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1

Contrasting growth responses in lamina and petiole during neighbor detection

2

depend on differential auxin responsiveness rather than different auxin levels

3
4

SUMMARY

5
6

•

Foliar shade triggers rapid growth of specific structures that facilitate access

7

of the plant to direct sunlight. In leaves of many plant species this growth

8

response is complex because while shade triggers elongation of petioles it

9

reduces growth of the lamina. How the same external cue leads to these

10
11

contrasting growth responses in different parts of the leaf is not understood.
•

Using mutant analysis, pharmacological treatment and gene expression

12

analyses we investigated the role of PHYTOCHROME INTERACTING

13

FACTOR (PIF)7 and the growth promoting hormone auxin in these

14

contrasting leaf growth responses.

15

•

Both petiole elongation and lamina growth reduction depend on PIF7.

16

Induction of auxin production is both necessary and sufficient to induce

17

opposite growth responses in petioles versus lamina. However, these

18

contrasting growth responses are not due to different auxin concentrations in

19

both leaf parts.

20

•

Our work suggests that a transient rise in auxin levels triggers tissue-specific

21

growth responses in different leaf parts. We provide evidence suggesting

22

that this may be due to different sensitivity to auxin in the petiole versus the

23

blade and to tissue-specific gene expression.

24
25

Keywords: neighbor detection, shade avoidance response, auxin, PIF, leaf

26

growth, XTH

27
28
29

INTRODUCTION

30
31

The shade avoidance response is employed by plants upon perception of

32

surrounding competitors in order to avoid future shade and thus maintain access to

33

unfiltered sunlight. In Arabidopsis (Arabidopsis thaliana), this growth response

34

consists of hypocotyl elongation in seedlings and of elevation (hyponasty) and
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35

elongation of leaf petioles in older plants, which places the light capturing tissues in a

36

higher position in anticipation of shade (Franklin, 2008; Casal, 2012). On the other

37

hand, the growth rate of cotyledons and leaf lamina can decline upon neighbor

38

detection (McLaren & Smith, 1978; Nagatani et al., 1991; Kozuka et al., 2010).

39

Perception of a shade signal consequently leads to contrasting growth responses in

40

different parts of the leaf.

41
42

Proximate neighbors are sensed through changes in light quality, mainly through a

43

reduction in the ratio between red (R, 660-670 nm) and far-red (FR, 725-735 nm)

44

light (Morgan & Smith, 1978; Morgan et al., 1980; Ballaré et al., 1990; Franklin, 2008;

45

Casal, 2012). This decreased R:FR originates from absorption of R but reflection of

46

FR by green plant tissues, and is therefore specifically signaling the presence of

47

nearby plants. The R:FR is perceived through the phytochrome photoreceptors

48

(phyA-E in Arabidopsis), of which phyB plays a predominant role in shade avoidance

49

(McLaren & Smith, 1978; Nagatani et al., 1991; Franklin et al., 2003; Kozuka et al.,

50

2010). The active, FR-absorbing conformer (Pfr) of phytochrome translocates to the

51

nucleus (Sakamoto & Nagatani, 1996) where it interacts with a class of growth-

52

promoting basic helix-loop-helix transcription factors called PHYTOCHROME

53

INTERACTING FACTORs (PIFs), resulting in the phosphorylation and degradation

54

or inactivation of these PIFs (Duek & Fankhauser, 2005; Li et al., 2012; Jeong &

55

Choi, 2013; Leivar & Monte, 2014). Upon an increase in FR phytochrome shifts to

56

the inactive, R-absorbing conformation state (Holmes & Smith, 1975; Smith &

57

Holmes, 1977). The inactivation of phyB in low R:FR thus relieves the repression of

58

the PIFs, which leads to their accumulation and subsequent binding to the G-box and

59

PIF-binding E-box motifs of the promoters of shade-responsive genes (Hornitschek

60

et al., 2009; 2012; Li et al., 2012; Oh et al., 2012; Zhang et al., 2013). PIF4, PIF5 and

61

PIF7 play important roles in the shade avoidance response (Lorrain et al., 2008; Li et

62

al., 2012), with moderate contributions of PIF1 and PIF3 (Leivar et al., 2012). The

63

PIF-mediated transcriptional response to low R:FR leads to the induction of growth-

64

related genes and eventually to the architectural changes that make up the shade

65

avoidance phenotype. Transcripts encoding cell wall-modifying proteins are amongst

66

the direct PIF targets (Hornitschek et al., 2009; Oh et al., 2009; Hornitschek et al.,

67

2012;

68

ENDOTRANSGLUCOSYLASE/HYDROLASES (XTHs) show increased transcription

69

and activity during shade (Hornitschek et al., 2009; Sasidharan et al., 2010). XTHs

70

can cut and ligate xyloglucan chains and play a role in cell wall rigidity (Rose et al.,

71

2002; Cosgrove, 2005). The xth15 and xth17 mutants have an inhibited petiole

Oh

et

al.,

2012).

Of

these,

the

XYLOGLUCAN
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72

elongation response in low R:FR, indicating their importance for the shade avoidance

73

response (Sasidharan et al., 2010).

74
75

Neighbor-induced growth responses are largely mediated by a suite of hormones, of

76

which auxin has emerged as a major player (Gommers et al., 2013; Casal, 2013; de

77

Wit et al., 2013). Auxin is perceived in the nucleus through a set of F-box

78

TRANSPORT INHIBITOR RESPONSE/AUXIN SIGNALING F-BOX (TIR/AFB)

79

receptors (Dharmasiri et al., 2005). Auxin binding to a TIR/AFB receptor leads to

80

degradation of AUX/IAA repressor proteins, which relieves their repression of AUXIN

81

RESPONSE FACTOR (ARF) transcription factors (Guilfoyle & Hagen, 2007).

