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Abstract

Low phosphate (Pi) availability constrains plant development and crop
production in both natural and agricultural ecosystems. When Pi is scarce,
modifications of root system architecture (RSA) enhance soil exploration ability and
can lead to an increase in Pi uptake. In Arabidopsis, an iron-dependent
determinate developmental program that induces premature differentiation in the
root apical meristem (RAM) begins when the root tip contacts low Pi media,
resulting in a short-root phenotype. However, the mechanisms that enable the
regulation of root growth in response to Pi-limiting conditions remain largely
unknown. Cellular, genomic and transcriptomic analysis of low-Pi insensitive
mutants revealed that the malate-exudation related genes SENSITIVE TO
PROTON RHIZOTOXICITY (STOP1) and ALUMINUM ACTIVATED MALATE
TRANSPORTER 1 (ALMT1) represent a critical checkpoint in the root
developmental response to Pi starvation in Arabidopsis thaliana.
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Introduction

Phosphorus is an essential nutrient for plant development, a constituent of
key molecules such as nucleic acids, ATP and membrane phospholipids. Plants
take up and metabolize phosphorus in the inorganic form of orthophosphate (Pi)
(1). Pi is the least accessible macronutrient in many natural and agricultural
ecosystems and its low availability in the soil often limits plant growth and
productivity. Under phosphate limiting conditions (-Pi), plants activate an array of
genetic (2-6), biochemical (7, 8) and morphological modifications (9—11) that

enhance their ability to cope with low Pi availability.

Arabidopsis responses to low Pi availability have been divided in systemic
responses that depend upon the internal Pi status of the plant and local responses
that depend upon the level of Pi available in the external medium (5, 12). A
molecular dissection of local and systemic responses to Pi starvation using
transcriptomic analysis has been reported (5). Systemic responses include the up-
regulation of genes involved in the overall enhancement of Pi uptake and Pi
internal use efficiency, and are largely controlled by the master regulator PHR1 (a
Myb transcription factor) (6, 13). Local responses include alterations of root traits
such as the inhibition of primary root growth (14), an increase in lateral root density
(10) and higher density and length of root hairs (9). These changes in root system
architecture have been proposed to enhance the soil exploration ability of the plant
by increasing root surface area of exploration in the top layers of the soil where Pi
tends to accumulate. Some evidence indicates that there is some degree of
crosstalk between local and systemic responses to low Pi availability as mutants
altered in root system architecture responses to low Pi also have an altered

expression of genes involved in systemic responses (15).

Growth of Arabidopsis seedlings under in vitro Pi-limiting conditions induces
a determinate developmental program known as RAM exhaustion (11). RAM

exhaustion consists of the loss of meristematic potential and the arrest of cell
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proliferation, leading to the inhibition of primary root growth. Meristematic potential
is lost due to premature differentiation of the cells that constitute the stem cell niche
(SCN), which includes the quiescent center (QC). Cell proliferation in the RAM is
lost due to a gradual reduction in mitotic activity. Root-tip contact with low
phosphate media (16) in the presence of iron (17) has been reported as essential
for the inhibition of primary root growth in response to Pi deficiency conditions in
Arabidopsis thaliana. Arabidopsis mutants that fail to trigger root system
morphological responses to low Pi have been reported previously (15, 16). Two of
these mutants, low phosphate root 1and 2 (lpr1 and Ipr2) were found to be
affected in genes encoding multicopper oxidases, suggesting that a metal with
different levels of oxidation could be involved in the alteration of root system
architecture in response to low Pi availability (16). A mutant that is hypersensitive
to low Pi, phosphate deficiency response 2 (pdr2), and triggers the root system

response to low Pi availability faster that the wild-type (WT) was also reported (18).
PDRZ2 encodes an ER localized Ps-type ATPase (19). PDR2 and LPR1 have been

proposed to orchestrate RAM-exhaustion in a genetically interacting route under
low Pi conditions (19). Whilst the precise function of PDR2 has not been
determined, LPR1 is essential for primary root inhibition under low Pi conditions
and it has been shown to have ferroxidase activity (16, 19, 20). An LPR1-

dependent accumulation of Fe®*" in the apoplast of cells in the elongation and
meristematic regions of the primary root, that triggers the production of reactive
oxygen species (ROS), is essential for meristem exhaustion in low-Pi media (20).
ROS generation correlates with callose deposition in the RAM, which was
proposed to activate meristem exhaustion by blocking the cell-to-cell movement of
SHORT-ROOT (SHR), a transcription factor that is essential for stem cell
maintenance in the RAM (20). However, the mechanism that regulates iron

accumulation and relocation in the RAM remains largely unknown.

