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Abstract In higher plants, phosphate (Pi) deficiency indu-

ces the replacement of phospholipids with the nonphosphor-

ous glycolipids digalactosyldiacylglycerol (DGDG) and

sulfoquinovosyldiacylglycerol (SQDG). Genes involved in

membrane lipid remodeling are coactivated in response to Pi

starvation, but the mechanisms that guide this response are

largely unknown. Previously, we reported the importance of

auxin transport for DGDG accumulation during Pi starvation.

To understand the role of auxin signaling in Arabidopsis

membrane lipid remodeling, we analyzed slr-1, a gain-of-

function mutant of IAA14 (a repressor of auxin signaling), and

arf7arf19, a loss-of-function mutant of auxin response factors

ARF7 and ARF19. In slr-1 and arf7arf19, Pi stress-induced

accumulation of DGDG and SQDG was suppressed. Reduced

upregulation of glycolipid synthase and phospholipase genes

in these mutants under Pi-deficient conditions indicates that

IAA14 and ARF7/19 affect membrane lipid remodeling at the

level of transcription. Pi stress-dependent induction of a non-

protein-coding gene, IPS1, was also lower in slr-1 and

arf7arf19, whereas expression of At4 (another Pi stress-

inducible non-protein-coding gene), anthocyanin accumula-

tion, and phosphodiesterase induction were not reduced in the

shoot. High free Pi content was observed in slr-1 and

arf7arf19 even under Pi-deficient conditions, suggesting that

Pi homeostasis during Pi starvation is altered in these mutants.

These results demonstrate a requirement of auxin signaling

mediated by IAA14 and ARF7/19 for low-Pi adaptation in

Arabidopsis.
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Introduction

Phosphorus is an essential plant nutrient that has a pivotal

role in metabolism. Although the total amount of phos-

phorus in the soil may be high, inorganic phosphate (Pi) is

often limiting for plant growth because of its strong

interactions with soil constituents (Holford 1997). Thus,

plants have evolved various adaptation mechanisms to

tolerate low Pi bioavailability (Ticconi and Abel 2004).
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One of these dynamic adaptations is that plants change

their membrane lipid composition by substituting non-

phosphorous glycolipids for phospholipids (Benning and

Ohta 2005). In higher plants, the glycolipids mono-

galactosyldiacylglycerol (MGDG), digalactosyldiacylgly-

cerol (DGDG) and sulfoquinovosyldiacylglycerol (SQDG)

constitute the bulk of membrane lipids in plastids and play

pivotal roles in chloroplast function, whereas phospholip-

ids are the main lipid class in other subcellular membranes

under nutrient-sufficient conditions (Hölzl and Dörmann

2007). During Pi deficiency, however, the proportion of

DGDG dramatically increases not only in plastidic mem-

branes but also in extraplastidic membranes (Härtel et al.

2000) such as cell membranes (Andersson et al. 2003),

tonoplasts (Andersson et al. 2005) and mitochondrial

membranes (Jouhet et al. 2004). SQDG also increases during

Pi starvation to compensate for reduced phosphatidyl-

glycerol in chloroplasts (Essigmann et al. 1998; Yu et al.

2002).

Digalactosyldiacylglycerol accumulation upon Pi star-

vation is mainly achieved in Arabidopsis by the contribu-

tion of the MGDG synthases MGD2 and MGD3 and

DGDG synthases DGD1 and DGD2 (Benning and Ohta

2005). In Arabidopsis, SQD1 and SQD2, whose gene

expression is upregulated by Pi starvation, are required for

SQDG synthesis (Essigmann et al. 1998; Yu et al. 2002). In

addition to the increase in glycolipid biosynthesis,

phospholipid degradation is also required for membrane

lipid remodeling during Pi starvation. In Arabidopsis, the

phospholipases PLDf1 and PLDf2 have a role in Pi star-

vation-induced lipid remodeling in the root (Cruz-Ramı́rez

et al. 2006; Li et al. 2006a, b). The non-specific phos-

pholipases NPC4 and NPC5 are also involved in lipid

remodeling in Arabidopsis (Gaude et al. 2008; Nakamura

et al. 2005). Several mutant studies in Arabidopsis have

provided genetic evidence that membrane lipid remodeling

is a potent mechanism for adapting to Pi deficiency (Cruz-

Ramı́rez et al. 2006; Gaude et al. 2008; Härtel et al. 2000;

Kobayashi et al. 2009; Li et al. 2006a, b; Yu et al. 2002).

As another adaptation to Pi starvation, plants change

their root systems by promoting lateral root growth and

root hair development to access a larger soil volume and

enhance Pi uptake (López-Bucio et al. 2003). In contrast,

shoot growth is severely repressed to economize phos-

phorus under these conditions, resulting in an increase in

the root-to-shoot growth ratio (López-Bucio et al. 2003).

Auxin is one of the central regulators of root development;

auxin signals are involved in the alteration of root system

architecture, especially for lateral root induction during Pi

starvation (Jain et al. 2007; López-Bucio et al. 2002; Nacry

et al. 2005). Moreover, in some auxin-insensitive mutants,

the root phenotypes such as reduced growth of lateral roots

and root hairs are rescued by Pi starvation (Bates and

Lynch 1996; Jain et al. 2007; López-Bucio et al. 2002;

Nacry et al. 2005).

Auxin signaling is mediated by auxin response factors

(ARFs) and their inhibitors, auxin/indole-3-acetic acid (Aux/

IAA) proteins. ARFs are transcription factors that regulate

auxin-responsive gene expression, whereas Aux/IAA pro-

teins inhibit the activity of ARFs by binding directly to them.

