
Abstract Sulphate is a major macronutrient required

for the synthesis of the sulphur (S)-containing amino

acid cysteine and thus is critical for cellular metabo-

lism, growth and development and response to various

abiotic and biotic stresses. A recent genome-wide

expression study suggested that several auxin-inducible

genes were up-regulated by S deficiency in Arabidop-

sis. Here, we examined the relationship between auxin

signaling and S deficiency. Investigation of DR5::GUS

expression patterns indicates that auxin accumulation

and/or response is suppressed by S deficiency. Consis-

tently, S deficiency resulted in the suppression of lat-

eral root development, but the axr1-3 mutant was

insensitive to this response. Furthermore, the activa-

tion of the promoter for the putative thioglucosidase

gene (At2g44460) by S deficiency was suppressed by

auxin, cytokinin and abscisic acid (ABA). Interest-

ingly, the activation of At2g44460 by S deficiency is

regulated by the availability of carbon and nitrogen

nutrients in a tissue-specific manner. These results

demonstrate that auxin plays a negative role in sig-

naling to S deficiency. Given that activation of the

genes encoding the sulphate transporter SULTR1;2

and 5¢-adenylylsulphate reductase APR2 are sup-

pressed by cytokinin only, we hypothesize that while

cytokinin may play an important role in general S

deficiency response, auxin might be only involved in a

subset of S deficiency responses such as the release of

thiol groups from the S storage sources.
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Introduction

Sulphate, as a major macronutrient, is required for the

biosynthesis of many sulphur (S)-containing com-

pounds including amino acids (Cys and Met), proteins,

glutathionine and secondary products such as gluco-

sinolates (Leustek et al., 2000; Saito, 2004). Therefore,

the availability of sulphate and its uptake and assimi-

lation are essential for cellular metabolism, plant

growth and development, and response to various

biotic and abiotic stresses (Leustek et al., 2000; Saito,

2004; Rausch and Wachter, 2005).

Although numerous physiological, molecular and

biochemical studies have shown that sulphate uptake

and assimilation are controlled by the S availability,

how plant cells sense the S status and transduce the

signals to activate gene expression remains largely

unknown. It is demonstrated that sulphate uptake and

metabolism are feedback regulated by the intracellular

S status (Leustek et al., 2000; Saito, 2004). Furthermore,

they are tightly coordinated by carbon and nitrogen

nutrients (Koprivova et al., 2000; Hesse et al., 2003,

2004; Kopriva and Rennenberg, 2004; Maruyama-

Nakashita et al., 2004a), making it even more
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challenging to dissect the S nutrient status signaling

pathway or network. Nevertheless, signaling mecha-

nisms have begun to emerge through biochemical,

genetic and genomic studies. A recent study using

inhibitors has implicated an important role for protein

phosphorylation and dephosphorylation in the tran-

scriptional regulation of the high affinity sulphate

transporter SULTR1;1 induction at the early stage of S

deficiency (–S) response (Maruyama-Nakashita et al.,

2004c). More convincing evidence for the involvement

of hormone signaling components in –S response come

from the genetic study of the cytokinin receptor mutant

cre1 (Maruyama-Nakashita et al., 2004b). The potential

role of cytokinin in –S response is first implicated by a

study in which the –S-activated expression of a seed

storage protein b-conglycinin b-subunit is shown to be

promoted by applying cytokinin (Ohkama et al., 2002).

Recently, cytokinin is shown to inhibit both the –S acti-

vated transcription of the gene encoding the high-affinity

sulphate transporter SULTR1;2 and the sulphate uptake

(Maruyama-Nakashita et al., 2004b). Importantly, the

cre1 mutation reduced the cytokinin-mediated suppres-

sion of both the SULTR1;2 expression and the sulphate

uptake (Maruyama-Nakashita et al., 2004b). This genetic

evidence unequivocally demonstrates that cytokinin

perception plays a negative role in –S response at least

with regard to sulphate transport.

Recent genome-wide expression profiling studies

have revealed many candidate genes that are likely

involved in –S signaling (Hirai et al., 2003, 2004;

Maruyama-Nakashita et al., 2003; Nikiforova et al.,

2003). Among these, two groups of the –S activated

genes are most interesting. One group includes sev-

eral auxin-inducible genes such as IAA9, IAA17,

IAA18 and IAA28 and genes potentially involved in

tryptophan-IAA biosynthesis such as NIT3 (Nikifor-

ova et al., 2003). The activation of NIT3 that en-

codes a nitrilase isoform involved in auxin

biosynthesis was reported earlier, however, direct

measurement did not reveal a statistically significant

difference in IAA levels between seedlings treated

by sufficient or deficient S (Kutz et al., 2002). Based

on the integrative analyses of transcriptome and

metabolome data, it has been further proposed that

auxin influx and the IAA28-mediated auxin signaling

circuit play an important role in modulating –S re-

sponse (Nikiforova et al., 2005a, 2005b). Since most

of the IAA proteins are negative regulators in auxin

signaling (Weijers and Jurgens, 2004), these studies

instead indicate that auxin might play a negative role

in –S response. However, another study has shown

that the 26S proteasome inhibitors (MG132 and

clasto-lactacystin-b-lactone) had no effect in the

induction of SULTR1;1 (Maruyama-Nakashita et al.,

2004c). This seems to be in contrast to the demon-

strated role of 26S proteasome in controlling –S re-

sponse in filamentous fungi and yeast (Marzluf,

1997). It is possible that other plant genes activated

by –S can be regulated by the 26S proteasome.

However, given by the critical role of 26S protea-

some-mediated protein degradation in auxin signal-

ing, this implicates the role of auxin, if there is any,

is likely restricted to certain genes or certain aspects

of –S responses. Therefore, in order to determine the

definite role of auxin in –S signaling, molecular and

genetic approaches are necessary.

The other group of genes, such as At2g44460 and

At3g60140, encode the putative thioglucosidase

genes, and their transcription is induced most

strongly by –S (Maruyama-Nakashita et al., 2003).