In this work, we characterized two low phosphate insensitive mutants (Ipi5
and Ipi6), which, in contrast to the short root phenotype of WT Arabidopsis

seedlings, show normal primary root elongation in low Pi media. Mapping by
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94 sequencing revealed that the /pi5 corresponds to SENSITIVE TO PROTON
95 RHIZOTOXICITY (STOP1)and Ipi6 to ALUMINUM ACTIVATED MALATE
96 TRANSPORTER 1 (ALMTT1), the two genes previously reported to be responsible

97 for activating malate efflux in the roots of Arabidopsis seedlings exposed to toxic
98 concentrations of aluminum (21-23). Genetic, cellular and transcriptomic analysis
99 shows that STOP1 and ALMTT1 are required for a malate-dependent accumulation
100 of iron in the root meristem, which leads to alterations in the redox balance that
101 triggers primary root growth inhibition and RAM exhaustion in response to Pi
102 deficiency conditions in Arabidopsis thaliana.

103

104 Results

105

106 Arabidopsis EMS-mutants Ipi5 and Ipi6 show indeterminate primary
107 root growth under phosphate deficiency conditions

108

109 T h e Arabidopsis thaliana Col-0 accession seedlings grown in media
110 containing low Pi concentrations (below 50 uM Pi) show a short root phenotype
111 defined by a determinate pattern of primary root growth and RAM differentiation. To
112 identify mutants that are insensitive to the effect of low Pi on primary root growth,
113 we screened an EMS-mutagenized Col-0 population for mutant lines presenting a
114 long root phenotype under low-Pi (-Pi, 5 pyM Pi) conditions. We isolated
115 approximately 50 mutant lines with different alterations in the primary root growth in
116 response to low-Pi availability. Two lines that were insensitive to the effect of low Pi
117 on primary root growth, which we named low phosphorus insensitive 5 and low
118 phosphorus insensitive 6 (Ipi5 and Ipi6), were chosen for further characterization
119 (Figure 1A, B, C). When grown under high Pi (+Pi; 100uM Pi) conditions, both Ipi5
120 and Ipi6 seedlings presented a primary root length similar to the WT Arabidopsis

121 Col-0 accession (Figure 1A). Under -Pi conditions at 10 dag, WT plants had a
122 visible reduction in primary root growth, whereas Ipi5and /pi6 seedlings had
123 primary root elongation similar to that of WT seedlings grown in +Pi media which is

124 four-fold longer than that of Pi-deprived WT seedlings (Figure 1B). Although /pi5
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125 seedlings had a long root phenotype in —Pi media, they had a slightly shorter

126 primary root than the WT and Ipi6 in +Pi media and were also slightly shorter than
127 Ipi6 in -Pi medium (Figure 1A, C). Analysis of segregation frequencies under -Pi
128 conditions showed that the long root phenotype in Ipi5 and Ipi6is the result of
129 single recessive mutations (Supplementary Table 1).

130

131 In Pi-deprived Arabidopsis seedlings, the short-root phenotype is
132 accompanied by a reduction in cell proliferation and meristematic activity during the

133 process of RAM exhaustion (11). To test for signs of RAM exhaustion in Ipi5 and
134 Ipi6 seedlings grown in —Pi media, we examined the expression of the
135 proCycB1::GUS cell cycle activity marker (24) and the proQC46::GUS quiescent
136 center (QC) identity marker (25). In +Pi media, WT, Ipi5 and Ipi6 seedlings showed

137 clear cell proliferation activity as indicated by the proCycB1::GUS signal and an
138 active QC as shown by the proQC46::GUS signal (Figure 1D). In -Pi media at 10
139 dag the cell cycle and QC marker genes were undetectable in WT seedlings,
140 whereas GUS staining was clearly detectable for both the cell cycle
141 (proCycB1::GUS) and QC (proQC46::GUS) markers in the primary root of Ipi5 and
142 Ipi6 (Figure 1D). These results show that, in contrast to the WT, low Pi does not