82
83

In low R:FR, auxin levels increase after 1h in wild-type Arabidopsis seedlings. This

84

depends

85

AMINOTRANSFERASE OF ARABIDOPSIS (TAA)1, as the sav3/taa1 mutant fails to

86

raise the auxin concentration in low R:FR (Tao et al., 2008). The rate-limiting step in

87

this

88

monooxygenases called YUCCAs (Zhao et al., 2001; Mashiguchi et al., 2011; Won et

89

al., 2011). Interestingly, PIF4, PIF5 and PIF7 were shown to directly bind the

90

promoters of YUCCA (YUC) 8 and YUC9 (Hornitschek et al., 2012; Li et al., 2012),

91

which revealed a direct link between phytochrome signaling and auxin biosynthesis.

92

Correspondingly, auxin concentrations remain at basal levels in seedlings of the

93

pif4pif5 and pif7 mutants after exposure to low R:FR (Hornitschek et al., 2012; Li et

94

al., 2012). The transcriptomes of the pif4pif5 and the pif7 mutants consequently show

95

miss-regulation of many auxin-related genes in response to low R:FR (Hornitschek et

96

al., 2012; Li et al., 2012). The sav3/taa1 mutant shows impaired hypocotyl elongation

97

and leaf hyponasty, and altered leaf growth responses in low R:FR (Tao et al., 2008;

98

Moreno et al., 2009), indicating that elevated auxin levels are required for the low

99

R:FR-induced growth responses. In Arabidopsis and Brassica rapa seedlings auxin

100

is mainly synthesized in the cotyledons and subsequently transported towards the

101

hypocotyl during low R:FR treatment (Tao et al., 2008; Procko et al., 2014).

102

Consistently, impaired polar auxin transport through application of the auxin transport

103

inhibitor naphthylphtalamic acid (NPA) or mutation of the auxin export protein

104

PINFORMED (PIN) 3 in the pin3-3 mutant abolishes hypocotyl elongation in low

105

R:FR (Steindler et al., 1999; Tao et al., 2008; Keuskamp et al., 2010). NPA also

106

inhibits petiole elongation in low R:FR, indicating that auxin transport is also required

107

for shade avoidance in leaves (Pierik et al., 2009). Apart from increasing auxin levels

108

and flow towards expanding tissues auxin signaling is directly targeted in low R:FR,

auxin

on

de

novo

biosynthesis

auxin

pathway

synthesis

is

catalyzed

through

by

the

TRYPTOPHAN

flavin-containing
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109

as PIF4 and PIF5 were found to bind to the promoters of IAA19 and IAA29

110

(Hornitschek et al., 2012). This is however not straightforward to interpret, as there is

111

high redundancy and negative feedback in the auxin pathway. Plants with altered PIF

112

levels show different sensitivity to exogenous auxin and it has been predicted that

113

auxin sensitivity may be regulated in shade to make the tissue more receptive to

114

auxin, especially in the case of low resource availability (Nozue et al., 2011; Hersch

115

et al., 2014). We currently have poor understanding how regulation of auxin

116

sensitivity is achieved and it may be fine-tuned at various levels (Pierre-Jerome et

117

al., 2013; Bargmann & Estelle, 2014). For shade it has been suggested that the

118

AFB1 receptor might play a role in this, as its gene expression is induced in

119

hypocotyls of shade-treated seedlings (Hersch et al., 2014).

120
121

Most shade avoidance studies have focused on hypocotyl and petiole elongation, but

122

whether auxin also plays a role in the reduction of lamina size in low R:FR is

123

currently not known. In leaf primordia, neighbor detection leads to rapid reduction of

124

cell division due to auxin-dependent degradation of cytokinin (Carabelli et al., 2007).

125

However, shade also induces lamina growth reduction in older leaves when cell

126

proliferation is largely arrested (Donnelly et al., 1999; Andriankaja et al., 2012), and

127

is thus likely to affect cell expansion as well. In end-of-day far-red, a treatment that

128

evokes a shade avoidance-like phenotype, a large amount of auxin-responsive

129

genes are induced in both petioles and lamina (Kozuka et al., 2010). Furthermore, it

130

has been shown that an increase of auxin levels by application of auxin or NPA

131

(thereby increasing endogenous levels) resulted in inhibited leaf growth in

132

Arabidopsis and common bean (Phaseolus vulgaris) (Keller et al., 2004). It therefore

133

seems plausible that low R:FR-induced auxin biosynthesis could play a role both in

134

growth promotion in the petiole and in growth reduction in the lamina. The effects

135

that auxin generates in a cell are dependent on cellular context and developmental

136

age (Kieffer et al., 2010). Furthermore, active auxin transport through export carriers

137

leads to gradient formation and different concentrations across tissues and organs

138

(Zazimalova et al., 2010). Auxin responses are known to be concentration-dependent

139

and can follow an optimum curve as is the case for root elongation which is promoted

140

at low auxin levels, but inhibited at higher auxin levels (e.g. Wilson & Wilson, 1991;

141

Evans et al., 1994). A similar optimum curve has been hypothesized to exist for PIF-

142

dependent hypocotyl elongation in response to auxin (Nozue et al., 2011). Organ-

143

specific auxin responses may thus be due to different auxin levels, a difference in

144

auxin sensitivity or a combination of both.