Although their biochemical function remains to be

determined, it has been proposed based on sequence

homology that these genes might function in the

release of thiol groups by breaking down gluconsin-

olates (Maruyama-Nakashita et al., 2003). The inte-

grative analysis of transcriptome and metabolome

studies has implicated that gluconsinolates may play

an important role in –S response (Hirai et al., 2004,

2005). Thus, in response and subsequent adaptation

to changes in S nutrient levels, plant cells must be

able to sense both intracellular S nutrient status and

extracellular S availability in order to execute an

energy cost-effective program to increase either the

transport of sulphate from soil or the release of

thiols from the intracellular storage, or both.

In this study, we aimed to determine the relationship

between –S and auxin response using molecular and

genetic approaches. We first showed that the auxin

response reporter DR5::GUS (Ulmasov et al., 1997)

was down-regulated by –S. Consistent with this, lateral

root formation was suppressed, but this growth and

developmental response was abolished in the auxin

signaling mutant axr1 (Leyser et al., 1993). Further-

more, external application of auxin down-regulated the

activity of the At2g44460 gene promoter under –S.

Taken together, our results demonstrate that auxin

plays a negative regulatory role in modulating the –S

response. Additionally, our results indicate that absci-

sic acid (ABA) might play a similar role in –S response.

Interestingly, auxin did not suppress expression of the

5’-adenylylsulphate reductase gene (APR2) under –S,

as observed for SULT1;2 (Maruyama-Nakashita et al.,

2004b). This indicates that auxin might be involved in

only a subset of –S response, such as the activation of

At2g44460 expression and possibly as a consequence,

the release of thiols from the intracellular S storage.
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The demonstration of the involvement of auxin sig-

naling in –S response will advance our mechanistic

understanding of how plants cope with the dynamic

nutrient environments.

Materials and methods

Plant materials and nutrient and hormone

treatments

Arabidopsis thaliana Columbia (Col), transgenic plants

and axr1-3 in the Col background were used in this

study. For nutrient and hormone treatments, seeds

were sterilized and placed on either liquid or 1%

PhytoBlend-solidified medium with or without sul-

phate, and cold-treated at 4�C for 2–4 days. After

germination, seedlings were then grown in the growth

chamber at 22�C with 16 h light and 8 h dark.

For nutrient and hormone treatments, seeds were

sowed on the half-strength Murashige and Skoog (MS)

medium supplemented with 1% sucrose and cold

treated for 4 days. After 5 days of vertical growth,

seedlings were transferred to 24-well plates that con-

tain 1.5 ml liquid nutrient solutions and cultured for

2 days with gentle shaking (150 rpm). The C, N and S

nutrient solutions were prepared by adjusting the ori-

ginal full-strength (1X) MS medium (about 60 mM N

and 1.73 mM S) with various C, N or S. Briefly, sucrose

was used as the C source unless specified, and 60 mM

sucrose was designated 60 mM C. For the N sources,

KNO3 and NH4NO3 were used based on the 1:1 molar

ratio; for example, 60 mM N represents 20 mM KNO3

and 20 mM NH4NO3. When lower amounts of KNO3

were prepared, KCl was added to maintain the same

final molar concentration of K+ as in 1XMS. For the

medium involving various S levels, the minor salt

MnSO4 Æ H2O was replaced by MnCl2 Æ 4H2O to

maintain the same molar concentrations of Mn2+ as in

1XMS. For the full-strength SO4
2– (+S) that contained

1.6001 mM SO4
2– (instead of 1.7301 mM S in 1XMS),

ZnSO4 Æ H2O was replaced by the same molar con-

centration of ZnCl2 Æ 4H2O while MgSO4 Æ 7H2O and

FeSO4 Æ 7H2O were the same as in 1XMS. To prepare

for the medium containing 0.0001 mM S that was from

CuSO4 only, MgSO4 Æ 7H2O, FeSO4 Æ 7H2O, and

ZnSO4 Æ H2O were respectively replaced by the same

molar concentrations of MgCl2 Æ 6H2O, FeCl2 Æ 4H2O

and ZnCl2 Æ 4H2O as in 1XMS. For the 0.0301 mM

sulphate medium, only ZnSO4 Æ H2O (0.03 mM) and

CuSO4 (0.0001 mM) were present, and MgSO4 Æ 7H2O

and FeSO4 Æ 7H2O were respectively replaced by

MgCl2 Æ 6H2O and FeCl2 Æ 4H2O at the same molar

concentrations as in MS. For the medium containing

0.0001 mM sulphate (designated –S) that was from

CuSO4 only, MgSO4 Æ 7H2O, FeSO4 Æ 7H2O, and

ZnSO4 Æ H2O were respectively replaced by the same

molar concentrations of MgCl2 Æ 6H2O, FeCl2 Æ 4H2O

and ZnCl2 Æ 4H2O as in 1XMS.

For all promoter::GUS reporter lines for the pur-

pose of GUS detection, seedlings were first grown

vertically on the half-strength MS medium with 1%

sucrose. Five days after cold treatment, seedlings were

then transferred to 24-well plates that contained 1.5 ml

liquid nutrient solutions as described above and cul-

tured for 2 days with gentle shaking (150 rpm). In one

experiment, DR5::GUS, Col and axr1-3 seedlings after

5 days of germination and vertical growth on the

solidified medium as above were also transferred to the

agar (Phytoblend)-solidified medium of either +S or –S

for 10 days before determining GUS expression pat-

terns or root development. For anthocyanin and chlo-

rophyll measurement and RT-PCR analysis, seeds

were directly placed in 50 ml of liquid medium of ei-

ther +S or –S prepared as described above.

For the hormone treatments on the promoter::GUS

transgenic lines, young seedlings were germinated and

vertically grown on the agar-solidified half-strength MS

medium (with 1% sucrose) for 5 days after cold

treatment. They were then transferred to 24-well plates

with liquid medium for 2 days, as described above. For

all hormones, 1 lM was used, with the controls that did

not supplement any hormones. These hormones in-

clude ABA, GA3, BA (cytokinin), ACC (ethylene

precursor), BR (epibrassinolide), IAA (auxin), SA

(salicylic acid), JA (methyl jasmonate). All chemicals

were purchased from Sigma-Aldrich.