Auxin receptors transport inhibitor response 1 (TIR1) and

TIR1-like F-box proteins interact with Aux/IAA proteins in

the presence of auxin and promote their degradation; the

liberation of ARFs from inhibition by Aux/IAA can posi-

tively or negatively regulate the transcription of auxin-

responsive genes (Guilfoyle and Hagen 2007). A recent

report proposed a model in which the increased level of TIR1

in response to Pi starvation induces the degradation of Aux/

IAA proteins and the liberation of ARFs, which then activate

pericycle cell division and lateral root formation during Pi

starvation (Pérez-Torres et al. 2008). Among various auxin

signaling mutants with a reduced number of lateral roots and

root hairs, slr-1 and arf7arf19 show a crucial defect in lateral

root formation in Arabidopsis (Fukaki et al. 2002; Okushima

et al. 2005; Wilmoth et al. 2005). In the gain-of-function slr-

1 mutant, stabilized mutant IAA14 protein inactivates ARF

proteins, including ARF7 and ARF19, thereby completely

blocking lateral root initiation (Fukaki et al. 2005, 2006). In

slr-1, root hair formation is also prevented, suggesting that

IAA14 is involved in the development of lateral roots and

root hairs (Fukaki et al. 2002, 2005). The involvement of

IAA14 and ARF19 in enhanced lateral root formation during

Pi starvation has also been reported (Pérez-Torres et al.

2008).

Recently, we reported that treatment with auxin trans-

port inhibitors or the mutation of auxin transport genes

greatly decreases MGD2/3 transcription in Arabidopsis

during Pi starvation (Kobayashi et al. 2006). Moreover,

auxin transport inhibition limits the increase in the pro-

portion of DGDG in Pi-deficient plants, indicating the

necessity of auxin for DGDG accumulation during Pi

starvation. The auxin signaling pathway involved in Pi

starvation-induced DGDG accumulation has not, however,

been identified. Moreover, although SQDG synthesis is

also important for the compensation of plastidic phos-

phatidylglycerol during Pi starvation (Essigmann et al.

1998; Yu et al. 2002), the mechanism(s) that regulates its

synthesis under these conditions remains unknown. Here

we describe the analysis of Pi starvation responses in

auxin-signaling mutants and show that membrane lipid

remodeling is impaired in the gain-of-function mutant

slr-1 and the loss-of-function mutant arf7arf19. In these

mutants, Pi stress-induced gene expression was substan-

tially reduced for genes involved in glycolipid biosynthe-

sis, phospholipid degradation, and other Pi starvation

responses. Our results provide a better understanding of the
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involvement of auxin signaling mediated by IAA14 and

ARF7/19 in membrane lipid remodeling and other Pi

starvation responses.

Materials and methods

Plant material and growth conditions

For all experiments described here, Arabidopsis thaliana

wild type (Columbia-0), arf7 (nph4-1), arf19 (arf19-1),

arf7arf19 (npf4-1 arf19-1), slr-1 and pIAA14::mIAA14-GR,

which are all in the Columbia background (Fukaki et al.

2002, 2005; Okushima et al. 2005), were grown in a culti-

vation chamber at 23�C under continuous white light. For

fresh weight measurements (Fig. 1e), the lipid analysis

(Fig. 2), qRT-PCR analysis (Figs. 3–5), phosphodiesterase

assay (Fig. 6a) and free Pi measurements (Fig. 6c), plants

were grown on solidified Murashige and Skoog (MS) med-

ium containing 0.8% (w/v) agar and 1.0% (w/v) sucrose for

10 days and then were grown on Pi-replete (1.0 mM) or

Pi-depleted (0 mM) medium prepared as described (Härtel

et al. 2000) for another 10 days. For anthocyanin measure-

ments (Fig. 6b), 5-day-old seedlings grown on MS medium

were transferred to Pi-replete or Pi-depleted medium for

another 7 days. Shoot samples of wild type and the mutants

were then collected. For DEX treatments (Fig. 7), 10-day-

old pIAA14::mIAA14-GR seedlings grown on MS medium

were transferred to Pi-controlled medium with (5.0 lM) or

without (0 lM) DEX. After incubation for 12 h on DEX-

containing media, the root samples were collected for qRT-

PCR analyses. Collected samples were frozen immediately

in liquid nitrogen and used for the subsequent assays.

Root growth analyses

Five-day-old seedlings grown vertically on MS medium

were transferred to vertically placed medium with (1.0

mM) or without (0 mM) Pi. Root growth of each plant was

captured with a digital camera from day 0 to day 7 after the

transplant to Pi-controlled media (Fig. 1c, d). Primary root

length was digitally analyzed using image analyzing soft-

ware (Scion Image, Scion, Frederick, MD). For Fig. 1b,

images of root hairs approximately 1 cm from the primary

root tips were captured with a digital microscope (VHX-

600, Keyence, Osaka, Japan).

Lipid analysis

Total lipids were extracted and separated by two-dimen-

sional thin-layer chromatography as described (Kobayashi

et al. 2007). Lipids isolated from silica gel plates were

methylated, and fatty acid methyl esters were quantified by

Fig. 1 Growth phenotypes of wild type, slr-1 and arf7arf19 under

Pi-sufficient or Pi-deficient conditions. a Five-day-old seedlings of wild

type, slr-1 and arf7arf19 grown on MS medium were transferred to

Pi-controlled medium and then grown for another 7 days. ?Pi,

Pi-sufficient (1.0 mM) conditions; -Pi, Pi-deficient (0 mM) conditions.