145
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146

Here, we investigate the contrasting growth responses of the shade avoidance leaf

147

phenotype in Arabidopsis. Our data suggests that both petiole elongation and lamina

148

size reduction in low R:FR are an effect of PIF7-dependent auxin production in the

149

lamina. However, we find that overall auxin levels are not significantly different

150

between petiole and lamina, neither in control light nor after low R:FR induction. The

151

contrasting growth responses of petiole and lamina thus rather appear to be due to

152

different auxin responsiveness. Although abundance of the AFB1 receptor is

153

specifically upregulated in petioles in low R:FR, a functional role for this only became

154

apparent in absence of auxin biosynthesis. Enhanced auxin sensitivity through

155

receptor regulation may therefore be mainly important in limiting conditions. We

156

hypothesize that PIF7 regulates tissue-specific growth-related genes both dependent

157

and independent of auxin.

158
159
160

MATERIAL AND METHODS

161
162

Plant growth, treatments and measurements

163

All mutant lines are in the Col-0 background: hfr1-101 (Fankhauser & Chory, 2000),

164

sav3-2 (Tao et al., 2008), tir1afb mutants and 35S::AFB1-Myc (Dharmasiri et al.,

165

2005), msg2-1 (Tatematsu et al., 2004), iaa5iaa6iaa19 (Overvoorde et al., 2005).

166

The pif4pif5pif7 mutant was obtained by crossing pif7-1 (Leivar et al., 2008) with pif4-

167

101pif5 (pil6-1) (Lorrain et al., 2008). Seeds were sown on soil and stratified for three

168

days at 4°C in the dark. Plants were grown in a 16h light / 8h dark photoperiod of 220

169

µM m2 s-1 at 20°C and 70% RH. After 14d plants were divided over two Percival

170

Scientific Model I-66L incubators and acclimatized to 130 µmol m -2 s-1 for 24h. The

171

next morning at ZT3 one incubator was supplemented with 45 µM m2 s-1 of FR light

172

(739 nm LEDs, Quantum Device, USA), lowering the R(640-700 nm):FR (700-760

173

nm) from 1.4 to 0.2, as measured by Ocean Optics USB2000+ spectrometer.

174

10 µM IAA (SIGMA-Aldrich), 25 µM NPA (Duchefa Biochemie), 500 µM L-Kynurenine

175

(SIGMA-Aldrich) and 200 µM α-(phenylethyl-2-oxo)-indole-3-acetic acid (PEO-IAA,

176

provided by H. Nozaki) solutions were freshly prepared from concentrated DMSO

177

stocks before each application. Mock solution was similarly prepared to contain 0.1%

178

DMSO and 0.15% Tween-20. Solutions were applied adaxially with a paintbrush,

179

prior to the start of light treatment.

180

After three days of treatment the third leaf was removed from ten plants per

181

treatment and incisions were made in the lamina to allow leaf flattening. Leaves were

182

scanned on a flatbed scanner (600 dpi) using a uniform blue background. This
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183

allowed automated separation from the background in Matlab (Methods S1) using

184

the Green/Blue pixel value. Petiole base and petiole-lamina junction were selected

185

manually. Pixels located below the petiole-lamina junction were labeled as petiole

186

and above as lamina. Transformation of pixel coordinates to petiole length and

187

lamina area were done using the image resolution given by the scanner.

188
189

RNA extraction and RT-qPCR

190

Petioles and lamina of leaf 3 were separately pooled into three biological replicates

191

and frozen in liquid nitrogen. RNA was extracted using the Qiagen Plant RNeasy kit

192

with on-column DNA digestion, according to the manufacturer’s instructions. For

193

each experiment, equal amounts of RNA were reverse transcribed into cDNA with

194

Superscript II Reverse Transcriptase (Invitrogen). RT-qPCR was performed in three

195

technical replicates for each sample (7900HT Applied Biosystems). Data was

196

normalized against two reference genes (YLS8, UBC) using the Biogazelle qbase

197

software.

198
199

IAA content and MUG assays

200

For IAA measurements, five biological replicates per timepoint containing 12 mg

201

fresh weight of petioles or lamina were harvested and frozen in liquid nitrogen. 500

202

pg

203

purification. Free IAA was quantified using gas chromatography – tandem mass

204

spectrometry as described in (Andersen et al., 2008) with minor modifications.

205

For AFB1-GUS quantification, three biological replicates consisting of petioles or

206

lamina from ten pAFB1::AFB1-GUS plants were frozen in liquid nitrogen. Proteins

207

were extracted from ground material with GUS extraction buffer (50mM NaPO4,

208

10mM 2-ME, 10mM EDTA, 5% glycerol, 0.1% Triton-X). 10 µL of protein extract was

209

incubated in 140 uL of MUG assay buffer (1mM 4-Methylumbelliferyl-B-D-

210

glucuronide hydrate (SIGMA-Aldrich) in GUS extraction buffer) for 55 minutes at 37

211

°C. The enzyme reaction was stopped in 2M NaCO3 and fluorescence

212

measurements were done in duplicate in a Tecan Saphire2 platereader. Protein

213

concentrations were determined in duplicate at OD595 using the Biorad Protein

214

Assay.

13

C6-IAA internal standard was added to each sample before extraction and

215
216
217

RESULTS

218
219

Low R:FR induces contrasting leaf responses dependent on PIF7
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220

To study responses of lamina and petiole during neighbor detection we subjected

221

two-week-old plants to several days of low R:FR. In agreement with previous studies

222

(McLaren & Smith, 1978; Nagatani et al., 1991; Reed et al., 1993; Kozuka et al.,

223

2010), leaves of low R:FR-treated plants showed a reduced lamina size and

224

elongated petioles as compared to leaves of plants in control white light (high R:FR),

225

which was also reflected in their biomass allocation (Fig. S1a-d). For further

226

experiments we measured leaf 3, which reliably shows both leaf responses after

227

three days of low R:FR treatment (Fig. 1a,b). In this leaf, the gene expression

228

kinetics of typical shade avoidance markers (as shown for PIL1 in Fig. 1c) were

229

largely similar for lamina and petiole. Low R:FR-induced expression of the negative

230

shade avoidance regulator HFR1 was higher in lamina than in petioles (Fig. S2a).