Promoter::b-glucuronidase (GUS) construction and

GUS assay

For the putative thioglucosidase gene At2g44460

promoter::GUS construct, a 2.7 kb promoter frag-

ments including 9 bp downstream of ATG was PCR

amplified from genomic DNA using the high fidelity

DNA polymerase Elongase� (Invitrogen) and the

gene-specific primers, with the underlying bases

indicating the introduced restriction enzyme sites

for cloning: sense (DZP11: 5¢- ATCCTGCAGCACA

ACGAAACCCGATTGATG-3¢) and antisense (DZ

P12: 5¢- ACAACCATGGTGAAAAAATGCATCT

TCATATTCCT-3¢). The amplified DNA fragment

was digested by PstI and NcoI, and then cloned into

PstI and NcoI sites of the binary vector

pCAMBIA1301 (B4) that contains GUS and the

CaMV35S terminator. For the APR2 (At1g62180)
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promoter::GUS construct, a 3.5 kb fragment includ-

ing 11 bp downstream of ATG was similarly ampli-

fied using the two primers: DZP1, sense: 5¢-CAT

CTGCAGAGATAGATGAAGCGATCACGA-3¢
incorporating a PstI site; DZP2, antisense: 5¢-CG

AAGATCTACAGCTAAAGCCATTTCTAATC-3¢
incorporating a BglII site. This fragment digested by

PstI and BglII was then cloned into the PstI and

BglII sites of pCAMBIA1301. The replacement of

the CaMV35S promoter with At2g44460 and APR2

promoters resulted in the transcriptional and trans-

lational fusion of these promoters with GUS, giving

rise to the DZ9 and DZ5 vectors, respectively. The

identity of the PCR-amplified promoter fragments

for both vectors was verified by DNA sequencing.

The DZ9 and DZ5 vectors were respectively intro-

duced into Agrobacterium tumefaciens strain GV3101

and transformed into Arabidopsis Col plants by the

floral dip method (Clough & Bent, 1998). Homozygous

transgenic lines that confer a single T-DNA insertion

were obtained by hygromycin selection. Histochemical

GUS activity assays were performed on homozygous

transgenic seedlings as described (Jefferson et al.,

1987), except that the substrate X-Gluc concentration

was diluted by four folds.

Root growth and development assay

The lateral root primordia (LRP) that included Stage I

to Stage VII and the lateral roots (LR) were counted

under microscope, according to Malamy and Benfey

(1997).

Anthocyanin and chlorophyll assays

Anthocyanins and chlorophylls were extracted from

young seedlings germinated and grown in liquid med-

ium of either +S or –S for 5 days after cold treatment.

Briefly, for chlorophyll extraction and measurement,

about 20 mg seedlings were placed in 700 ll N,

N-dimethylformamide, wrapped with the foil and

shaken gently at 4�C, and then the extracts were

measured twice for the absorbance at 664 and 647 nm.

Total chlorophyll levels were determined using the

method of Moran (1982). For anthocyanins, seedlings

of about 20 mg were placed in the extraction buffer

(99% methanol and 1% concentrated HCl) and shaken

as described for chlorophyll extraction, according to

the procedure (Rabino and Mancinelli, 1986). The

extracts were then measured twice for the absorbance

at 530 and 657 nm, and anthocyanin levels were

determined based on the formula, A530–0.25 · A657

(Rabino and Mancinelli, 1986). Three replicates for

each genotype/treatment were performed for both

chlorophyll and anthocyanin measurements.

Reverse transcription (RT)-PCR analysis

Total RNA was extracted with TRIzol (Invitrogen)

from 5 to 7 days old seedlings treated by nutrients as

above, and then reverse transcribed by Superscript III

reverse transcriptase (Invitrogen). PCR analysis was

performed using the Taq DNA polymerase (Gen-

Script), with gene specific primers and ACT2 as the

internal control as described (Xin et al., 2005). Gene

specific primers were designed. For SULTR4;2, the

sense primer DZP50 was 5¢-TCCACCGCTTCATC

CTCTTCATCT-3¢, and antisense primer DZP51 was

5¢-AGAGCCGATGTTGGAAGCAGTAA-3¢. For

the putative thioglucosidase gene/At2g44460, the sense

primer YZP63 was 5¢-AACGAGCTCTTGCCACT

GAACT-3¢ and the antisense primer YZP64 was: 5¢-
GAGATGGTCCTCATGGTAGCTT-3¢.

Results

Sulphate deficiency reduces the activity of the auxin

response marker DR5::GUS

To test whether auxin is involved in –S response,

we first analyzed the auxin response using the well-

characterized DR5::GUS line (Ulmasov et al., 1997).

Treatments of young seedlings by –S (extremely low

sulphate, 0.0001 mM) and intermediate low (0.0301

mM) concentrations of sulphate for 48 h resulted in

different GUS staining patterns compared to the nor-

mal S concentration (1.6001 mM, designated +S).

Decreasing S concentrations gradually reduced GUS

staining in the cotyledons, primary root tips and LR. In

the cotyledons, the strong expression of DR5::GUS at

1.6001 mM S in the tip and surrounding edges, where

auxin is synthesized, was dramatically reduced under

lower sulphate concentrations (Fig. 1). In primary root

tips, emerged LR and LRP, the intensity and distri-

bution were also reduced under extremely low and

intermediate sulphate concentrations. These results

suggest that auxin accumulation and/or sensitivity are

suppressed by –S.

Sulphate deficiency suppresses the lateral root

development

Auxin is critical for root growth and development, and

therefore we investigated the lateral root development

from the –S treated DR5::GUS plants. As shown in
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Fig. 2, –S only very weakly stimulated primary root

elongation but strongly suppressed lateral root devel-

opment. Because of the weak effect in the primary root

growth (Fig. 2A), we focused our analysis on lateral

root development. When the S concentration de-

creased, the total number of LRP on primary root for

each seedling also decreased, although the number of

emerged or elongated LR did not change (Fig. 2B). It

is possible that these elongated LR already emerged

before the –S treatments, or that –S was not sufficient

to block the later stages of LRP from emerging. Nev-

ertheless, when the densities of LR or LRP on the

primary root were compared, both LR and LRP den-

sities were reduced by decreasing sulphate to

0.0301 mM, although the LRP density was reduced

slightly more than the LR density (Fig. 2C). The fur-

ther reduction of LR or LRP density by extremely low

S concentration (0.0001 mM) was not statistically

significant (P=0.07). Therefore, our results clearly

show that –S suppresses lateral root development,

consistent with the decreased DR5::GUS activity under

–S (Fig. 1).