Scale bars = 1.0 cm. b Root hairs of wild type, slr-1 and arf7arf19
grown as described in a. Light microscopic images approximately 1 cm

from the primary root tips were captured in each plant. Scale bars = 500

lm. c,d Five-day-old seedlings of wild type, slr-1 and arf7arf19 grown

on MS medium were transferred to Pi-controlled medium and then

grown for the indicated number of additional days. Primary root length

of the plants grown under Pi-sufficient conditions (c) or Pi-deficient

conditions (d). e Ten-day-old seedlings of wild type, slr-1 and arf7arf19
grown on MS medium were transferred to Pi-controlled medium and

then grown for another 10 days. Fresh weight of roots and shoots was

measured separately. Values are the mean ± SD (n C 15)
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gas chromatography using myristic acid as an internal

standard, according to Kobayashi et al. (2006).

qRT-PCR analysis

Total RNA was isolated from three independent plant

samples using the SV Total RNA Isolation System (Pro-

mega, Madison, WI) according to the manufacturer’s

instructions. Reverse transcription was performed using the

PrimeScript RT reagent kit (TaKaRa Bio, Otsu, Japan).

cDNA amplification was carried out using SYBR PreMix Ex

Taq (TaKaRa Bio) and 200 nM of gene-specific primers as

described in Table S1, in Li et al. (2006a) for PLDf2, and in

Bari et al. (2006) for IPS1, At4 and Pht1;1. Thermal cycling

consisted of an initial step at 95�C for 10 s, followed by 40

cycles of 5 s at 95�C and 30 s at 60�C. Signal detection and

quantification were performed in duplicate using the Ther-

mal Cycler Dice Real Time System (TaKaRa Bio). The

relative abundance of all transcripts amplified was normal-

ized to the constitutive expression level of UBQ10 (Bari

et al. 2006) according to the method of Pfaffl (2001).

Anthocyanin measurement

Anthocyanin measurements were determined according to

Ticconi et al. (2001). Powdered samples in liquid nitrogen

were homogenized in propanol/HCl/water (18:1:81) and

boiled for 3 min. After centrifugation (25,0009g) for 10

min, the absorbance of the supernatant was measured at

535 and 650 nm. The absorbance corresponding to the

amount of anthocyanins was calculated by A535–A650.

Phosphodiesterase assay

Phosphodiesterase activity in plant tissues was measured

according to Ticconi et al. (2001) with minor modifica-

tions. Samples were powdered in liquid nitrogen using a

pestle and homogenized with an extraction buffer consist-

ing of 100 mM Tris–acetate, 100 mM potassium acetate,

250 mM sodium ascorbate, 2 mM EDTA, 5 mM DTT and

10% (w/v) glycerol (pH 8.0). The enzyme mixture was

prepared by centrifugation (25,0009g) for 5 min at 4�C.

Total protein of the enzyme mixture was quantified by the

method of Bensadoun and Weinstein (1976) with bovine

serum albumin as a standard. Phosphodiesterase activity

was measured using the enzyme mixture corresponding to

10 lg of total protein and 5 mM bis(p-nitrophenyl) phos-

phate as the substrate in the reaction buffer (50 mM acetic

acid, 5 mM MgCl2, adjusted to pH 6.0 with NaOH). After

incubation at 23�C for 10 min, 800 ll of 1.0 M Na2CO3

was mixed with 200 ll of the reaction mixture to terminate

the reaction. The activity was calculated using a molar

Fig. 2 Lipid analysis of wild type and auxin mutants grown under

Pi-controlled conditions. Membrane lipid composition of shoots (a)

and roots (b) grown under Pi-sufficient conditions. Membrane

lipid composition of shoots (c) and roots (d) grown under Pi-

deficient conditions. MGDG, monogalactosyldiacylglycerol; DGDG,

digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG,

phosphatidylglycerol; PE, phosphatidylethanolamine; PI, phosphati-

dylinositol; PC, phosphatidylcholine. SQDG in the root was unde-

tectable in our experimental conditions. Values are the mean ± SD

measured from three biologically independent samples. * P \ 0.05,

** P \ 0.01, *** P \ 0.001 compared with wild type (Student’s

t-test)

536 Plant Mol Biol (2010) 72:533–544

123



extinction coefficient of 18,300 cm2 nmol-1 for p-nitro-

phenol at 405 nm. The assay was performed under condi-

tions of demonstrated linearity with respect to time and

protein amount.

Pi measurement

Pi concentration was analyzed according to Chiou et al.

(2006) with minor modifications. Tissue samples (0.1 g

fresh weight) were homogenized with 250 ll extraction

buffer (10 mM Tris, 1.0 mM EDTA, 100 mM NaCl, and

1.0 mM b-mercaptoethanol, pH 8.0). After centrifugation

(25,0009g) for 10 min, 100 ll of the supernatant was

mixed with 900 ll of 1% glacial acetic acid and then

incubated at 42�C for 30 min. After centrifugation

(25,0009g) for 5 min, 300 ll of the supernatant was mixed

with 700 ll assay solution (0.35% [w/v] NH4MoO4, 0.86 N

H2SO4, 1.4% [w/v] ascorbic acid) and then incubated at

42�C for 30 min. Pi concentration was measured at A820.

Results

Effects of Pi deficiency on root development in slr-1

and arf7arf19

To ascertain whether auxin signaling mediated by IAA14

and ARF7/ARF19 is involved in Pi stress-induced mor-

phological changes, we analyzed the phenotypes of slr-1

and arf7arf19 mutants under Pi-controlled conditions

(Fig. 1). As reported (Fukaki et al. 2002; Okushima et al.

2005; Wilmoth et al. 2005), lateral root formation is

severely limited in slr-1 and arf7arf19 grown under

Pi-sufficient conditions. In these mutants, lateral root for-

mation was also strongly blocked under Pi-deficient con-

ditions (Fig. 1a), showing that the auxin signaling

mediated by IAA14 and ARF7/19 is important for lateral

root formation even when Pi is limiting. These results are

consistent with the report that IAA14 and ARF19 play an

important role in lateral root formation during Pi starvation

(Pérez-Torres et al. 2008). In slr-1, root hair formation was

also severely disrupted under Pi-sufficient conditions

(Fig. 1b). Under Pi-deficient conditions, however, a few

root hairs were observed in slr-1, indicating that Pi star-

vation can partially rescue the defect of root hair formation

in this mutant. We also examined primary root length of

these plants under Pi-controlled conditions (Fig. 1c, d). In

wild type, primary root growth was inhibited by Pi star-

vation, consistent with previous reports (Jain et al. 2007;

López-Bucio et al. 2002). The strong inhibition of primary

root growth by Pi starvation was also observed in slr-1 and

arf7arf19, demonstrating that Pi stress-induced suppression

of primary root growth is still functional or even enhanced

in slr-1 and arf7arf19. In these mutants, fresh weight of the

root was quite low as compared with wild type in both

Pi conditions, probably owing to loss of lateral roots in

these mutants (Fig. 1e). Fresh weight of the shoot was also

lower in slr-1 and arf7arf19 than in wild type under

Pi-sufficient conditions. Under Pi-deficient conditions,

however, fresh weight of the shoot in slr-1 was not

markedly different from that in wild type, indicating that

control of the shoot/root ratio in response to Pi deficiency

may be perturbed in slr-1.

