected by

cycloheximide treatment. As a control, the nitrate-induced

expression of LEA5 (Scheible et al., 2004; Wang et al., 2000,

2003), a gene whose expression is known to be cyclohexi-

mide-sensitive (Price et al., 2004), was clearly inhibited by

cycloheximide treatment, indicating that the dosage of

cycloheximide in our study was sufficient to inhibit de novo

protein synthesis (Figure S3). In addition, nitrate-induction

patterns of LEA5 were not altered in the cipk8 mutant,

indicating that CIPK8 is involved in cycloheximide-insensi-

tive but not cycloheximide-sensitive signaling pathways of

nitrate. Interestingly, when cipk8 mutants were exposed to

250 lM nitrate, the induction levels were almost identical to

those in the wild-type, even in the presence of cyclohexi-

mide. Similar results were also seen for NRT2.1 expression

(Figure S4). Taken together, these results suggest that the

role of CIPK8 in nitrate signaling is nitrate concentration-

dependent but cycloheximide-insensitive.

Nitrate-regulated genes are known to be affected by

hormones and environmental stimuli, and several CIPKs

are known to be involved in hormone, stress and environ-

mental stimulus signaling pathways. To determine whether

the effects of CIPK8 observed here were nitrate-specific,

Figure 4. The defect of cipk8-1 mutant with

respect to CHL1 expression is nitrate concentra-

tion-dependent and cycloheximide-independent,

and can be rescued in a complemented line.

(a) Quantitative PCR analysis of expression of the

CHL1 gene in response to 25 mM KNO3 or 250 lM

KNO3 in wild-type, cipk8-1 and the comple-

mented line.

(b) Quantitative PCR analysis of expression of the

CHL1 gene in response to 25 mM KNO3 or 250 lM

KNO3 in the absence or presence of cyclohexi-

mide (CHX).

Wild-type, cipk8-1 or the complemented plants

were grown in NO3
)-free medium using NH4

+ as

the sole nitrogen source for 10 days, then

exposed to 25 mM KNO3 or 250 lM KNO3 with

or without 100 lM cycloheximide for the duration

indicated. For cycloheximide treatment, plants

were exposed to 100 lM cycloheximide for 1 h

before nitrate induction, and up to the induction

duration indicated. The relative level is the

expression normalized to that in wild-type plants

exposed to 25 mM KNO3 for 30 min.
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several marker genes for stress/ABA (RD29A, RD22, KIN1

and ABI2) (Cheng et al., 2002; Cheong et al., 2003; Leonhardt

et al., 2004; Pandey et al., 2004) and glucose (HXK1 and

HXK2) (Li et al., 2006b; Price et al., 2004) were analyzed. The

expression of these marker genes was not significantly

altered in the cipk8-1 mutant when plants were exposed to

25 mM nitrate for 30 min (Figure S5). These results suggest

that the role of CIPK8 in the primary nitrate response is not

mediated by other stress or hormone signals.

In conclusion, neither de novo protein synthesis nor

other signals are required for the CIPK8-mediated primary

nitrate response at higher concentrations (25 mM).

However, the defect of cipk8 is nitrate concentration-

dependent.

The cipk8 mutant is defective in the low-affinity phase

of the primary nitrate response

To further characterize the roles of CIPK8 in nitrate sig-

naling, the kinetics of CHL1 and NRT2.1 expression were

analyzed. The temporal patterns of CHL1 and NRT2.1

expression, with a peak at 30 min, were not altered when

wild-type and cipk8 plants were exposed to 250 lM or

25 mM potassium nitrate (Figure 4). Therefore, 30 min of

nitrate exposure was chosen for further kinetic analysis.

Ten-day-old wild-type and cipk8-1 plants were exposed to

various concentrations of nitrate (in the micro- to milli-

molar range) for 30 min, and the mRNA levels of CHL1 and

NRT2.1 were determined by quantitative PCR. Expression

levels were normalized to the level induced by 25 mM

nitrate in wild-type plants. Interestingly, in wild-type plants,

the expression of CHL1 and NRT2.1 displayed bi-phasic

patterns, with a Michaelis–Menten Km value of approxi-

mately 30 lM for the high-affinity phase and approximately

0.9 mM for the low-affinity phase (Table 1 and Figure S6c).