Sulphate deficiency-suppressed lateral root

development is altered in the auxin signaling

mutant axr1-3

To substantiate the involvement of auxin signaling in

–S response, we subject the auxin signaling mutant,

axr1-3, to two different growth conditions. The axr1-3

weak allele has a mutation in AXR1 encoding an

enzymatic unit of the E1 RUB1-activating enzyme

that is important for ubiquitin-mediated protein

degradation (Leyser et al., 1993). When five-day-old

seedlings grown vertically on agar plates of +S were

transferred to the agar plates of either +S or –S,

Fig. 1 DR5::GUS expression
is suppressed by sulphate
deficiency. Shown are GUS
staining patterns in
cotyledons, primary roots
(PR), lateral root primordia
(LRP), and emerged or
elongated long lateral roots
(LR)

Plant Mol Biol (2007) 63:221–235 225

123



although there was no difference in the LR density

after 10 days of vertical growth, the difference in the

LRP density was observed (Fig. 3A). For Columbia

(Col) wild-type seedlings grown under –S, the LRP

density was reduced by 40% compared to that at +S.

The axr1-3 seedlings had a lower density of LRP

than Col under +S, but importantly, they did not

show further reduction under –S. When the liquid

culture condition was tested, a similar pattern was

observed (Fig. 3B). Most of the young seedlings after

5 days of germination and growth in the liquid

medium of either +S or –S did not develop LR

(Fig. 3B). However, the density of LRP on the pri-

mary roots of Col seedlings under –S was reduced to

87% of that under +S (Fig. 3A). Although this dif-

ference was not very dramatic, it was statistically

significant. The lack of difference in the LR density

and the less dramatic difference in the LRP density

compared to that in DR5::GUS seedlings might be

due to different genotypes because DR5::GUS

exhibited an almost identical GUS expression pattern

under three growth and treatment conditions tested

(data not shown). Importantly, we showed that under

two different growth conditions, axr1-3 seedlings

exhibited a similar insensitive pattern to changes in

sulphate concentrations. Therefore, these results

demonstrate that AXR1-mediated auxin signaling

plays a negative role of –S response at least in the

lateral root development.

Differential responses of axr1-3 to sulphate

deficiency-affected accumulation of anthocyanins

and chlorophylls

Another physiological aspect of –S response could

potentially be the accumulation of anthocyanins, given

that –S caused the strong activation of several MYB

transcription factor genes including MYB75 and

MYB90 (Nikiforova et al., 2003). MYB75 and MYB90

have been demonstrated to function in the regulation

of anthocyanin biosynthesis (Borevitz et al., 2000).

Therefore, we measured the contents of anthocyanins

under –S and +S. Col seedlings clearly doubled the

accumulation of anthocyanins when they were sub-

jected to –S compared to +S (Fig. 4A). However, axr1-

3 accumulated similar amounts of anthocyanins under

+S as Col, and also had a similar increase by –S. This
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indicates that axr1-3 dose not alter the response to –S

in the aspect of anthocyanin accumulation.

Surprisingly, in response to –S, both Col and axr1-3

seedlings accumulated more chlorophylls around

5 days after cold treatment and then declined to the

same level as +S at Day 7 before a significant decrease

at Day 9 (Fig. 4B). Interestingly, at Day 3, axr1-3

accumulated more chlorophylls than Col under both

+S and –S conditions, and its chlorophyll levels were

similar to that in Col at Day 5. At Day 5, chlorophylls

in axr1-3 under +S was similar to that in Col under –S

and also increased by –S. Although at Day 7, there was

no difference among all genotype/treatments, chloro-

phylls decreased dramatically in axr1-3 under –S at

Day 9. Therefore, while axr1-3 still responded to –S by

increasing chlorophyll accumulation transiently, it

accumulated more chlorophylls during 3–5 days after

cold treatment. These observations implicate that

AXR1-mediated auxin signaling is at least part of the

suppression mechanism involved in the transient

chlorophyll accumulation in response to –S stress. This

transient increase has not been reported before and its

role needs to be further investigated. Given that

excessive chlorophylls could lead to the generation of

singlet oxygen as observed in high light or drought

stresses (Krieger-Liszkay, 2005), it is possible that

over-accumulation of chlorophylls at the early stage of

–S might either be toxic to the –S-stressed plants or

serve as a signal for adaptation to –S through singlet

oxygen.

Auxin suppresses the sulphate deficiency-activated,

putative thioglucosidase gene (At2g44460)

The insensitivity to –S in lateral root development and

the altered chlorophyll accumulation observed in axr1-

3 led us to test whether auxin can directly suppress the

activation of genes by –S. However, RT-PCR analysis

using young seedlings grown in the liquid medium

failed to show the suppression by IAA of expression of

APR2, SULTR4;2,and At2g44460, the putative thio-

glucosidase gene that is most strongly induced by –S in

a DNA microarray study (Maruyama-Nakashita et al.,

2003), under –S (data not shown). As RT-PCR might

not reveal any tissue-specific patterns of gene expres-

sion, we decided to investigate the GUS expression

patterns using the At2g44460 promoter::GUS and

APR2 promoter::GUS reporter systems. GUS staining

in several independent lines showed that the promoters

of both genes were strongly activated by –S with a

preference in the roots (Fig. 5 and data not shown).

The consistency between the promoter activity and the

gene expression studies (Maruyama-Nakashita et al.,

2003; Hira et al., 2003, 2004) thus allows us to use these

promoter::GUS lines to investigate the effects of auxin

and other hormones in the transcriptional regulation of

At2g44460 and APR2 genes. Consistently, treatments

of 1 lM IAA for 2 days did suppress the activity of the

At2g44460 gene promoter in the primary root but not

in the shoots under –S (Fig. 5A). This tissue-specific

suppression may explain why we did not detect the

obvious difference of transcript levels using RNA

extracted from the whole seedlings (data not shown).