Auxin signaling mediated by IAA14 and ARF7/19

is involved in Pi stress-induced membrane lipid

remodeling

Previously we showed that DGDG accumulation in

Pi-deficient Arabidopsis roots was diminished by the

inhibition of polar auxin transport, suggesting that Pi

stress-induced membrane lipid remodeling in the root

requires auxin signals (Kobayashi et al. 2006). To inves-

tigate auxin signaling pathways involved in membrane

Fig. 3 Expression of glycolipid synthase genes in wild type, slr-1 and

arf7arf19. Relative expression levels of MGD2 (a, b), MGD3 (c, d),

DGD1 (e, f), DGD2 (g, h), SQD1 (i) and SQD2 (j) in the shoots (a, c, e,

g, i, j) and the roots (b, d, f, h) of plants grown under Pi-sufficient

(?Pi) or Pi-deficient (-Pi) conditions. Open, gray and black bars
indicate wild type, slr-1 and arf7arf19, respectively. Gene expression

levels were normalized to wild-type levels under ?Pi conditions.

Values are the mean ± SE measured from three biologically

independent plant samples. * P \ 0.05, ** P \ 0.01, *** P \ 0.001

compared with wild type under -Pi conditions (Student’s t-test)
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lipid remodeling, we analyzed membrane lipid composition

in slr-1, arf7, arf19, and the arf7arf19 double mutant under

Pi-controlled conditions (Fig. 2). Under Pi-sufficient con-

ditions, there were no notable differences in lipid compo-

sition of the shoots between wild type and these auxin

mutants (Fig. 2a). In the root of slr-1, however, a signifi-

cant increase in galactolipids was observed under Pi-suf-

ficient conditions (Fig. 2b). A slight increase in MGDG

was also detected in the root of Pi-deficient slr-1. The slr-1

roots accumulate high levels of chlorophyll (K. Kobayashi,

S. Baba, E.-M. Aro, H. Ohta, H. Fukaki and T. Masuda,

unpublished data), suggesting that photosynthetic mem-

brane biogenesis is activated in slr-1 roots. Given that

MGD1 is the major isoform responsible for photosynthetic

membrane biogenesis (Kobayashi et al. 2007), the increase

in galactolipids in slr-1 roots may be attributed to the

activation of MGD1 pathway during root greening. Under

Pi-deficient conditions, the amount of DGDG dramatically

increased in wild-type shoots and roots as reported (Härtel

et al. 2000). Under these conditions, the proportion of

SQDG, which was undetectable in the root of any plants in

our experimental conditions, also increased in wild-type

shoots as shown by Essigmann et al. (1998). In Pi-deficient

arf7arf19, however, the proportion of DGDG was signifi-

cantly reduced by 15% in the shoot and by 29% in the root

as compared with wild type (Fig. 2c, d). The amount of

SQDG was also reduced by 21% in the shoot of Pi-deficient

arf7arf19 (Fig. 2c). The reduced accumulation of DGDG

was more pronounced in Pi-deficient slr-1; the amount of

DGDG was reduced by 24% in the shoot and by 37% in the

root as compared with wild type (Fig. 2c, d). The propor-

tion of SQDG in the shoot was substantially reduced by

60% in Pi-deficient slr-1 as compared with wild type

(Fig. 2c). In slr-1, the proportion of SQDG in the shoot

under Pi-deficient conditions was almost equivalent to that

under Pi-sufficient conditions, showing that Pi starvation-

induced SQDG accumulation was severely impaired in slr-

1 (Fig. 2c). These results suggest that auxin signaling

mediated by IAA14 and ARF7/19 is one of the key regu-

latory systems involved in membrane lipid remodeling

during Pi starvation. In arf7 and arf19, no significant

reduction in the accumulation of DGDG or SQDG was

observed during Pi starvation, indicating that ARF7 and

ARF19 function redundantly (Fig. 2c, d).

Pi stress-dependent upregulation of glycolipid synthase

genes is reduced in slr-1 and arf7arf19

Our lipid analysis implicated the involvement of IAA14 and

ARF7/19 in membrane lipid remodeling during Pi starva-

tion. To assess whether these factors are involved in the

activation of glycolipid synthesis genes during Pi starva-

tion, we examined the expression of Pi stress-inducible

genes—MGD2, MGD3, DGD1, DGD2, SQD1 and SQD2—

using real-time quantitative reverse transcription (qRT)-

PCR analysis in slr-1 and arf7arf19 (Fig. 3). Consistent

with previous reports on wild-type plant expression of the

genes MGD2, MGD3 (Awai et al. 2001; Kobayashi et al.

2004), DGD1, DGD2 (Kelly et al. 2003), SQD1 (Essigmann

et al. 1998) and SQD2 (Yu et al. 2002), these genes were

highly upregulated in response to Pi deficiency. Although

induction of these genes by Pi starvation was also observed

in slr-1 and arf7arf19, the increased levels were generally

lower than those in wild type. In slr-1, the MGD2 transcript

level during Pi deficiency was 59% lower in the shoot and

80% lower in the root as compared with wild type (Fig. 3a,

b). Reduced upregulation of MGD2 expression was also

observed in Pi-deficient arf7arf19. Similar results were

obtained for MGD3 expression in these mutants (Fig. 3c, d).