231

The lamina response in low R:FR was however not affected in the hfr1 mutant

232

suggesting that in our growth conditions HFR1 does not play a limiting role in the

233

reduced lamina growth during shade avoidance (Fig. S2b,c).

234

In seedlings, PIF4, PIF5 and PIF7 are important regulators of the shade avoidance

235

response (Lorrain et al., 2008; Li et al., 2012) and we therefore tested petiole length

236

and lamina size in pif mutants after three days of low R:FR. pif7 had a reduced

237

petiole response in low R:FR (138% (1.8 mm) length increase vs. 153% (3.0 mm) in

238

the wild-type), while the smaller pif4pif5 petioles showed a strong elongation

239

response (166% (2.3 mm) length increase) (Fig. 1d, S3a). Similarly, lamina size was

240

not reduced in pif7 after low R:FR treatment, while pif4pif5 still showed a tendency

241

towards reduced lamina area (p=0.05, Fig. 1e, S3b). Although pif4pif5pif7 plants

242

were smaller than pif7 plants, they only showed a slightly greater inhibition in petiole

243

elongation as pif7 (130% (1.0 mm)) and no lamina size reduction in response to low

244

R:FR (Fig. 1e,d, S3). This indicates that among the tested PIFs, PIF7 plays the

245

predominant role in regulating these leaf growth traits in response to low R:FR

246

conditions.

247
248

Auxin biosynthesis is required and sufficient to induce both leaf responses

249

The pif7 mutant has impaired YUCCA activation in low R:FR-treated seedlings (Li et

250

al., 2012) and induced auxin production through the TAA1-YUCCA pathway is an

251

important step during shade avoidance in seedlings (Tao et al., 2008). We therefore

252

tested whether this also plays a role in the lamina and petiole responses of juvenile

253

leaves. All four YUCCA genes that were reported to be shade-induced in seedlings

254

showed increased expression in the lamina after 2 hours of low R:FR (Fig. 2a-c). In

255

contrast, only YUC9, which showed the highest shade-induced expression in the

256

lamina, also showed increased expression in the petiole. Moreover, the magnitude of
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257

induced YUC9 expression by low R:FR was six times lower in the petiole than in the

258

lamina (Fig. 2d). YUC8 expression was dramatically reduced in pif7 lamina

259

compared to the wild type (Fig. 2e). Shade-regulated YUCCA expression correlated

260

with an increase in auxin levels in wild-type lamina after 2h of low R:FR, while the

261

auxin concentration in pif7 lamina remained similar to control light conditions (Fig.

262

2f), indicating that low R:FR-induced auxin biosynthesis in leaves is PIF7-dependent.

263

Interestingly, the pif7 shade avoidance phenotype resembles that of the sav3/taa1

264

mutant (Fig. 2e, S4a,b), which lacks an induced auxin burst in low R:FR (Tao et al.,

265

2008). The impaired petiole and lamina responses of pif7 could thus be due to failure

266

to induce auxin biosynthesis upon neighbor detection.

267

The YUCCA expression pattern suggests that low R:FR-induced auxin production

268

mainly takes place in the lamina (Fig. 2). Interestingly, the auxin signaling marker

269

DR5::GUS is induced at the leaf margins in low R:FR (Fig. S4c), which in cotyledons

270

coincides with the site of TAA1 expression (Tao et al., 2008). We therefore

271

hypothesized that by analogy with seedlings most auxin would be produced in the

272

leaf lamina and would subsequently be transported into the petiole. It has been

273

shown previously that the auxin transport inhibitor NPA can inhibit low R:FR-induced

274

petiole elongation (Pierik et al., 2009a). Application of NPA to the lamina-petiole

275

junction was sufficient to completely inhibit the petiole response to low R:FR (Fig.

276

S4d), suggesting that auxin flow from lamina to petiole is required. Expression of the

277

gene coding for the auxin efflux carrier PIN3 was upregulated both in lamina and

278

petioles in the first few hours of low R:FR treatment (Fig. S4e), which may facilitate

279

enhanced basipetal auxin transport upon neighbor detection.

280

To test whether increased auxin biosynthesis in the lamina could account for the leaf

281

responses induced by low R:FR, we applied IAA to the adaxial side of the leaf lamina

282

and especially at the leaf margins. In comparison to mock-treated plants, application

283

of various concentrations of IAA to the lamina induced petiole elongation and

284

reduced growth of the lamina (Fig. 3a,b, Fig. S5a,b). This shows that increased auxin

285

levels in the lamina can lead to both leaf phenotypes as observed in low R:FR.

286

Moreover, the pif7 and pif4pif5pif7 mutants also responded to IAA application,

287

suggesting that their reduced leaf phenotypes in low R:FR is mainly due to impaired

288

auxin biosynthesis (Fig. S5c,d). Correspondingly, application of NPA to the lamina-

289

petiole junction, which should increase endogenous auxin levels in the lamina and

290

inhibit auxin transport to the petiole, reduced both petiole and lamina growth (Fig.

291

3c,d). Reduction of basal auxin levels through application of the biosynthesis inhibitor

292

L-Kynurenine led to increased lamina size but had no effect on petiole growth (Fig.

293

3e,f), suggesting that basal auxin levels in control conditions are indeed sub-optimal
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294

for lamina growth. Together, these results correspond to a model in which PIF7-

295

dependent auxin production takes place mainly in the lamina leading to lamina

296

growth reduction and in which auxin is subsequently transported to the petiole

297

leading to enhanced petiole growth.