The suppression of At2g44460 is probably triggered by

–S because IAA did not suppress the GUS activities

under the +S condition. Actually, IAA seemed to

slightly activate the promoter activity in the emerging

LR and the cotyledons under +S. In contrast, the

APR2 promoter activity was not affected by auxin

0

1

2

3

4

5

Col axr1-3 Col axr1-3

LR
 o

r 
LR

P
 d

en
si

ty
+S

-S

(A)

LR LRP

c
 c

 b

 a 

AA

AA

Col axr1-3 Col axr1-3
0

1

2

3

4

5

LR LRP

LR
 o

r 
LR

P
 d

en
si

ty

+S

-S a

(B)

 b

c
 c

AA
A

A

Fig. 3 Altered sulphate deficiency stress response in lateral root
development in axr1. LR, lateral roots; LRP, lateral root
primordia. Density is expressed as the average number of LR
or LRP on per cm primary root (PR), with the SD bars shown.
(A) Seedlings were transferred to and grown vertically on the
agar-solidified medium for 10 d after 5-d vertical growth on the
normal, solidified medium (n=4–5). (B) Seedlings were contin-
uously grown for 5 d in liquid medium (n=16). Different letters
(uppercase letters for the LR density, and lowercase letters for
the LRP density) above the columns indicate statistically
significant difference (P=0.05)
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treatment under –S (Fig. 5B). Therefore, the auxin-

mediated suppression of gene expression is probably

specific to certain genes and/or certain tissue types.

Surprisingly, the At2g44460 promoter was also sup-

pressed by ABA and cytokinin (BA), but not by other

hormones except brassinosteroids (BR) that seemed to

slightly activate the promoter activity (Fig. 5A). The

slight activation of At2g44460 by BR is not surprising

given by the known antagonistic interactions between

BR and ABA/auxin (Ephritikhine et al., 1999). In

contrast to the At2g44460 promoter, APR2 was only

suppressed by cytokinin (Fig. 5B), similar to

SULTR1;2 (Maruyama-Nakashita et al., 2004b). The

differential regulation by IAA, ABA and BA for

At2g44460 and APR2 was similarly observed by inde-

pendently transformed promoter::GUS reporter lines

(Supplemental Fig. 1). Therefore, on the one hand,

cytokinin has a similar inhibitory effect on these three

genes likely involved in different aspects of sulphate

transport and S metabolism. On the other hand, auxin

and ABA seem to have more specific effects on certain

genes such as At2g44460.

If ABA suppresses the activity of the At2g44460

promoter like auxin, we would expect that –S might

also suppress ABA accumulation or response. To gain

some supporting evidence for the possible involvement

of ABA in –S response, we treated the pRD29B::GUS

reporter line under various sulphate levels as in the

case of DR5::GUS (Fig. 1). pRD29B::GUS has been

demonstrated to reflect the physiologically active pools

of ABA (Christmann et al., 2005). Not surprisingly,

decreasing sulphate amount from the normal concen-

tration (1.6001 mM) to the intermediate sulphate

concentration (0.0301 mM) caused an obvious reduc-

tion of GUS staining in the cotyledons (Supplemental

Fig. 2). When sulphate was further reduced to

0.0001 mM, GUS staining in the hypocotyl-root junc-

tion almost disappeared, resulting in a very weak GUS

staining in the seedlings. We did not observe any GUS

staining difference in the primary root tips of the

seedlings (data not shown). Together with the ABA-

mediated suppression of the putative thioglucosidase

gene At2g44460 promoter under –S, this result indi-

cates that ABA might also participate in modulating –S

responses.

The putative thioglucosidase gene (At2g44460)

exhibits a carbon and nitrogen nutrient-dependent

regulatory pattern in activation by sulphate

deficiency

To test whether the auxin- and ABA-suppressed

putative thioglucosidase gene (At2g44460) is specifi-

cally involved in –S response, we decided to determine
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whether this gene is also activated by the deficiency of

carbon (C) and nitrogen (N) nutrients. Furthermore, it

has been shown C and N nutrients regulate the

expression of certain genes under –S (Koprivova et al.,

2000; Hesse et al., 2003, 2004; Kopriva and Rennen-

berg, 2004; Maruyama-Nakashita et al., 2004a), but it

remains unknown whether C and N nutrients have

differential or overlapping effects on –S activation of

gene expression. Therefore, we used a combinatorial

design to assess the promoter activities of At2g44460

under various combinations of C, N and S nutrients

(Fig. 6A, B).

Similar to the observation shown in Fig. 5A, GUS

activity in the seedlings grown at +C +N –S increased

dramatically in the roots, while it did not change in the

cotyledons, compared to the normal condition

+C+N+S (Fig. 6A). This indicates that the –S activa-

tion of the promoter mainly occurs in the root system.

In strong contrast to +C +N –S, deficiencies of C (–C

+N +S) or N (+C –N +S) alone did not lead to obvious

changes in the GUS staining patterns compared to

+C+N+S (Fig. 6A). The lack of activation by –C or –N

alone indicates that the activation of the At2g44460

promoter is relatively specific to –S.

Interestingly, the strong –S activation of At2g44460

promoter activity observed at +C +N –S disappeared if

both N and C were also deficient (comparing –C –N –S

with +C +N –S or –C –N +S; Fig. 6A). This indicates an

absolute requirement for C and N in the activation

of At2g44460 by –S. However, while the presence of N

(–C +N –S) only slightly activated the induction by –S,

the presence of C (+C –N –S) dramatically activated

the –S activation, compared to –C–N–S. This indicates

that under the conditions tested, N alone only has a

minor effect for the –S activation, while C plays a

predominant role in activating gene expression under –

S. Nevertheless, +C +N –S exhibited a stronger

induction than +C –N –S, suggesting a synergistic

interaction between C and N on the –S activation of

these two genes.