The enlarged scale from 0 to 1 mM in Figure 5 illustrates

saturation of gene expression in the high-affinity phase,

with Vmax approaching 43–63% of the expression induced

by 25 mM nitrate. To further illustrate whether this

bi-phasic expression pattern is an attribute of the primary

nitrate response caused by nitrate itself not by downstream

metabolites, the nitrate reductase-deficient mutant G4’-3

(nia1 nia2) was subjected to kinetic analysis of CHL1

expression (Figure S6a,c). In G4’-3 plants, the expression of

CHL1 showed similar bi-phasic expression patterns and Km

values, indicating that nitrate itself is responsible for this

bi-phasic transcriptional response. These data suggest that

plants can sense different concentrations of nitrate, exhib-

iting two phases of the transcriptional response.

In the cipk8-1 mutant, the expression of CHL1 and NRT2.1

in the high-affinity phase was comparable to levels in the

wild-type, but significant reductions were found in the low-

affinity phase (Figure 5). The induction of CHL1 and NRT2.1

was nitrate-specific and was not due to the absence of

ammonium or to osmotic changes caused by the presence

of potassium, because no induction was detected using

250 lM or 25 mM potassium chloride (Figure 5). In three

independent experiments, the Vmax
HA of CHL1 and NRT2.1 in

the cipk8-1 mutant was reduced by 0–8%, but the Vmax
LA of

CHL1 and NRT2.1 was reduced by 44–90%, with an mean of

64% for CHL1 and 59% for NRT2.1 (Table 1). Therefore,

CIPK8 regulates CHL1 and NRT2.1 in a concentration-

dependent manner with a profound effect in the low-affinity

range, suggesting that CIPK8 is involved in a low-affinity

nitrate-sensing system.

To determine whether the reduced expression of nitrate-

regulated genes in the cipk8 mutants was due to defective

nitrate uptake and/or a reduced nitrate content in the root,

plants were grown under the same conditions used for

expression studies in nitrate-free medium for 10 days, then

shifted to medium containing 25 mM or 2.5 mM nitrate for

30 min. The cumulative nitrate uptake activity (Figure 6a)

and root nitrate content (Figure 6b) of the cipk8-1 mutant

(and of the cipk8-2 mutant, data not shown) were either

identical, or similar, to those of the wild-type plant. Taken

together, these data suggest that the reduced primary nitrate

response in the cipk8 mutants is more likely due to a defect

in signal processing.

Table 1 Kinetic parameters for nitrate-induced expression in wild-type and cipk8-1 plants

Gene Plant

High-affinity phasea Low-affinity phasea

Km
HA (lM) Vmax

HA Reductionb Km
LA (mM) Vmax

total Vmax
LAc

Reductionb

CHL1 Wild-type 34 � 12 55 � 12 6% 0.9 � 0.4 91 � 3 35 64%
cipk8-1 26 � 10 52 � 10 0.2 � 0.2 65 � 6 13

NRT2.1 Wild-type 32 � 24 49 � 14 2% 0.8 � 0.2 92 � 2 44 59%
cipk8-1 24 � 18 47 � 11 0.4 � 0.2 65 � 3 18

aThe Km and Vmax values shown here are the mean of three independent experiments calculated by the Michaelis–Menten equation, using the
double-reciprocal method shown in Figure 5.
bThe values shown here are reductions in Vmax

HA or Vmax
LA levels in cipk8 compared to wild-type.

cThe values shown here are Vmax
total)Vmax

HA.
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(a)

(b)

Figure 5. Kinetic analysis of the gene expression

levels of CHL1 and NRT2.1 in wild-type and cipk8-

1 plants.