143 trigger meristem exhaustion in the RAM of Ipi5 and Ipi6 seedlings.
144
145
146
147
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149 Figure 1. Low-Pi insensitive mutants continue primary root growth and RAM
150 maintenance under Pi deficiency conditions. (A) Phenotypes of WT, Ipi5 and Ipi6 seedlings
151 grown under high (100 pM Pi; +Pi) and low Pi (5 uM Pi; -Pi) conditions 10 days-after-germination
152 (dag). Scale bar equals 1 centimeter (cm). (B) Primary root growth kinetics of seedlings grown
153 under -Pi conditions from 2 to 10 dag. Green, blue and red dots depict WT, /pi5 and Ipi6 individuals
154 (n=30 from 3 independent experiments), respectively. Statistical groups were determined using a
155 Tukey HSD test (P-value < .05) and are indicated with letters. (C) Primary root length of seedlings
156 grown under +Pi and -Pi conditions. Green, blue and red dots depict WT, Ipi5 and Ipi6 individuals
157 (n=30 from 3 independent experiments), respectively. Statistical groups were determined using a
158 Tukey HSD test (P-value < .05) and are indicated with letters. (D) GUS staining of proCycB1::GUS
159 and proQC46::GUS expression in the RAM of WT, Ipi5 and Ipi6 seedlings 10 dag. Scale bar
160 indicates 100 ym.
161
162 Ipi5 and Ipi6 have mutations in the transcription factor STOP1 and the

163 malate transporter ALMT1, respectively.

164

165 We used a mapping-by-sequencing approach to identify the genes
166 responsible for the Ipi5 and Ipi6 phenotypes (See Materials and Methods). We

167 identified 12 and 18 specific homozygous variants (missense, frameshift and
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168 splice-donor) potentially linked to Ipi6 and Ipi6 mutant phenotypes, respectively.
169 Given the alterations of primary root of Ipi5 and Ipi6 seedlings in response to an
170 environmental stress, we focused on the homozygous mutations that could
171 potentially be linked to alterations in root morphological or root responses to abiotic
172 stress. Among the potential candidates responsible for the root phenotype of Ipi5

173 and Ipi6 under low Pi conditions, SENSITIVE TO PROTON RHIZOTOXICITY
174 (STOP1) and ALUMINUM ACTIVATED MALATE TRANSPORTER 1 (ALMT1) were
175 particularly interesting because both genes have been previously reported to
176 participate in the tolerance of the Arabidopsis root to toxic concentrations of Al*>,

177 STOP1 (At1g34370) encodes a zinc finger protein transcription factor that plays a

178 critical role in AP** tolerance and acid soil tolerance in Arabidopsis (21). ALMT1
179 encodes a transmembrane protein that mediates malate efflux in the root in
180 response to the presence of toxic A" levels (22), and its expression has been

181 shown to be activated by STOP1 in response to Al stress conditions (21).

182

183 To test whether the long root phenotype of Ipi5, Ipi6 was indeed due to
184 lesions in STOP1 and ALMT1, we tested the phenotype of T-DNA insertional
185 mutants in STOP1 (SALK 114108) and ALMT1 (SALK _009629) in —Pi and +Pi
186 media. In +Pi media, WT, Ipi6 and almt1 seedlings had a similar primary root
187 length, whereas Ipi5 and stop1 had a slightly shorter root length than the WT
188 (Figure 2A-B). In -Pi media, the T-DNA insertional mutants stop? and almt1 had a
189 long root phenotype that contrasted with the short root phenotype of the WT
190 (Figure 2A-B). It has been reported that stop1is sensitive to low pH (4.7) and

191 levels of A** (2 uM) that are not yet toxic for Arabidopsis WT seedlings and that
192 almt1 is also sensitive to this AI** concentration (28). We also found that /pi5 was
193 sensitive to low pH and Al (as is stop7) and that Ipi6 was sensitive to Al but not to
194 low pH (as observed for almt1) (Supplementary Figure 1). Crosses between Ipi5
195 and almt1, and between /pi6 and stop1, showed that/pi5and /pi6 are mutant

196 alleles of STOP1 and ALMT1, respectively (Supplementary Figure 1).
197
198
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199 Mapping-by-sequencing of Ipi5 revealed a C:T (CAT:TAT) substitution in the
200 +84 position of STOP1. In silico analysis predicted that the /pi5 mutation caused an
201 amino acid substitution (H168Y) that replaces one of the two histidine residues that
202 are crucial for the formation of first of the four zinc fingers of the DNA binding

203 domain of STOP1 (Figure 2C). The first zinc finger domain of STOP1 is critical to
204 bind to the promoter of its target genes (29)._ Mapping-by-sequencing of the Ipi6

205 mutant revealed a 13-base-pair deletion in the first exon of ALMT1 starting at
206 position +757 (Figure 2D). In silico analysis predicted that this deletion causes a
207 frameshift mutation that produces an aberrant protein that lacks 200 amino-acids of
208 the carboxy-terminal moiety of ALMT1 (Figure 2D). Our in silico sequence analysis