Pi stress-induced upregulation of DGD1 and DGD2 was

also lower in the roots of slr-1 and arf7arf19 (Fig. 3f, h);

however, in the shoots of these mutants, the expression of

these genes during Pi starvation was comparable to that in

wild-type shoots (Fig. 3e, g). We also analyzed SQD1 and

SQD2 transcript levels in the shoots of slr-1 and arf7arf19

(Fig. 3i, j). Under Pi-sufficient conditions, there was no

considerable difference in expression of SQD1 or SQD2

between wild type and the auxin mutants. Under Pi-defi-

cient conditions, however, the SQD1 transcript level in the

shoot was reduced by 65% in slr-1 and by 46% in arf7arf19

as compared with wild type (Fig. 3i). In slr-1, Pi stress-

induced upregulation of SQD2 was also significantly lower

than that in wild type (Fig. 3j).

Pi stress-dependent upregulation of phospholipase

genes is reduced in slr-1 and arf7arf19

Arabidopsis phospholipases NPC4 (Nakamura et al. 2005),

NPC5 (Gaude et al. 2008) and PLDf2 (Cruz-Ramı́rez et al.

2006; Li et al. 2006a, b) are induced by Pi starvation and

are involved in Pi stress-dependent phospholipid degrada-

tion. To address the involvement of auxin signaling in the

regulation of these phospholipase genes, we examined

expression levels of NPC4, NPC5 and PLDf2 in wild type,

slr-1 and arf7arf19 (Fig. 4). Under Pi-sufficient conditions,

only low expression levels of the phospholipase genes were

observed in wild type and auxin mutants. In wild type, the

expression of these genes strongly increased in both shoots

and roots under Pi-deficient conditions, in agreement with

previous reports (Cruz-Ramı́rez et al. 2006; Gaude et al.

2008; Li et al. 2006a, b; Nakamura et al. 2005). In slr-1,

however, transcript levels of NPC4, NPC5 and PLDf2

during Pi starvation were significantly reduced by 70, 76

and 47% in the shoot and by 73, 83 and 72% in the root,

respectively, as compared with wild type. Reduced induc-

tion of these genes during Pi starvation was also observed
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in arf7arf19 although the reduction was more moderate and

less significant than in slr-1. These results show that the

mutations in slr-1 and arf7arf19 negatively affect Pi stress-

dependent induction of phospholipase genes as well as

glycolipid synthesis genes.

Involvement of IAA14 and ARF7/19 in transcription

of other Pi stress-responsive genes

To address whether the mutations in slr-1 and arf7arf19

affect the transcription of other Pi starvation-responsive

genes, expression of IPS1 and At4, which are non-protein-

coding genes that are strongly and specifically induced by Pi

starvation (Bari et al. 2006; Martı́n et al. 2000; Rubio et al.

2001), was analyzed in slr-1 and arf7arf19 (Fig. 5a–d).

Although only very low IPS1 and At4 expression occurred in

wild type in both shoots and roots under Pi-sufficient con-

ditions, their expression dramatically increased in response

to Pi deficiency. In slr-1, however, induction of IPS1

expression by Pi starvation was lower; the IPS1 transcript

level during Pi starvation was reduced by 75% in the shoot

and by 69% in the root as compared with wild type (Fig. 5a,

b). In arf7arf19, IPS1 induction in response to Pi deficiency

was also significantly reduced in the shoot, although the

reduction was more moderate than that in slr-1. Unlike IPS1,

the At4 transcript levels in the shoot of slr-1 and arf7arf19

were not statistically different from that in wild type, even

under Pi-starved conditions (Fig. 5c), suggesting that

IAA14 and ARF7/19 have little effect on At4 expression. We

also investigated the effects of the mutations in slr-1 and

arf7arf19 on the expression of a Pi transporter gene Pht1;1

(Fig. 5e, f), which has a significant role in phosphate

acquisition from both low- and high-Pi environments (Shin

et al. 2004). As reported (Bari et al. 2006; Karthikeyan et al.

2002; Mudge et al. 2002; Shin et al. 2004), in wild-type

plants the transcription of Pht1;1 was strongly upregulated

both in shoots and roots under Pi-deficient conditions. In the

shoots of slr-1 and arf7arf19, the expression of Pht1;1 also

increased to a level similar to that of wild type in response to

Pi deficiency. In the root of slr-1, however, Pi stress-induced

upregulation of Pht1;1 was strongly reduced as compared

with wild type (Fig. 5f). The different expression patterns

among IPS1, At4 and Pht1;1 in these mutants may reflect the

presence of multiple signaling pathways for Pi starvation

responses of these genes, at least in shoots.

slr-1 and arf7arf19 show normal anthocyanin

accumulation and phosphodiesterase activation

in response to Pi starvation despite excessive Pi

accumulation

To assess whether impairment of auxin signaling in slr-1

and arf7arf19 affects other typical Pi stress-dependent

responses, we examined phosphodiesterase activity in wild

type and in the auxin mutants under Pi-controlled condi-

tions (Fig. 6a). In wild type, phosphodiesterase activity

increased in response to Pi starvation in the shoot, con-

sistent with a previous study (Ticconi et al. 2001). In the

Fig. 4 Expression of phospholipase genes in wild type, slr-1 and

arf7arf19. Relative expression levels of NPC4 (a, b), NPC5 (c, d) and

PLDf2 (e, f) in the shoots (a, c, e) and the roots (b, d, f) of plants grown

under Pi-sufficient (?Pi) or Pi-deficient (-Pi) conditions. Open, gray
and black bars indicate wild type, slr-1 and arf7arf19, respectively.