Quantitative PCR analysis of CHL1 (a) and NRT2.1

(b) expression after 30 min nitrate induction

using various concentrations as indicated. Wild-

type or cipk8-1 plants were grown in NO3
)-free

medium using NH4
+ as the sole nitrogen source

for 10 days, then exposed for 30 min to various

concentrations of KNO3 or KCl as indicated. The

region from 0 to 1 mM is enlarged. The relative

level is the expression normalized to that for CHL1

or NRT2.1 in wild-type plants exposed to 25 mM

KNO3 for 30 min. The two small panels are

double-reciprocal plots of wild-type on the left

and cipk8-1 on the right. The equation and the R2

value obtained using a linear fitting method in

Microsoft Excel (http://www.microsoft.com) are

shown in each panel, and were used to determine

the kinetic parameters (y intercept = 1/Vmax; x

intercept = )1/Km) shown in Table 1. Vmax
HA, the

saturating level of the high-affinity phase in

wild-type plants.
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CIPK8 is also involved in nitrate-modulated primary

root growth

As several cipk mutants have been found to be defective in

root growth under certain conditions (Cheng et al., 2004;

Gong et al., 2002b; Guo et al., 2002), and nitrate has been

reported to modulate primary root growth (Tian et al., 2008;

Walch-Liu and Forde, 2008), we analyzed the root length of

cipk8 mutants grown under various nitrogen conditions to

determine whether CIPK8 was also involved in nitrate-

modulated root growth. When the wild-type, cipk8 and

complemented plants were grown on (NH4)2 succinate

plates for 3 days, the germination rates and growth pheno-

types of the seedlings were almost identical (data not

shown). When the 3-day-old seedlings were transferred to

medium containing 2.5 mM (NH4)2 succinate for an addi-

tional 3–5 days, the primary root length of the cipk8 mutants

was similar to that of the wild-type (Figure 7c). In contrast,

when transferred to the medium containing 5 mM or 100 lM

KNO3, the primary root length of the cipk8 mutants was

significantly longer than that of the wild-type (Figure 7a,b).

This root growth defect was found in both cipk8-1 and cipk8-

2 mutants, and was restored in the complemented line,

indicating that the defect is caused by the mutation of CIPK8.

Increased primary root length in the cipk8 mutants was

also observed when seedlings were transferred to medium

containing 2.5 mM NH4NO3 (data not shown), indicating that

the root growth phenotype of the cipk8 mutant is nitrate-

dependent, not due to the absence of ammonium. The

concentration dependence of this effect was examined by

measuring the root length of plants transferred to media

with various concentrations of nitrate. In wild-type plants,

high concentrations of external nitrate inhibited primary

root growth (Figure S7). The inhibitory effects of high

concentration were not nitrate-specific, because similar

inhibitory effects were found when KNO3 was replaced with

KCl or (NH4)2 succinate (data not shown). However, the

longer primary root growth in the cipk8 mutants was nitrate-

specific, and was only found in the nitrate-containing media.

At all nitrate concentrations tested (1–25 mM), the primary

root length of cipk8 mutants was longer than that of wild-

type (Figure S7), indicating that the root growth phenotype

of the cipk8 mutants is concentration-independent. These

data suggest that CIPK8 is not only involved in the rapid

nitrate-regulated transcriptional control, but also in long-

term nitrate-regulated root growth.

CIPK8 regulates expression of the malate and

boron transporters

To examine which genes, other than nitrate transporter and

nitrate assimilation genes, were regulated by CIPK8, wild-

type and cipk8-1 plants exposed to nitrate for a short period

of time were analyzed by microarray. As the defect of cipk8

mutants in the primary nitrate response is specific to the

low-affinity phase and the high-affinity phase is not affected

in the mutants, the expression levels of primary nitrate

response genes decrease by only approximately 40%, a

reduction level that cannot be unequivocally determined by

microarray analysis. However, the microarray data did show

that a malate/fumarate transporter gene, AttDT, involved in

pH homeostasis (Emmerlich et al., 2003; Hurth et al., 2005),

and a boron transporter gene, BOR1, responsible for xylem

loading (Noguchi et al., 1997; Takano et al., 2002), were

down-regulated in the cipk8 mutant. The changes in

expression of these two genes were confirmed by quanti-

tative PCR analysis, with both AttDT (Figure 8a) and BOR1

(Figure 8b) up-regulated by nitrate in the wild-type after

30 min induction, and reduced induction levels in the cipk8-1

mutant. When ammonium was the sole nitrogen source,

both AttDT and BOR1 were expressed at low levels, and no

difference in expression was seen between the wild-type
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Figure 6. Cumulative nitrate uptake activity and root nitrate content of wild-

type and cipk8-1 plants.