298
299

Contrasting leaf responses are not due to different auxin concentrations

300

Auxin responses can be concentration-dependent (Wilson & Wilson, 1991; Evans et

301

al., 1994) and we therefore asked whether the contrasting growth responses of

302

lamina and petiole to low R:FR could be due to a different auxin concentration in both

303

leaf parts. If the lamina is indeed the site of auxin production then auxin levels might

304

be relatively high in lamina compared to petioles. In agreement with this basal

305

expression levels (plants grown in high R:FR) of both an auxin biosynthesis (YUC8)

306

and an auxin responsive (IAA29) gene were higher in lamina compared to petioles

307

(Fig. 4a,b). Thus, a further increase in auxin production upon low R:FR perception

308

may shift the auxin optimum curve further towards growth reduction in the lamina,

309

while auxin transported to the petiole may increase the auxin concentration further

310

within the lower growth-stimulating range. To test this, we measured overall auxin

311

levels in entire lamina and petioles after 0.5h, 1h, 2h and 24.5h of low R:FR

312

treatment. Based on previously published seedling data and on the expression of the

313

two highest induced YUCCAs in leaves (Fig. 4c,S6) we expected auxin levels to rise

314

within this timeframe in lamina. As shown in Fig. 4d and e, auxin concentration

315

indeed increased within 2h of low R:FR treatment and were back to basal levels after

316

24h. The kinetics were similar for petioles and lamina, and despite the early

317

timepoints no indication that auxin levels first increase in the lamina could be

318

observed. Interestingly, after 2h of low R:FR the auxin concentration reaches very

319

similar levels in both leaf parts. These concentration data indicate that the

320

contrasting growth responses of lamina and petiole to auxin are not due to a global

321

concentration difference.

322
323

Auxin responsiveness in low R:FR-treated petioles

324

The different responses of lamina and petiole to increased auxin levels may

325

alternatively be due to a difference in sensitivity to auxin, which could be under

326

regulation of light signals. One way in which auxin sensitivity could be regulated is at

327

the level of receptor abundance. In seedlings gene expression of the AFB1 receptor

328

was shown to be hypocotyl-specific, which may suggest that auxin sensitivity is

329

locally enhanced and could contribute to the shade-induced elongation response

330

(Hersch et al., 2014). Of the four TIR/AFBs tested, only AFB1 was upregulated in low
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331

R:FR, both in petioles and lamina (Fig. 5a,b, S7). Interestingly, AFB1 was also

332

upregulated in petioles of pif7 (Fig. 5b). If induced AFB1 expression indeed leads to

333

enhanced sensitivity, this might explain why the petiole response in low R:FR is not

334

completely abolished in this mutant despite the lack of induced auxin levels. Overall,

335

AFB1 protein levels in control light conditions were higher in petioles than in lamina

336

(Fig. 5c), as measured by GUS activity of AFB1-GUS protein under the expression of

337

the AFB1 promoter (Parry et al., 2009). Furthermore, although AFB1 expression

338

levels were induced in both leaf parts in low R:FR, AFB1-GUS levels were increased

339

only in petioles upon low R:FR treatment (Fig. 5c). Such a difference in receptor

340

levels may play a role in the different responsiveness of the two leaf parts to auxin.

341

Nevertheless, a role for AFB1 in shade-induced petiole elongation could not be

342

deduced from higher-order receptor mutants lacking AFB1 or a 35S::AFB1 over-

343

expression line (Fig. S8), which all showed a normal elongation response in low

344

R:FR (Fig. 5d). As Aux/IAAs can act as co-receptors (Calderon-Villalobos et al.,

345

2012; Havens et al., 2012) and IAA6 and IAA19 is induced in low R:FR (Kozuka et

346

al., 2010; Hornitschek et al., 2012), we also tested the iaa5iaa6iaa19 triple mutant

347

and the dominant IAA19 mutant msg2 (Fig. S8). Neither of these lines was affected

348

in low R:FR-induced petiole elongation. The lack of a phenotype in the receptor- and

349

iaa mutants could however be due to redundancy with the other TIR/AFBs or

350

Aux/IAAs and/or to the fact that auxin production should still be induced in these

351

mutants upon low R:FR perception, which could compensate a reduced sensitivity.

352

Indeed, application of the auxin antagonist PEO-IAA that binds to the TIR/AFBs only

353

reduced low R:FR-induced petiole elongation in the wild type at a high concentration

354

(Fig. 5e), but led to a significantly decreased petiole response at a lower

355

concentration in mutants with impaired induction of auxin biosynthesis (Fig. 5f,g). It is

356

thus possible that regulation of auxin sensitivity through the TIR/AFBs may play a

357

role in low R:FR-induced petiole elongation mainly when auxin levels are low. A

358

similar role for auxin sensitivity was recently predicted for low R:FR-induced

359

hypocotyl elongation in low light conditions, in which seedlings have low auxin levels

360

(Hersch et al., 2014) .

361
362

Leaf part-specific PIF7 targets

363

Ultimately, PIF7 should confer tissue-specific responses by regulating specific gene

364

targets, either directly through binding to their promoters, or indirectly through auxin-

365

mediated changes in gene expression. The cell wall-modifying proteins of the XTH

366

family have been implicated in shade avoidance previously (Hornitschek et al., 2009;

367

Kozuka et al., 2010; Sasidharan et al., 2010). Moreover, the expression of some
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368

members of the XTH gene family is regulated by auxin while this is not the case for

369

others (Yokoyama & Nishitani, 2001; Nemhauser et al., 2006; Chapman et al., 2012).