To assess where the observed changes of At2g44460

promoter activity reflected endogenous gene expres-

sion patterns in response to various C, N and S com-

binations, RT-PCR analysis using young seedlings was

performed. The –S-activated sulphate transporter gene

SULTR4;2 (Kataoka et al., 2004) was used as a control.

As shown in Fig. 6B, both SULTR4;2 and At2g44460

transcripts exhibited a very similar pattern in response

to C, N and S nutrients. Interestingly, there was even a

very slight decrease of SULTR4;2 and At2g44460

expression by the deficiency of either C or N alone

compared to that of S deficiency alone. In most cases,

both RT-PCR and the At2g44460 promoter-driven

GUS expression showed very similar patterns, dem-

onstrating that the 2.7 kb promoter fragment with five

SURE motifs responsible for –S response (Maruyama-

Nakashita et al., 2005) contains all of necessary cis-

regulatory elements in directing gene expression in

response to various nutrients. Therefore, the

At2g44460 promoter::GUS line was used to further

Fig. 5 Promoter activities of
the putative thioglucosidase
gene At2g44460 and APR2
are differentially suppressed
by hormones. Five-day old
seedlings grown identically as
in Fig. 1 were treated for 48 h
under either –S or +S
supplemented with 1 lM
hormones. CK, no hormone
control; IAA, auxin; BA,
Cytokinin; ACC, ethylene
precursor; BR,
brassinosteroids; JA, methyl
jasmonic acid; SA, salicylic
acid. (A) GUS staining
pattern of the putative
thioglucosidase gene
At2g44460 promoter.
(B) GUS staining pattern of
the APR2 gene promoter
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reveal their spatial expression patterns in particular in

response to C, N and S nutrient interactions.

The putative thioglucosidase gene At2g44460 clearly

exhibited a tissue-specific expression patterns

(Fig. 6C). First, –S activated its expression in the vas-

cular tissues and epidermal cells but not in the root

hairs (Fig. 6, C1 and C2). Second, GUS was very

strongly activated by –S in the root regions close to the

tip but not in the tip (Fig. 6, C3 and C4). Third, in adult

plants grown in the soil where sulphate supply was

normal, GUS activity was absent in young leaves

(Fig. 6, C5) but strong in both male and female

reproductive organs (Fig. 6, C6).

To gain further insights into how C and N nutrients

regulate the expression of the putative thioglucosidase

gene expression in response to –S, we performed dose–

response studies for the At2g44460 promoter::GUS

line. We first studied the effects of various sucrose

levels in the induction of the promoter. At the –N –S

background, the promoter activity increased with su-

crose levels (Fig. 6D). Interestingly, when 60 mM

glucose was used, the –S activation was slightly stron-

ger than 60 mM sucrose, indicating that glucose is

more potent than sucrose in activating the –S response.

The effect of sucrose or glucose on the –S activation is

unlikely due to osmosis because 59.8 mM mannitol

plus 0.2 mM sucrose did not affect the putative thio-

glucosidase gene promoter activity, compared to

60 mM sucrose. Careful observations of the GUS

staining patterns revealed that the –S activation ap-

peared to occur only in the roots but not in the coty-

ledons (Fig. 6D). Interestingly, decreasing C levels

caused the –S activation to be limited to the regions

closer and closer to the root tip.

The indication of the synergism between C and N

observed above (Fig. 6A, B) led us to further investi-

gate the effects of N under both low C and high C

conditions. At the –C–S background (0.2 mM Suc plus

0.0001 mM SO4
2–), the presence of N from 10 to

120 mM only very slightly increased the promoter

activity (Fig. 6E), consistent with our previous studies

(Fig. 6A, B). At the very high N level, 120 mM, which

is twice as that of the full strength of the MS medium,

the At2g44460 promoter activity increased only slightly

in both the cotyledons and the root tip region. How-

ever, when C increased to 30 mM, the strong activation

was clearly observed even at the minimal N level

(0.2 mM). This activation seemed to be restricted to

the tip of primary or LR. Furthermore, 10 mM N al-

ready strongly activated the promoter throughout the

whole root system, and 60 mM N seemed to have al-

ready saturated the response. These results clearly

support that while C plays a predominant role in –S

activation of the putative thioglucosidase gene

expression, N has a synergistic effect with C. It is not

known why at the low C level, the –S activation mod-

ulated by N also occurred in the cotyledons, while it

happened exclusively to the roots at the higher C level.

Importantly, as observed for the C effect (Fig. 6D),

decreasing N from 60 to 0.2 mM under 30 mM C re-

sulted in the suppression of the activation by –S in the

root regions to be expanded away from the root tip

(Fig. 6E).

Discussion

S nutrition is essential for various cellular activities

and, therefore, sulphate uptake and S metabolism must

be tightly coordinated in order to optimize cellular

metabolism, growth and development. However, the

mechanism by which plants constantly and robustly

monitor the dynamic changes of S nutrients remains

largely unknown. In this report, using a combination of

genetic, molecular and physiological approaches, we

have shown that auxin plays a negative regulatory role

in –S response. Furthermore, the auxin-suppressed

putative thioglucosidase gene (At2g44460) exhibits a C

and N nutrient-dependent activation by –S in a tissue-

specific manner.

A negative regulatory role of auxin in sulphate

deficiency responses

Several lines of molecular and genetic evidence pre-

sented here convincingly show that auxin plays a neg-

ative regulatory role in –S response. First, using

DR5::GUS as an auxin response marker, we have re-

vealed that –S likely suppresses auxin level or sensi-

tivity. Second and most importantly, the suppression of

lateral root development is not observed in the auxin

signaling mutant, axr1. The transient activation of

chlorophyll accumulation by –S is also altered in axr1-3.

Third, the activation by –S of the At2g44460 gene

promoter is strongly suppressed by auxin in the roots.