(a) Cumulative nitrate uptake activity of wild-type and cipk8-1 mutants

measured using 15NO3
). Wild-type and cipk8-1 plants were grown in NO3

)-

free medium (NH4
+ as the sole nitrogen source) for 10 days, then cumulative

nitrate uptake was measured by shifting to 25 mM or 2.5 mM K15NO3 for

30 min. The results shown are the mean � SD for six vessels of each type of

plant tested in a single experiment. DW, dry weight.

(b) Root nitrate content of wild-type and cipk8-1 mutants. Wild-type and cipk8-

1 plants were grown in NO3
)-free medium (NH4

+ as the sole nitrogen source)

for 10 days, then shifted to 25 mM or 2.5 mM NO3
) for 30 min, after which the

roots were harvested and their NO3
) content determined by HPLC. The results

shown are the mean � SD for four vessels of each type of plant tested in a

single experiment.

There were no significant differences between groups grown under the same

conditions in (a) and (b). Control, plants before nitrate induction.
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and cipk8 mutants, indicating that the reduction in the cipk8

mutants was nitrate-specific. These data suggest that CIPK8

may also participate in regulating the homeostasis between

nitrate and other anions, such as malate/fumarate or borate.

Discussion

CIPK8 is involved in regulating the primary nitrate response

The earliest nitrate response detected in higher plants is the

induced expression of nitrate assimilation genes and nitrate

transporter genes, as well as some other related genes.

Although the properties of this primary nitrate response

have been intensively studied for nearly two decades (Deng

et al., 1989; Pouteau et al., 1989; Redinbaugh and Campbell,

1991), nothing is known about the signaling components

involved. In this study, a CBL-interacting protein kinase,

CIPK8, was shown to be involved. CIPK8 was identified as a

candidate gene involved in the CHL1-regulated nitrate

response by transcriptome analysis of the nitrate uptake

mutant chl1-5. In cipk8 mutants, the rapid nitrate-induced

expression of the seven known primary nitrate response

genes, CHL1, NRT2.1, NIA1, NIA2, NiR, GLN2 and G6PDH3,

was reduced to 40–65% of wild-type levels (Figure 3 and data

not shown). These results indicated that a kinase cascade

and potentially Ca2+ signaling are involved in nitrate sens-

ing. Indeed, the involvement of Ca2+ and protein phos-

phorylation in the primary nitrate response has been

suggested by Sakakibara et al. (1996, 1997), who used EGTA

and La3+ Ca2+ inhibitors as well as protein kinase and

phosphatase inhibitors. Using a microarray approach, our

data and previous studies (Scheible et al., 2004; Wang et al.,

2000, 2003, 2004) show that CIPK1 and CIPK3 are also reg-

ulated with similar patterns to CIPK8 in response to nitrate,

suggesting that CIPK1 and CIPK3 may also have some

function in nitrate signaling. However, analysis of the pri-

mary nitrate response in cipk1 and cipk3 mutants showed no

defects (data not shown). Further studies are required to
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Figure 7. CIPK8 regulates primary root growth in nitrate-containing medium.

Photographs and quantification of primary root growth of plants grown on media containing (a) 5 mM KNO3, (b) 100 lM KNO3 or (c) 2.5 mM (NH4)2succinate. Three-

day-old seedlings grown on 2.5 mM (NH4)2succinate plates were transferred to the medium indicated for 3–5 days (4 days for the photographs). The results shown

are the mean � SD of three independent plate replicates (10 seedlings per plate). The results marked with an asterisk differ significantly (P < 0.05 in a t-test) from

those of wild-type plants receiving the same treatment.
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determine whether they are involved in other nitrate-regu-

lated responses.

Roles of CIPK8 in nitrate sensing

Nitrate concentrations in the soil can vary over four orders of

magnitude from 1 micromolar to 10 millimolar. To utilize

nitrate efficiently under such fluctuating conditions, plants

have evolved two nitrate uptake systems, one high-affinity

with a Km in the micromolar range, and one low-affinity with

a Km in the millimolar range. Interestingly, our study shows

that nitrate induction levels of CHL1 and NRT2.1 in wild-type

plants display bi-phasic patterns with a Km of approximately

30 lM for the high-affinity phase and a Km of approximately

0.9 mM for the low-affinity phase. Similar results were also

seen in the nitrate reductase-deficient mutant G4’-3, indi-

cating that nitrate itself rather than downstream metabolites

is responsible for this bi-phasic response. The bi-phasic

pattern is a novel property of the primary nitrate response,

which suggests that, as with nitrate uptake, there are two

nitrate-sensing systems for the primary nitrate response,

with comparable Km values to the uptake systems.