370

We therefore decided to analyze the expression of members of the XTH family in the

371

petiole and the lamina of shade treated seedlings. Interestingly, XTH15/XTR7 and

372

XTH19 showed a leaf part-specific expression pattern, with XTH15 being

373

predominantly upregulated in the lamina and XTH19 being mainly induced in the

374

petiole (Fig. 6a,b). This leaf part-specific induction of the XTHs in low R:FR was

375

strongly reduced in the pif7 mutant (Fig. 6c,d) while PIF7 levels were high in both

376

petioles and lamina (Fig. S9), which may be due to a different auxin-mediated

377

transcriptional readout in the lamina versus the petiole.

378
379
380
381

DISCUSSION

382

Specificity in auxin responses depends both on auxin concentration and auxin

383

responsiveness (Del Bianco & Kepinski, 2011). In this work, we showed that both

384

contrasting growth responses of petiole and lamina in low R:FR are auxin-mediated

385

(Figs. 1-3), but that auxin levels are very similar in the two leaf parts both in control

386

light and in low R:FR (Fig. 4). This suggests that the opposite responses of petioles

387

and lamina are not due to a difference in auxin concentration, although as we have

388

analyzed entire petioles and lamina it remains possible that there is a concentration

389

difference in specific cells that mediate the growth responses. Another interesting

390

feature of the concentration measurements is that after 24h of low R:FR auxin levels

391

were back to the base values despite elevated levels of YUC8 and YUC9 at this

392

timepoint (Fig. 4, S3), which was shown previously in seedlings (Bou-Torrent et al.,

393

2014). This implies that shade-induced auxin biosynthesis is transient or alternatively

394

the transient nature of increased auxin levels may be regulated through irreversible

395

degradation of auxin to inactive catabolites (Pencik et al., 2013). This is somewhat

396

surprising considering the importance of auxin biosynthesis for the shade avoidance

397

response (Tao et al., 2008) and the fact that low R:FR-mediated growth of petiole

398

and lamina continues over multiple days (Fig. S1). The concentration kinetics may

399

point towards a role for auxin biosynthesis especially during the first hours of shade

400

avoidance signaling, in which auxin is required for reprogramming of developmental

401

processes until a new growth homeostasis is reached. However, our gene

402

expression analysis suggests that there may be additional smaller peaks of auxin

403

production in low R:FR-grown plants as both YUC8 and YUC9 expression levels
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404

show small rises in expression levels on days two and three of the shade treatment

405

(Fig. 4, S6).

406
407

Our data suggests that in juvenile leaves low R:FR-induced auxin synthesis mainly

408

takes place in the lamina (Fig. 2, S4d), although this was not apparent in our

409

concentration measurements (Fig. 4). If the lamina is indeed the source of rising

410

auxin levels in the petiole in low R:FR, the newly synthesized auxin would therefore

411

have to be immediately transported away to the petiole by means of polar transport

412

or the phloem. Speed of rootward auxin transport has been determined to be 7-8 mm

413

h-1 for the Arabidopsis inflorescence, but may vary between different organs (Kramer

414

et al., 2011). Such a transport rate could be sufficient to transport auxin from the leaf

415

margins to the petiole in 15-day-old plants within the measured timepoints and may

416

even be increased in shade. The PIN3 export carrier was shown to adopt a more

417

lateral position in low R:FR-treated hypocotyls (Keuskamp et al., 2010) and PIN3

418

was upregulated in both petioles and lamina in low R:FR (Fig. S4e), which may result

419

in increased protein abundance and enhanced auxin export. How far auxin can

420

subsequently travel after excretion into the apoplast depends on the auxin influx

421

carriers, fraction of molecules that becomes protonated and thus becomes

422

membrane permeable, permeability of the cell membranes and cell wall thickness

423

(Kramer, 2006; Swarup & Péret, 2012). Apoplastic acidification happens within

424

minutes of the onset of a shade signal in Arabidopsis petioles (Sasidharan et al.,

425

2010), which will increase the protonated fraction of auxin molecules and

426

consequently diffusion into cells. It may thus be possible that the increased auxin

427

concentration in petioles is due to transport from the lamina. Alternatively, low R:FR

428

also induces auxin production in petioles. Although the YUCCAs were predominantly

429

upregulated in the lamina, YUC9 was also induced in the petioles after 2h of low

430

R:FR (Fig. 2). It has been shown in ten-day-old Arabidopsis seedlings that all plant

431

parts including hypocotyls, cotyledons, roots and leaves have the capacity to

432

synthesize auxin, but this has not been specified for lamina and petioles separately

433

(Ljung et al., 2001). It was shown recently that cotyledon-specific overexpression of

434

YUC3 in a quintuple yuc mutant background leads to an auxin overexpression

435

phenotype in both cotyledons and hypocotyls but not in roots (Chen et al., 2014),

436

indicating that local auxin production can be required for certain responses.

437
438

As overall auxin concentration was similar between petioles and lamina while their

439

growth response to IAA application is opposite, it is likely that their contrasting growth