Gene expression levels were normalized to wild-type levels under ?Pi

conditions. Values are the mean ± SE measured from three biologically

independent plant samples. * P \ 0.05, ** P \ 0.01, *** P \ 0.001

compared with wild type under -Pi conditions (Student’s t-test)

Fig. 5 Expression of Pi starvation-responsive genes in wild type, slr-
1 and arf7arf19. Relative expression levels of IPS1 (a, b), At4 (c, d),

Pht1;1 (e, f) in the shoots (a, c, e) and the roots (b, d, f) of plants grown

under Pi-sufficient (?Pi) or Pi-deficient (-Pi) conditions. Open, gray
and black bars indicate wild type, slr-1 and arf7arf19, respectively.

Gene expression levels were normalized to wild-type levels under ?Pi

conditions. Values are the mean ± SE measured from three

biologically independent plant samples. * P \ 0.05, ** P \ 0.01

compared with wild type under -Pi conditions (Student’s t-test)
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shoots of slr-1 and arf7arf19, phosphodiesterase activity

increased to a level similar to that of wild type in response

to Pi deficiency. The phosphodiesterase activity in the root

of these mutants was also not statistically different from

that of wild type under either Pi condition (Fig. 6a). The

data suggest that the mutations in slr-1 and arf7arf19 have

no substantial effect on upregulation of phosphodiesterase

activity in response to Pi deficiency.

Because anthocyanin accumulation is also a typical

response to Pi starvation (Ticconi and Abel 2004), we

measured anthocyanin content in the shoot of wild type and

in the auxin mutants under Pi-controlled conditions.

Results showed that Pi stress-induced accumulation of high

levels of anthocyanin was observed not only in wild type

but also in slr-1 and arf7arf19 (Fig. 6b), indicating that

mutations in slr-1 and arf7arf19 do not inhibit anthocyanin

accumulation during Pi starvation. Taken together, these

results suggest that auxin signaling mediated by IAA14 and

ARF7/19 has no essential role in the activation of phos-

phodiesterase or anthocyanin accumulation during Pi star-

vation. To ascertain whether the mutations in slr-1 and

arf7arf19 affect internal Pi status, we examined free Pi

content in shoots and roots (Fig. 6c). Under Pi-sufficient

conditions, Pi content in slr-1 roots was significantly higher

than in wild type and arf7arf19. In the shoot, however, a

slight reduction of Pi content was detected in both slr-1 and

arf7arf19 under Pi-sufficient conditions. Under Pi-deficient

conditions, notable differences in free Pi content were

observed between wild type and the auxin mutants. In wild

type, the amount of free Pi was substantially reduced

during Pi starvation. In slr-1 and arf7arf19, however, the

reduction in free Pi during Pi starvation was attenuated in

both the shoot and the root. In slr-1, particularly, Pi content

in the shoot and root increased 5.4-fold and 2.7-fold,

respectively, relative to wild type. Because we used med-

ium without any Pi for Pi-deficient conditions in these

experiments, it is unlikely that the increase in free Pi

content in these mutants was caused by enhanced uptake of

Pi from the medium. Our data thus suggest that internal Pi

homeostasis during Pi starvation is altered in slr-1 and

arf7arf19.

Auxin signaling mediated by IAA14 and ARF7/19

indirectly regulates expression of MGD3 and IPS1

during Pi starvation

The core sequence of auxin response elements (AuxREs),

to which ARFs specifically bind, is TGTCTC (along with

its variations, TGTCAC, TGTCCC and TGTCGC) in

the auxin-responsive promoters of primary/early genes

(Ulmasov et al. 1995, 1997). We looked for the core

AuxRE sequences (TGTCnC), including the inverted ver-

sion (GnGACA), in the promoter regions (1,000 bp

upstream from the transcription start site) of the Pi stress-

inducible genes analyzed here. MGD2, NPC4 and IPS1,

whose expression in slr-1 was lower as compared with wild

type under Pi-deficient conditions (Fig. 3a, b, 4a, b, 5a, b),

did not have core AuxRE sequences in their promoters

(data not shown), whereas these sequences were found in

the promoters of all the other genes analyzed here.

To check whether auxin signaling regulates expression of

Pi starvation-responsive genes directly, we used the

pIAA14::mIAA14-GR line described in Fukaki et al. (2005).

In this transgenic line, dexamethasone (DEX) treatment

induces the accumulation of a stable mIAA14 protein

resistant to auxin-mediated degradation, resulting in the

inhibition of ARF-mediated auxin signaling. Ten-day-old

pIAA14::mIAA14-GR seedlings were transferred to Pi-con-

trolled medium with or without DEX. After incubation on

DEX-containing medium for 12 h, the expression of MGD3

and IPS1 was analyzed in the root by qRT-PCR (Fig. 7a, b)

Fig. 6 Phosphodiesterase activity, anthocyanin content and free Pi

concentration in wild type, slr-1 and arf7arf19. a Phosphodiesterase

activity in shoots and roots under Pi-sufficient (?Pi) or Pi-deficient

(-Pi) conditions. Production of p-nitrophenol from bis(p-nitrophenyl)

phosphate was used to determine phosphodiesterase activity. There is

no statistically significant difference between wild type and the

mutants. Anthocyanin content (b) was measured in shoots and free Pi

concentration (c) was measured in shoots and roots of plants grown

under ?Pi or -Pi conditions. In a–c, open, gray and black bars
indicate wild type, slr-1 and arf7arf19, respectively. Values are the

mean ± SD measured from three biologically independent samples.

* P \ 0.05, ** P \ 0.01, *** P \ 0.001 compared with wild type

under -Pi conditions (Student’s t-test)
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because their expression during Pi starvation was substan-

tially reduced in slr-1 relative to wild type. Transient

induction of the stabilized mIAA14 protein by DEX treat-

ment under Pi-deficient conditions did not suppress Pi

starvation-induced expression of MGD3 and IPS1 within 12

h, suggesting that auxin signaling mediated by IAA14 and

ARF7/19 does not directly regulate the expression of these

genes. Although IPS1 expression in DEX-treated plants was

significantly higher than that in the untreated control under

Pi-deficient conditions, the mechanism is currently unclear.