Our data further indicate that CIPK8 is a positive regulator

in the low-affinity signaling system, as the nitrate-induced

expression defects of cipk8 mutants were found mainly in the

low-affinity phase, with a normal or slightly reduced high-

affinity response. The normal high-affinity response of cipk8

mutants suggests that the two nitrate signaling systems are

in some way genetically distinct. As the Km values of the

nitrate-sensing systems for the primary response are similar

to the Km values of nitrate uptake systems, it is possible that

nitrate sensing and nitrate uptake share some common

components. Indeed, some studies have suggested that the

dual-affinity transporter CHL1 and the high-affinity trans-

porter NRT2.1 are involved in nitrate signaling (Guo et al.,

2001; Krouk et al., 2006; Little et al., 2005; Munos et al., 2004;

Remans et al., 2006; Walch-Liu and Forde, 2008). Further

studies are required to determine whether nitrate transport-

ers or other kinds of receptors function as nitrate sensors in

higher plants. Identification of the first signaling component,

CIPK8, of the primary nitrate response should facilitate

elucidation of the nitrate-sensing networks in higher plants.

CIPK8 participates in nitrate-mediated regulation

of primary root growth

According to microarray analysis by Wang et al. (2004) of

both the wild-type and a nitrate reductase-deficient mutant,

expression of CIPK8 is induced by nitrate, indicating that

CIPK8 is regulated directly and rapidly by nitrate itself. In

addition, similar to the expression of CHL1 and NRT2.1,

expression of CIPK8 in response to nitrate also displayed a

bi-phasic pattern, with similar Km values in both the low- and

high-affinity phases (Figure S6b,c). These data indicate that

CIPK8 is a primary nitrate response gene, and that it may be

auto-regulated. As de novo protein synthesis is not required

for the primary nitrate response, the induction of CIPK8 may

play a role in subsequent nitrate-related signaling distinct

from the rapid transcriptional regulation of the primary

nitrate response. Indeed, after long-term nitrate exposure,

from 8 h up to 2 days, the expression levels of two nitrate

transporter genes (CHL1 and NRT2.1) were also reduced in

cipk8 mutants (Figure S8b, and data not shown), indicating

that CIPK8 is involved in long-term nitrate regulation.

In addition to transcriptional regulation, our study

shows that CIPK8 is also involved in the nitrate regulation

of root growth. When ammonium was the sole nitrogen

source as [(NH4)2succinate], there was no difference in

primary root growth between the wild-type and cipk8

mutants; however, when nitrate was either the sole

nitrogen source (as KNO3) or was applied together with

ammonium (as NH4NO3), the primary root was longer in

the cipk8 mutants. As the root nitrate contents of wild-type

and the cipk8 mutant were similar in plants exposed to
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Figure 8. CIPK8 regulates the expression of two nitrate-regulated transporter

genes.

Quantitative PCR analysis of relative gene expression of (a) AttDT (vacuolar

malate/fumalate transporter, At5g47560) and (b) BOR1 (xylem boron trans-

porter, At2g47160). Ten-day-old wild-type or cipk8-1 plants were exposed to

25 mM NH4
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) for 30 min. The relative level is the expression

normalized to that for AttDT or BOR1 in wild-type plants exposed to NH4
+

for 30 min.
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KNO3 for 1 or 2 days (Figure S8a), this suggests that the

primary root growth phenotypes of cipk8 are caused by a

defect in nitrate signal processing, rather than being due to

changes in root nitrate content. In addition, in contrast to

the primary nitrate response, the effects of CIPK8 in

primary root growth did not show obvious concentration

dependence (Figure S7). The primary nitrate response

defect of the cipk8 mutants was specific to the low-affinity

phase, but the root growth phenotype was found at all

concentrations tested (from 100 lM to 25 mM), suggesting

that different downstream mechanisms are involved in

these two processes.