440

in response to low R:FR-induced auxin production are due to a difference in auxin
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441 sensitivity. Different responsiveness to auxin could be brought about by a context442 specific difference in abundance of auxin signaling components, such as receptors,
443 Aux/IAAs and/or ARFs. Regulation of environmental responses through altered
444 expression levels of TIR/AFB receptors has been reported previously for pathogen
445 defense and root responses to nutrient availability (Navarro et al., 2006; Perez446 Torres et al., 2008; Vidal et al., 2013), and AFB1 expression shows hypocotyl447 specific induction in low R:FR (Hersch et al., 2014). In juvenile leaves, AFB1
448 expression was upregulated both in petioles and lamina (Fig. 5a,b), but AFB1 protein
449 levels were increased by low R:FR specifically in petioles (Fig. 5c). This however
450 seems to play a minor role in our experimental conditions as tir/afb mutants showed
451 a normal petiole response in low R:FR and PEO-IAA treatment only affected the
452 petiole response in Col-0 at high concentration (Fig. 5d,e). It was recently predicted
453 by a computational model of low R:FR-dependent hypocotyl elongation that
454 enhanced auxin sensitivity may be especially important when there is a low auxin
455 signal (Hersch et al., 2014). Correspondingly, we found that a PEO-IAA
456 concentration that had no effect on the wild type did inhibit petiole elongation in the
457 sav3 and pif7 mutants, of which the latter also shows increased AFB1 expression in
458 low R:FR (Fig. 5). Regulation of the AFB1 auxin receptor may thus be an important
459 mechanism to ensure elongation responses in shade particularly when overall IAA
460 levels are low. Upregulation of AFB1 receptor during neighbor detection, such as in
461 our experimental conditions, may be important to anticipate future shading events.
462 The Aux/IAAs and ARFs are other components of the auxin pathway that may confer
463 specificity. End-of-day-FR was previously reported to lead to higher induction of
464 IAA19 and IAA6 in petioles than in lamina (Kozuka et al., 2010). The Aux/IAAs act as
465 co-receptors and different combinations of TIR/AFB – Aux/IAA have different auxin466 binding affinities (Calderon-Villalobos et al., 2012; Havens et al., 2012). Abundance
467 of different IAAs could thus determine the sensitivity of a tissue. Although we found
468 that low R:FR-induced petiole elongation was not affected in the iaa5iaa6iaa19 and
469 msg2 mutants (Fig. S8), it would be informative to study different combinations of
470 higher order tir/afb – aux/iaa mutants to unravel a putative role of auxin receptor
471 complexes in the shade avoidance response. Furthermore, different IAAs may
472 interact with different ARFs (Vernoux et al., 2011) and thus affect transcription of
473 different targets. Furthermore, ARFs are known to show distinct spatial and
474 developmental expression patterns (Rademacher et al., 2011) and may be leaf part475 specific. Finally, a specific auxin response may depend on tissue-specific chromatin
476 structure, which may make certain auxin-responsive genes more or less accessible
477 for the transcriptional machinery (Widman et al., 2014).

Page 15 of 31

478
479

Here, we showed that two different genes of the XTH family, XTH15 and XTH19,

480

show a leaf part-specific expression pattern in low R:FR which was reduced in the

481

pif7 mutant (Fig. 6). XTH15 was previously shown to be upregulated in petioles after

482

24h of low R:FR treatment (Sasidharan et al., 2010). We found a similarly small

483

upregulation in petioles after 24h (1.8 fold), but a much more significant upregulation

484

in lamina at earlier timepoints (23 fold after 4h of low R:FR). XTHs are cell wall-

485

modifying enzymes that can play a role in both cell wall loosening and cell wall

486

strengthening (Takeda et al., 2002; Cosgrove, 2005; Mellerowicz et al., 2008).

487

Whether the induction of XTH15 and XTH19 depends on transcriptional activity of

488

PIF7 itself or on PIF7-dependent auxin biosynthesis cannot be distinguished from our

489

data. Previously published data shows that XTH15/XTR7 is a target of PIF1, PIF3,

490

PIF4 and PIF5 and that its expression is reduced in the pif4pif5 mutant, while XTH19

491

does not appear in ChIP-seq data of PIF targets (Hornitschek et al., 2009; Oh et al.,

492

2009; Hornitschek et al., 2012; Oh et al., 2012; Zhang et al., 2013). On the other

493

hand, expression of XTH19 is auxin responsive (Yokoyama & Nishitani, 2001;

494

Vissenberg, 2005; Nemhauser et al., 2006; Chapman et al., 2012; Pitaksaringkarn et

495

al., 2014), while XTH15 does not appear to be auxin inducible (Yokoyama &

496

Nishitani, 2001; Nemhauser et al., 2006; Chapman et al., 2012). Hence, while shade-

497

induced XTH15 expression in the lamina may be directly mediated by the PIFs, the

498

expression of XTH19 in the petiole may rather be due to the PIF7-mediated increase

499

in auxin levels. Indirect evidence for this hypothesis comes from studies investigating

500

shade avoidance with other light treatments (low blue or green shade). In response

501

to attenuated blue light, a treatment that also leads to PIF-mediated shade

502

responses (Keller et al., 2011), induction of XTH15 was not inhibited by PEO-IAA

503

(Keuskamp et al., 2011) and neither was its green shade induction inhibited by NPA

504

(Sasidharan et al., 2014). XTH19 induction however was reduced in green shade

505

after NPA treatment and in the TAA1-mutant wei8 (Sasidharan et al., 2014), showing

506

that XTH19 expression is auxin-dependent in a shade context. As it was recently

507

shown that PIFs and ARFs may interact to jointly regulate target genes (Oh et al.,

508

2014), the expression of some shade-induced genes might also depend both on PIFs

509

and auxin signaling components. Hence, different combinations of PIF and auxin-

510

mediated transcriptional readouts may underlie the tissue-specific growth responses

511

in the leaf.

512
513

Besides tissue-specific regulation of growth regulators such as the XTHs, there may

514

be tissue-specific hormonal interactions that determine different organ responses. In
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515

young leaf primordia shade-induced auxin mediates a cytokinin-mediated reduction

516

in cell division (Carabelli et al., 2007) and other hormones are known to be involved

517

in shade avoidance responses (Gommers et al., 2013). Currently we have poor

518

understanding of the localization and developmental windows of these hormonal

519

(inter)actions, although it is known that some hormones can have very localized

520

effect (e.g. Savaldi-Goldstein et al., 2007; Bargmann et al., 2013). Furthermore,

521

known negative regulators of shade avoidance may similarly play a tissue-specific

522

and developmental age-dependent role. We showed that HFR1 expression is

523

induced higher in lamina than in petioles, but that the hfr1 mutant displays wild-type

524

leaf responses (Fig. S2). This in contrast to hfr1 seedlings, which are known to show

525

enhanced hypocotyl elongation in low R:FR (Sessa et al., 2005). These findings

526

advocate further unraveling of the shade avoidance signaling network taking into

527

account tissue-specific and developmental-determined signals.