Discussion

We previously showed that auxin transport from the shoot

to the root is essential not only for the transcriptional

activation of MGD2 and MGD3 but also for DGDG

accumulation during Pi starvation (Kobayashi et al. 2006).

Here we show that Pi stress-dependent accumulation of

DGDG is considerably reduced both in the shoot and the

root of slr-1 and arf7arf19 (Fig. 2c, d), demonstrating that

auxin signaling mediated by IAA14 and ARF7/19 affects

DGDG accumulation during Pi starvation. Moreover, Pi

stress-dependent upregulation of the galactolipid synthase

genes MGD2, MGD3, DGD1 and DGD2 was reduced in

the root of slr-1 and arf7arf19 (Fig. 3b, d, f, h). In the

shoot, however, induction of DGD1 or DGD2 expression

by Pi starvation was not reduced in these mutants, whereas

the upregulation of MGD2 and MGD3 expression was

weakened (Fig. 3a, c, e, g). Pi stress-induced expression of

DGD1 and DGD2 may be less dependent on auxin sig-

naling mediated by IAA14 and ARF7/19 in the shoot. In

slr-1 and arf7arf19, although morphological defects were

mainly observed in the root systems (Fig. 1), inhibition of

DGDG accumulation was detected not only in the root but

also in the shoot under Pi-deficient conditions (Fig. 2c, d).

Moreover, reduced induction of the SQDG synthase genes

during Pi starvation was observed in the shoot of these

mutants (Fig. 3i, j), where a reduction in SQDG accumu-

lation occurred (Fig. 2c). Our data show that auxin signal-

ing is important both in the shoot and in the root to induce

glycolipid biosynthesis during Pi starvation. In addition to

the glycolipid synthase genes, the mutations in slr-1 and

arf7arf19 affected the Pi stress-dependent gene expression

of the phospholipases NPC4, NPC5 and PLDf2 (Fig. 4),

which supply substrates for glycolipid synthases by cata-

lyzing phospholipid degradation under low-Pi conditions

(Cruz-Ramı́rez et al. 2006; Gaude et al. 2008; Li et al.

2006a, b; Nakamura et al. 2005). Impaired phospholipid

degradation might also contribute to the reduction of Pi

stress-induced accumulation of glycolipids in slr-1 and

arf7arf19. The slr-1 mutant showed more severe defects in

membrane lipid remodeling than arf7arf19 during Pi star-

vation. Moreover, at least in the genes analyzed here, the

slr-1 mutation had more pronounced effects on Pi stress-

dependent gene expression than the arf7arf19 mutations.

These data indicate that other ARFs controlled by IAA14

may also affect the regulation of membrane lipid remod-

eling and other responses to Pi starvation.

In slr-1, Pi stress-dependent upregulation of IPS1 and

Pht1;1 was mitigated in the roots, whereas the induction of

Pht1;1 and At4 was not significantly reduced in the shoots

(Fig. 5). These results suggest that although IAA14 and

ARF7/19 are not involved in every aspect of transcriptional

regulation of Pi stress-responsive genes, these factors have a

broad impact on gene expression involved in low-Pi

responses. Pi stress-dependent expression of IPS1 and At4 is

under the control of a MYB transcription factor, PHR1

(Rubio et al. 2001), which is post-translationally regulated

by SIZ1-mediated sumoylation (Miura et al. 2005). The

reduction in Pi stress-induced IPS1 expression in slr-1 and

arf7arf19 suggests that PHR1 may have been inactivated in

these auxin mutants during Pi starvation. The expression of

At4, another PHR1-regulated gene, was not, however, sig-

nificantly affected, particularly in the shoots of these

mutants. Furthermore, Pi stress-induced anthocyanin accu-

mulation, which is also controlled by PHR1 (Rubio et al.

2001), was not reduced, even increased in slr-1 and

arf7arf19 (Fig. 6b). Taken together, these results suggest

that the reduction in Pi stress-dependent gene expression in

these auxin mutants was not caused by inactivation of PHR1.

Furthermore, Gaude et al. (2008) reported that PHR1 is not a

major regulator involved in membrane lipid remodeling

during Pi starvation.

A recent study in Arabidopsis by Lai et al. (2007) pro-

posed that cell-cycle activity under low-Pi conditions

determines the magnitude of Pi-starvation responses by

altering Pi demand in growing organs. They showed that

treatments that diminish root cell proliferation repress

transcriptional activity of MGD3 during Pi starvation. In

the root of slr-1, cell divisions of pericycle cells are

Fig. 7 Expression analysis using the dexamethasone (DEX)-medi-

ated induction system of the stabilized mIAA14 protein. Relative

expression levels of MGD3 (a) and IPS1 (b) in the roots of

pIAA14::mIAA14-GR seedlings grown for 12 h with (?) or without

(-) DEX were analyzed under Pi-sufficient (?Pi) or Pi-deficient

(-Pi) conditions. Values are the mean ± SE measured from three

biologically independent samples. * Significant difference from the

-DEX control grown under -Pi conditions (P \ 0.05, Student’s t-test)
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strongly impaired, resulting in the complete elimination of

lateral root initiation (Fukaki et al. 2002; Vanneste et al.

2005). A similar defective phenotype was observed in the

root of arf7arf19 (Okushima et al. 2005, 2007). These data

suggest that auxin signaling mediated by IAA14 and

ARF7/19 affects the expression of Pi stress-inducible genes

by regulating cell-cycle activity in the root. However, an

inhibition of membrane lipid remodeling as well as a

reduction in the expression of genes involved in the

remodeling system was observed even in the shoot of

Pi-deficient slr-1 (Figs. 2–4), in which no obvious differ-

ence in fresh weight and tissue development was observed

as compared with Pi-deficient wild type (Fig. 1a, e). These

results suggest that auxin signaling mediated by IAA14 and

ARF7/19 may regulate certain phosphate starvation

responses independently of cell-cycle activity, at least in

the shoot.