CIPK8 may be involved in both glucose sensing and

nitrate sensing

A previous study demonstrated that CIPK8 is involved in

glucose sensing (Gong et al., 2002a). In transgenic plants

over-expressing a constitutively active form of CIPK8

(PKS11T161D), primary root growth was not inhibited by a

high glucose concentration, in contrast to the controls. Our

results show that CIPK8 is involved in nitrate sensing. The

nitrogen/carbon balance is one of the key factors regulating

plant growth and metabolism. For example, several nitro-

gen-metabolizing genes are up-regulated by glucose (Price

et al., 2004), and carbon-metabolizing genes are up-regu-

lated by nitrate (Scheible et al., 2004; Wang et al., 2003). It

will be interesting to determine whether CIPK8 could be one

of the regulatory links between nitrogen and carbon status.

CIPK8 regulates expression of the vacuolar malate

transporter and the boron transporter in response to nitrate

Our study also showed that a vacuolar malate/fumarate

transporter gene AttDT (Emmerlich et al., 2003) was induced

by nitrate, and that CIPK8 was important in this nitrate-in-

duced expression. Synthesis of amino acids from nitrate

results in the stoichiometric production of OH) ions, and this

causes a rapid increase in the cytosolic pH (van Beusichem

et al., 1985; Touraine et al., 1988). In this situation, OH) is

incorporated into malate, and the increased malate synthe-

sis helps to maintain a neutral pH (Davies, 1986). AttDT,

which transports malate into the vacuole, is known to be

critical in pH homeostasis (Hurth et al., 2005). The induced

expression of AttDT by nitrate could be important in reduc-

ing the alkaline stress associated with nitrate assimilation.

Thus, CIPK8 may be involved in the malate-mediated

regulation of pH homeostasis when nitrate is taken up.

Similar to AttDT, the boron transporter gene BOR1,

responsible for transporting borate into the root xylem

(Takano et al., 2002), is induced by nitrate and regulated by

CIPK8. A recent study showed that boron deficiency affects

several aspects of nitrate assimilation leading to decreased

nitrate uptake rate, NIA transcript level and nitrate content

(Camacho-Cristobal and Gonzalez-Fontes, 2007). The effect

of nitrate and CIPK8 on the expression of BOR1 may provide

a regulatory link between nitrate and boron.

CBL–CIPK networks in nutrient sensing

Many studies have shown that CBL–CIPK networks play crit-

ical roles in stress adaptation in plants (Batistic and Kudla,

2004; Gong et al., 2004). Recently, CIPK23 has been reported

to be involved in sensing potassium limitation; under low-

potassium conditions, CIPK23 is activated by binding to CBL1

and CBL9 and enhances potassium uptake by phosphorylat-

ing the high-affinity potassium transporter AKT1 (Li et al.,

2006a; Xu et al., 2006). In this study, we established a novel

role for CIPK in nitrate signaling pathways. Thus, there is

growing evidence that, in addition to stress adaptation, CBL–

CIPK networks play important roles in sensing nutrient status.

Experimental procedures

Isolation of T-DNA plants disrupted in the cipk8 gene and

generation of complemented lines

The cipk8 T-DNA insertion lines, cipk8-1 (SALK_139697) and cipk8-2
(SALK_018985), were obtained from the Arabidopsis Biological
Resource Center (http://www.arabidopsis.org/abrc/). The insertion
in CIPK8 gene was identified using a T-DNA left border primer and
CIPK8 gene-specific primers (see Appendix S1). To generate the
complemented lines, the 35 S::CIPK8-c-myc-His fragment was
constructed and transformed into cipk8-1 plants (as described in
Appendix S1).

Plant material and treatments

For the nitrate content assay, the nitrate uptake activity assay and
quantitative PCR analysis, approximately 100 sterilized seeds of
Arabidopsis thaliana wild-type, the chl1-5 mutant or cipk8 mutants
were grown in Magenta vessels (Sigma, http://www.sigmaaldrich.
com/) in 60 ml of NO3

)-free liquid growth medium as described
previously (Chiu et al., 2004) with 12.5 mM (NH4)2 succinate as the
sole nitrogen source, pH 6.5, and 3–6 vessels (approximately 100
seedlings each) of samples were pooled for each experiment. Ten-
day-old plants were shifted to 60 ml of 12.5 mM (NH4)2 succinate
medium in which the pH had been changed to 5.5 by addition of HCl.
After 3 h treatment, the plants were washed twice with 10 mM

K2HPO4/KH2PO4, pH 5.5, then shifted for the indicated duration to
60 ml of pH 5.5 growth medium, but with the 12.5 mM (NH4)2
succinate replaced by KNO3, KCl or the same concentrations of
(NH4)2 succinate.