528
529
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FIGURE LEGENDS

819
820

Figure 1. Petiole and lamina responses of leaf 3 in low R:FR. Petiole length (a),

821

lamina size (b) and relative expression of PIL1 (c) from leaf 3 (Col-0) over time.

822

Gene expression values were calculated as fold induction relative to petiole sample

823

at t=0. (d,e) Petiole length and lamina size of wild-type (Col-0) and pif mutants in high

824

and low R:FR after 3d of treatment. Plants were 15d old at t=0. Error bars represent

825

2SE, *= p<0.05, Students t-test low R:FR vs. high R:FR within genotype. Black bar

826

represents 8h dark period.

827
828

Figure 2. Auxin biosynthesis in low R:FR is PIF7-dependent. (a-d) Expression of

829

shade-inducible YUCCA genes in petiole and lamina after 2h of control light (high

830

R:FR) or low R:FR. Gene expression values were calculated as fold induction

831

relative to lamina sample at t=0. (e) YUC8 expression in lamina of wild-type (Col-0)

832

and pif7 plants over time. Expression values were calculated relative to Col-0 at t=0.

833

(f) Auxin concentration in lamina after 2h of high or low R:FR. Error bars represent

834

2SE, *= p<0.05, Students t-test low R:FR vs. high R:FR within organ (a-d) or

835

genotype (f).

836
837

Figure 3. Manipulation of auxin levels mimics low R:FR leaf responses. Petiole

838

length (a,c,e) and lamina size (b,d,f,) of Col-0 plants after 3d of application of 10 µM
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839

IAA or 500 µM L-Kynurenine (Kyn) to the lamina, or 25 µM NPA to the lamina-petiole

840

junction. Error bars represent 2SE, *= p<0.05, Students t-test chemical treatment vs.

841

mock application.

842
843

Figure 4. Contrasting petiole and lamina responses are not due to different

844

auxin concentration. Basal levels of YUC8 (a) and IAA29 (b) in petioles and lamina

845

of 15-day-old plants. Expression values were calculated as fold induction relative to

846

petiole sample. (c) Relative expression of YUCCA8 in lamina of plants in control light

847

(high R:FR) or low R:FR over time. Vlaues were calculated as fold induction relative

848

to t=0 sample in high R:FR. (d,e) Auxin concentration in petioles and lamina of plants

849

in high or low R:FR over time. Auxin concentration data for Col-0 petioles at t=2h are

850

the same as presented in Figure 2. Error bars represent 2SE, *= p<0.05, Students t-

851

test. FW= fresh weight. Black bars represent 8h dark period.

852
853

Figure 5. TIR/AFB-mediated auxin perception in low R:FR. AFB1 expression in

854

petioles (a) and lamina (b) of wild-type (Col-0) and pif7 after 2h of control light (high

855

R:FR) or low R:FR. Expression values were calculated as fold induction relative to

856

Col-0 sample in high R:FR. (c) Enzyme activity of AFB1-GUS in petioles and lamina

857

of pAFB1::AFB1-GUS plants after 24h and 72h of light treatment. (d) Petiole length

858

of tir1/afb mutants after 3d of light treatment. (e) Petiole elongation response of Col-0

859

to low R:FR after application of different concentrations of PEO-IAA. Response was

860

measured as the difference in petiole length between plants in control light and

861

plants in low R:FR after 3d. (f,g) Petiole elongation response to low R:FR in Col-0,

862

pif7 and sav3,after application of 200µM PEO-IAA. Error bars represent 2SE, *=

863

p<0.05, Students t-test low R:FR vs. high R:FR within genotype (a,b,d) or organ (c),

864

PEO-IAA vs. mock treatment within genotype in e-g.

865
866

Figure 6. Lamina and petiole-specific XTH expression. Relative expression of

867

XTH15 (a) and XTH19 (b) in petioles and lamina over time in control light (high R:FR)

868

or low R:FR. Expression values were calculated as fold induction relative to petiole

869

sample at t=0. (c,d) Relative expression of XTH15 in lamina (c) and of XTH19 in

870

petioles (d) in Col-0 and pif7. Expression calculated as fold induction relative to Col-0

871

sample in high R:FR after 4h of light treatment. Error bars represent 2SE, *= p<0.05,

872

Students t-test low R:FR vs. high R:FR within genotype. Black bar represents 8h

873

dark period.

874
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Supporting Information

877
878

Figure S1. Petiole and lamina responses of all leaves in low R:FR.

879

Figure S2. Role of HFR1 in shade avoidance phenotype of juvenile leaves.

880

Figure S3. Boxplot representation of Figure 1d,e.

881

Figure S4. Auxin production in the blade leads to growth responses in lamina and

882

petiole.

883

Figure S5. Petiole and lamina response to IAA application.

884

Figure S6. Expression of YUC9 in lamina.

885

Figure S7. Expression of auxin receptors in leaves.

886

Figure S8. Low R:FR-induced petiole elongation in (co)receptor mutants.

887

Figure S9. PIF7 expression in petioles and lamina.

888
889

Table S1. Primer sequences used for Real Time RT-PCR.

890

Method S1. Matlab script for petiole length and lamina area analysis
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