In slr-1 and arf7arf19, accumulation of high levels of

free Pi was observed in both shoots and roots, even under

Pi-deficient conditions (Fig. 6c). Excessive Pi accumulation

under low-Pi conditions also occurs in growth-inhibited

roots treated with cytokinin, high nitrogen, or a non-

metabolizable glucose analog, 3-O-methyl glucose, sug-

gesting that reduced Pi demand in the growth-inhibited

roots causes the increase in free Pi pools during Pi starva-

tion (Lai et al. 2007). The accumulation of large amounts of

free Pi in slr-1 and arf7arf19, in which auxin-dependent

organ development is strongly arrested, might be explained

by reduced Pi demand in growing tissues during Pi starva-

tion. However, because the excess Pi accumulation was also

observed in the shoot of slr-1, in which no severe growth

defects were observed relative to wild type during Pi star-

vation (Fig. 1e), we cannot presently exclude the possibility

that IAA14 and ARF7/ARF19 are involved in the regulation

of free Pi metabolism during Pi starvation by a signaling

cascade. Indeed, Pi stress-induced expression of IPS1,

which is involved in the regulation of Pi homeostasis via the

miR399 and PHO2 signaling pathways (Franco-Zorrilla

et al. 2007), was reduced in slr-1 and arf7arf19 (Fig. 5a, b).

Auxin signaling mediated by IAA14 and ARF7/19 may

affect Pi homeostasis by altering the IPS1 expression level

during Pi starvation. Wang et al. (2006) proposed that

excessive Pi accumulation after cytokinin treatment is one

of the mechanisms for a global reduction in Pi-starvation

signaling in rice (Oryza sativa). It is possible that high Pi

accumulation in slr-1 and arf7arf19 during Pi starvation

affects the gene expression involved in low-Pi responses

such as membrane lipid remodeling. Anthocyanin accu-

mulation and an increase in phosphodiesterase activity were

not, however, diminished in the shoots of these mutants,

despite the increase in free Pi content in the tissues (Fig. 6).

Moreover, in the shoots of these mutants, the increase in

free Pi concentration did not repress the expression of

DGD1, DGD2, At4, or Pht1;1 during Pi starvation (Figs. 3e,

g, 5c, e), indicating that the increase in free Pi content is

independent of the Pi starvation responsiveness in slr-1 and

arf7arf19, at least in the shoot.

The analysis using the DEX-mediated induction system

of the stabilized mIAA14 protein showed an indirect

involvement of auxin signaling by IAA14 and ARF7/19 in

the upregulation of MGD3 and IPS1 expression during

Pi starvation (Fig. 7). These data are consistent with the fact

that core AuxRE sequences are not fully conserved in the

promoter regions of the Pi stress-inducible genes analyzed

here (data not shown). Together with recent studies of auxin

signaling pathways (Guilfoyle and Hagen 2007), our data

suggest a possible regulatory mechanism for Pi stress-

induced membrane lipid remodeling. First, auxin trans-

ported from production sites or storage pools induces the

degradation of IAA14 protein via SCFTIR1-mediated ubiq-

uitination. Recent studies reported that an increased

expression of TIR1 in response to Pi starvation accelerates

the degradation of AUX/IAA proteins (Pérez-Torres et al.

2008), supporting this idea. Then, as ARF7 and ARF19 are

released from IAA14 inhibition, they can modify the

cell-cycle activities and other cellular responses, which

may lead to the indirect induction of gene expression

involved in membrane lipid remodeling under Pi-deficient

conditions.

We also evaluated the involvement of IAA14 and

ARF7/19 in Pi stress-dependent changes in root morphol-

ogy (Fig. 1). Auxin signaling mediated by IAA14 and

ARF7/19 was not necessary for primary root inhibition by

Pi starvation but was required for lateral root formation. A

similar phenotype was observed in the iaa28-1 mutant,

which has a gain-of-function mutation in IAA28 (López-

Bucio et al. 2002), indicating that IAA14 and IAA28 may

have redundant roles in root development. The involve-

ment of auxin signaling in lateral root growth during Pi

starvation has been proposed in Arabidopsis (Jain et al.

2007; López-Bucio et al. 2002; Nacry et al. 2005). These

studies have shown that Pi deficiency increases auxin

sensitivity in the root, which then promotes lateral root

growth. It has been demonstrated that auxin sensitivity in

the root is enhanced by the elevated expression of TIR1,

which increases the degradation of AUX/IAA and the

transcriptional activities of ARFs (Pérez-Torres et al.

2008). By contrast, auxin signaling mediated by IAA14 and

ARF7/19 was not necessary for the inhibition of primary

root growth caused by Pi starvation (Fig. 1c, d). Localized

Pi deficiency triggers the progressive loss of meristematic

cells in the primary root, thereby causing determinate

growth (Sánchez-Calderón et al. 2005). Our results suggest

that auxin signaling mediated by IAA14 and ARF7/19 has

no important role in the shift to determinate growth of the

primary root during Pi starvation, consistent with the report
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by Jain et al. (2007) that auxin is unlikely to be involved in

determinate growth of the primary root exposed to local-

ized Pi deficiency.
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Härtel H, Dörmann P, Benning C (2000) DGD1-independent

biosynthesis of extraplastidic galactolipids after phosphate

deprivation in Arabidopsis. Proc Natl Acad Sci USA 97:

10649–10654. doi:10.1073/pnas.180320497

Holford ICR (1997) Soil phosphorus: its measurements and its uptake

by plants. Aust J Soil Res 35:227–239
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López-Bucio J, Hernández-Abreu E, Sánchez-Calderón L, Nieto-

Jacobo MF, Simpson J, Herrera-Estrella L (2002) Phosphate

availability alters architecture and causes changes in hormone

sensitivity in the Arabidopsis root system. Plant Physiol 129:

244–256. doi:10.1104/pp.010934
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