For measurement of primary root length, approximately 30
sterilized seeds of the cipk8 mutants and wild-type were grown on
the same 1450 mm2 plate (Greiner Bio-one, Cellstar 1450 mm tissue
culture, http://www.gbo.com) with the NO3

)-free medium described
above containing 2.5 mM (NH4)2 succinate and 0.4% agarose, pH 5.8.
Three-day-old seedlings were shifted to a test plate containing the
same pH 5.8 medium, but with the 2.5 mM (NH4)2 succinate replaced
by 5 mM KNO3, 2.5 mM NH4NO3 or 2.5 mM (NH4)2 succinate as
indicated in the figures. After 3 days, the primary root length was
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measured. Quantification was performed using Adobe Photoshop
9.0 (http://www.adobe.com), and TINA 2.09 image analysis software
(Raytest Isotopenmeßgeräte GmbH, http://www.raytest.com/).

Real-time quantitative PCR analysis

Template cDNA samples were prepared using 4 lg of total RNA and
the Improm-II� reverse transcription system (Promega, http://
www.promega.com/). Real-time quantitative PCR was performed
using a LightCycler System (Roche Diagnostics, http://www.roche-
applied-science.com). A LightCycler-FastStart DNA Master SYBR
Green I kit (Roche) was used for the PCR reactions. Each PCR reac-
tion contained 10–50 ng of cDNA and 0.5 lM of each of the primer
pairs. The sequences of the primers used in this study are listed in
Appendix S1. The initial denaturing step of 10 min was followed by
40–55 PCR cycles of 94�C for 0 sec, 60�C for 0 sec and 72�C for 1 sec
per 25 bp of the expected product. After the PCR cycles, the melting
temperature was tested. Quantification was performed using
LightCycler Relative Quantification software version 1.0. Quantita-
tive PCR data presented in the figures are the mean � SD for three
separate experiments, each on a pool of approximately 300 seed-
lings of each type. Results marked with an asterisk were signifi-
cantly different (P < 0.05, t-test) from wild-type plants receiving the
same treatment.

15NO3
) uptake activity assay of Arabidopsis plant roots

Root 15NO3
) influxes were assayed using a procedure modified

from that described by Munos et al. (2004). Briefly, 10-day-old wild-
type and cipk8 plants grown in pH 6.5 NO3

)-free growth medium
were transferred for 3 h to pH 5.5 NO3

)-free medium, and were then
washed and shifted for 30 min to pH 5.5 nitrate medium containing
K15NO3 (approximately 50% atom excess 15N ) at the concentrations
indicated in the figures, and finally washed three times in 0.1 mM

CaSO4. The roots were then collected and dried in an 80�C oven for
4 days. The samples were analyzed for total nitrogen and atom
percentage 15N using a continuous-flow isotope ratio mass spec-
trometer coupled to a C/N elemental analyzer (model ANCA-MS;
PDZ Europa, http://www.europa-uk.com) as described by Clarkson
et al. (1996).

Measurement of the nitrate content of Arabidopsis roots

Ten-day-old wild-type and chl1-5 or cipk8 plants grown in pH 6.5
NO3

)-free growth medium were transferred to pH 5.5 NO3
)-free

medium for 3 h, then shifted to pH 5.5 KNO3 medium for 30 min,
and finally washed three times in Milli-Q water (Millipore, http://
www.millipore.com). The pooled roots (0.02–0.06 g) were homog-
enized in a steel ball mill, then 800 ll of Milli-Q water was added and
the mixture was boiled for 20 min and then frozen at )70�C over-
night before further processing. The material was then centrifuged
at 20 800 g for 10 min at room temperature, and the supernatant
taken up in a 1 ml syringe, passed through a 0.22 lm filter, and its
nitrate content determined by HPLC (Thayer and Huffaker, 1980)
using a PARTISIL 10 SAX (strong anion exchanger) column (What-
man, http://www.whatman.com).
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Appendix S1. Supplementary experimental procedures.
Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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