The role of hormones in nutrient signaling has re-

ceived increasing attentions. Cytokinin is the major

hormone that has been implicated or demonstrated in

signaling to a number of nutrients, including nitrogen,

phosphorus and sulphur (Takei et al., 2002; Ohkama

et al., 2002; Franco-Zorrilla et al., 2005; Maruyama-

Nakashita et al., 2004b). In this study, we show that

cytokinin seems to have a similar effect in suppressing

the activation by –S of the two genes that encode 5’-

adenylylsulphate reductase (APR2) and the putative

thioglucosidase (At2g44460), respectively. Together
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Fig. 6 The putative thioglucosidase gene (At2g44460) promoter-
driven GUS expression is differentially regulated by C, N and S
nutrients in a tissue-specific manner. (A) GUS staining patterns
under various C, N and S nutrient conditions. Five-day old
seedlings were grown under half-strength MS basal salts
supplemented with 1% sucrose and 1% agar were treated with
various combinations of C, N and S liquid medium for 48 h and
then stained for GUS activity for 3–5 h. +C, +N and +S indicate
the presence of 60 mM sucrose, 60 mM total N (20 mM KNO3

and 20 mM NH4NO3), and 1.6001 mM SO4
2- respectively. –C, –N

and –S represent the deficiencies of C (0.2 mM sucrose), N
(0.2 mM total N), and 0.0001 mM SO4

2- (from CuSO4), respec-
tively. (B) RT-PCR analysis of SULTR4;2 and the putative
thioglucosidase gene expression under various C, N and S
nutrient conditions. Five-day old seedlings were similarly treated
by various combinations of C, N and S for 48 h (see legend in

Fig. 6A) before RNA extraction. ACT2 was used as the internal
control. PCR using 24, 27 and 30 cycles for the putative
thioglucosidase gene and 26 and 28 cycles for SULTR4;2 were
performed to differentiate the transcript abundance for every
treatment. (C) Tissue-specific GUS expression patterns. Both the
root-hypocotyl junctions (C1 and C2) and the root tips (C3 and
C4) were shown to compare the effects of +S (C1 and C3) and –S
(C2 and C4) treatments. A true leaf (C5) and flowers (C6) from a
30–day-old plant grown in the normal soil in the growth chamber
were also shown. (D) GUS staining patterns under –S with
various C levels. (E) GUS staining patterns under –S with
various N levels at both low C and high C conditions. For (D)
and (E), five-day old seedlings grown identically as in Fig. 6A
were treated for 48 h before GUS staining. Suc, sucrose; Glc,
glucose; Mann, mannitol
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with the demonstration of the cytokinin suppression of

the sulphate transporter (SULTR1;2) gene and sul-

phate transporter activity (Maruyama-Nakashita et al.,

2004b), these results suggest that cytokinin likely plays

an important role in mediating or modulating the

general –S responses ranging from sulphate uptake to S

metabolism and possibly thiol release from the intra-

cellular S storage. How cytokinin perception and sig-

naling are regulated by –S and subsequently trigger the

physiological responses remain to be revealed.

The involvement of auxin in –S response seems to be

more restricted to certain genes and/or specific tissue

types. Availability of various nutrients differentially

modifies root development and architecture (Lopez-

Bucio et al., 2003). Part of our physiological observa-

tions seems to differ from the general perception that –

S stimulates root branching (Lopez-Bucio et al., 2003)

that is derived from an earlier study and a recent

observation (Kutz et al., 2002; Nikiforova et al., 2003).

While there were no quantitative analyses on the LR

and LRP densities in these studies to support the

promotion of lateral root development by a relatively

long term (from 10 days to 4 or 6 weeks) –S stress, we

did not observe a dramatic difference in the LR density

in DR5::GUS and Col. Instead, we found a significant

difference in the LRP density after 2–10 days of –S

stress (Figs. 2–3). Similar discrepancies have also been

observed in several studies that addressed the rela-

tionship between auxin and phosphate-starvation

(Hardtke, 2006). These include the opposite effects of

phosphate-starvation on lateral root density, and the

contrasting results of DR5::GUS expression patterns in

response to phosphate starvation (such as Linkohr

et al., 2002; Lopez-Bucio et al., 2002; Al-Ghazi et al.,

2003; Lopez-Bucio et al., 2005; Nacry et al., 2005). It is

likely that these are caused by experimental variations

given that plants are very sensitive to their surrounding

environments and different developmental stages may

show different responses (Nacry et al., 2005). In our

study, we have found that the LRP density is sup-

pressed by –S under all of the three different growth

conditions (Figs. 2, 3). The consistency in the sup-

pression of the LRP formation with the DR5::GUS

staining pattern and the axr1 phenotypes allows us to

conclude that the suppression of lateral root develop-

ment is a physiological response to –S stresses at least

in our experimental conditions. Together with the ob-

served transient activation of chlorophyll accumula-

tion, the suppression of the LRP formation is an early

response to the –S stress so that plants would optimize

cellular metabolism in other parts of the plant by

reducing cell division in the roots. If the –S stress

persists, plants might sense this as a sustained stress

and therefore increase root branching and growth in

order to compete for the uptake of S nutrients.

What is the role of auxin in regulating the –S re-

sponse? The involvement of auxin in –S response has

been implicated by earlier studies, although there is no

convincing evidence to support it. First, the NIT3 gene

has been shown to be activated by –S in a study using

the promoter::GUS reporter system (Kutz et al., 2002),

and several genes likely involved in tryptophan-IAA

pathway (such as putative myrosinase and NIT3 genes)

have been revealed to be up-regulated by –S in a DNA

microarray study (Nikiforova et al., 2003). The NIT3-

encoded nitrilase isoform 3 is proposed to convert the

IAA precursor indole-3-actetonitrile, which results

from the degradation of glucobrassicin (one of major

types of glucosinolates), into IAA (Vorwerk et al.,

2001). There seemed to be a correlation between the

NIT3 promoter activation and the decline in total

inorganic sulphate and thiols in root tissues of –S

stressed plants (Kutz et al., 2002). However, the mea-

surement of root IAA levels did not show a clear dif-

ference between plants treated with –S and +S (Kutz

et al., 2002). Furthermore, the DNA microarray study

also revealed the activation of several auxin-inducible

genes such as IAA9, IAA17, IAA18 and IAA28 (Nik-

iforova et al., 2003). Although the precise roles for

most of the auxin-induced genes in auxin signaling

remain to be determined, they are generally tran-

scriptional repressors (Weijers and Jurgens, 2004),

indicating a negative role for auxin signaling in –S re-

sponse. More recently, an auxin signaling circuit was

proposed to explain the –S effect in root development

(Nikiforova et al., 2005a) based on the integrative

network analysis of both transcriptome (Nikiforova

et al., 2003) and metabolome data (Nikiforova et al.,

2005b). In this proposed circuit, IAA28 is induced to

suppress auxin-induced genes, ultimately leading to the

tight regulation of a balanced auxin response. Our re-

sults show that the DR5::GUS activity is suppressed by

decreasing sulphate levels. Furthermore, the axr1 mu-

tant did not show further suppression of lateral root

development. Together with the observation that –S

does not change the auxin levels (Kutz et al., 2002), we

conclude that it is more likely that auxin sensitivity,

instead of auxin level, is suppressed by –S.

The role of ABA in response to –S is intriguing.

ABA is critical for plant response to a wide array of

abiotic and biotic stresses, yet it inhibits the activation

of the putative thioglucosidase gene At2g44460 in re-

sponse to the –S stress. Future work using various

ABA signaling mutants will help to determine which

branch of ABA signaling is actually involved in–S re-

sponse. Promoter scan of At2g44460 revealed many
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cis-regulatory elements (such as ABRE and MYB/

MYC recognition sites) that are involved in ABA re-

sponse (data not shown). This gene also contains five

SURE motifs that are important for –S activation

(Maruyama-Nakashita et al., 2005). Therefore, it will

be interesting to determine how the –S signal leads to

the suppression of ABA accumulation or response so

that At2g44460 is preferentially activated by tran-

scriptional regulators recognizing the SURE motifs.

The possibility that ABA and auxin signaling pathways

interact with each other in response to –S cannot be

ruled out. It has been shown that ABA stimulates

lateral root primordium formation through auxin and

inhibits lateral root growth independent of auxin (De

Smet et al., 2003). In our study, we show that ABA and

auxin affect the expression of the putative thioglucos-

idase gene in the roots with a similar pattern of

retaining the expression in the primary or lateral root

tips (Fig. 5A). However, decreasing sulphate levels

lead to distinct tissue-specific patterns of DR5::GUS

and pRD29B::GUS although both are suppressed

(Figs. 1, 6). Therefore, if the cross-talk between auxin

and ABA signaling exists in –S response, it is likely a

complex interaction.

Role of the auxin-suppressed putative

thioglucosidase gene (At2g44460) in sulphate

deficiency response and its regulation by C and N

nutrients

In this study using a combinatorial design of C, N and S

nutrient treatments, we have revealed novel differen-

tial transcription patterns in response to S deficiency

for genes encoding the auxin-suppressed, putative

thioglucosidase (At2g44460) and a sulphate trans-

porter SULTR4;2. We not only confirm that the –S

activation requires both C and N availability, but show

that the promotive effect of C and N is dependent upon

the S availability because the deficiency of either C or

N alone did not activate expression of these genes.

Furthermore, N alone does not greatly affect gene

expression in response to –S if the C level is kept low.

However, when the C level increases, N shows a dra-

matic effect in activating gene expression under –S.

Therefore, these results convincingly show that these

genes are first responding to the S availability but the

realization of the –S activation depends on the C and N

nutrients. In this regulatory process, C plays a pre-

dominant role and N synergistically interacts with C.

Although the biochemical function of the protein

encoded by the putative thioglucosidase gene remains

to be determined, it has been hypothesized to act in the

release of thiol groups from glucosinolates in response

to –S (Maruyama-Nakashita et al., 2003). Glucosino-

lates are a large group of secondary compounds that

contain C, N and S and are important for biotic and

abiotic stress responses either as defense compounds or

S storage sources (Rausch and Wachter, 2005). In an

integrative transcriptome and metabolome study (Hi-

rai et al., 2004, 2005), a regulatory link between gluc-

osinolate metabolism, primary metabolism and S and

N nutrition has been revealed. This implicates the

importance of glucosinolates as an alternative S source

when plants are –S stressed. The lack of promoter

activity in the root hairs (Fig. 6C) implicates that this

gene is not involved in sulphate uptake. It is possible

that the enzyme encoded by this gene acts to recycle S

by hydrolyzing either generally all or specifically some

of glucosinolates.

Interestingly, the regions of the roots in which the

putative thioglucosidase gene is activated by the –S

stress seem to be controlled by C and N nutrients.

Decreasing the C or N levels causes the –S activation

of the promoter to be limited to the root regions closer

and closer to the root tip. This indicates that some sort

of signal derived from the root tip is required for –S

activation of gene expression and that this signal is

likely controlled by the availability of either C or N

nutrients. This novel tissue-specific expression pattern

by C and N nutrients implies that both C and N may

specify the root regions in which gene expression can

be activated by –S.

Although the regulatory mechanisms by which C

and N nutrients are sensed and the signals are subse-

quently transduced and integrated to control –S acti-

vation remain largely unknown, the regulatory pattern

of C, N and S interactions we observed seems to be a

general phenomenon of gene expression in response to

S deficiency stress. This is because similar GUS

expression patterns were observed for the genes in-

volved in the S storage release (At2g44460), sulphate

uptake (SULTR4;2) and reduction (APR2 and APR3;

see promoter::GUS activities in Supplemental Fig. 3).

To further test this phenomenon with the Arabidopsis

full genome chip using our combinatorial design will

help reveal the regulatory network in C, N and S

nutrient signaling pathways and their cross-talk.

In summary, our results provide molecular and ge-

netic evidence that auxin plays a negative regulatory

role in –S response. When the S nutrient status is

perceived as being at very low levels, plants then down-

regulate the auxin sensitivity, which would in turn re-

lease the suppression of gene expression and inhibit the

lateral root development. Given that auxin suppresses

the promoter activity of the putative thioglucosidase

gene At2g44460 but not that of SULTR1;2 and APR2,
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we hypothesize that auxin might participate in only a

subset of –S responses such as remobilizing S from the

intracellular storage. Future work should test the bio-

chemical and physiological functions of the putative

thioglucosidase gene product and investigate which

auxin signaling branch is involved in the response to

sulphur nutrient status.
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