209 further confirmed that Ipi5 and Ipi6 are EMS-induced mutant alleles of STOP1 and
210 ALMT1, respectively.
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212 Figure 2. Mapping by sequencing revealed Ipi5 and Ipi6 to be stop1 and almt1 mutants,
213 respectively. (A) Phenotypes of Col-0, Ipi5, stop1, almt1 and Ipi6 seedlings grown under high
214 phosphate (+Pi) and low phosphate (-Pi) conditions 10 dag. (B) Primary root length of WT, Ipi5,
215 stop1, almt1 and Ipi6 seedlings grown under high phosphate (+Pi) or low phosphate (-Pi) conditions
216 10 dag. Dots depict WT, Ipi5, stop1, almt1 and /pi6 individuals (n=30 from 3 independent
217 experiments). Statistical groups were determined using a Tukey HSD test (P-value < .05) and are
218 indicated with letters. (A) C:T (CAT : TAT) substitution in the +84 base within the At1g34370 locus of
219 the Ipi5 genome. Ipi5 mutation causes an amino acid substitution (H168Y) that replaces one of the
220 two histidine residues of the four zinc fingers that constitute STOP1 (B) 13 base pair deletion in the
221 +757 base pair position within the first exon of the At1g08430 locus of the Ipi6 genome. The 13
222 base deletion present in Ipi6 causes a frameshift mutation that produces an aberrant protein with
223 200 amino-acids less than the WT.

224 ALMT1 is expressed in the RAM of Arabidopsis under Pi deficiency
225 conditions before meristematic exhaustion

226

227 To determine whether the expression of STOP1 and ALMT1 is regulated by

228 Pi availability in the root tip, we analyzed the expression of STOP71 and ALMT1 in
229 the root apex of 5 dag WT and stop 1 seedlings using qRT-PCR (Figure 3A,
230 Supplementary Figure 3). In the WT, ALMT 1 expression increased by
231 approximately 4-fold in response to -Pi conditions, while the level of expression of
232 STOP1 was not significantly altered by Pi availability (Figure 3A). We also found
233 that in the stop 1 background the expression of ALMT1was undetectable

234 (Supplementary Figure 2). Our results confirm a previous report (21) showing that
235 STOP1 is essential for the expression of ALMT1, but also show that STOP1 is
236 required for the induction of ALMT1 in response to low Pi.

237

238 Since STOP1 and ALMT1 appear to be essential for RAM-exhaustion under
239 Pi deficiency conditions, we examined the cell-specific expression pattern of these
240 two genes in seedlings grown under +Pi and -Pi conditions 5 dag, a time point prior

241 to full RAM exhaustion (Figure 1C), but when primary root growth inhibition has
242 already started (Figure 1C). Confocal microscopy of proSTOP1::GUS::GFP
243 seedlings grown in +Pi media revealed that STOP1is expressed in the QC,

244 columella, lateral root cap and epidermis (Figure 3B) and that its expression

9
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245 pattern is not altered in —Pi media (Figure 3B). On the other hand no detectable
246 reporter activity of proALMT1::GUS::GFP was found in the RAM of seedlings
247 grown under +Pi conditions, whereas in —Pi media expression of the reporter gene
248 was clearly detectable in the proximal region of the SCN (QC, cortex and stele
249 initials), vascular bundle, pericycle, cortex, endodermis, columella and lateral root

250 cap (Figure 3B).
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252 Figure 3. STOP1and ALMT1 are expressed in the RAM of Arabidopsis under Pi
253 deficiency conditions. (A) gqRT-PCR analysis of STOP1 and ALMT1 expression in the root apex
254 (2-3 mm) of WT (Col-0) plants. Bars represent the mean fold change +SEM of 2 biological
255 replicates with 3 technical replicates. WT +Pi samples were used as calibrator values. ACT2 and
256 UBQ10 were used as internal controls. Asterisk indicates that the expression was significantly
257 different between +Pi and —Pi conditions (Student t-test; p <0.05) (B) Transgenic Col-0 plants
258 harboring transcriptional gene fusions containing the STOP1and ALMT1 promoter fused to a
259 double GFP-GUS reporter gene, respectively (proSTOP1::GUS::GFP and proALMT1::GUS::GFP),
260 were grown under +Pi and -Pi conditions and expression activity was observed at 5 dag using
261 confocal microscopy. Scale bar indicates 100 pm.
262
263 Malate treatment rescues the determinate developmental program in
264 the primary root of stop7 and almt1 in response to low Pi conditions
265
266 Since malate efflux has been shown to be affected in stop? and almt1
267 mutants and both stop? and almt1 present determinate primary root growth under

10
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268 AI** toxicity conditions (21, 22), we sought to determine whether malate exudation

269 also played a role in the Arabidopsis primary root response to low Pi availability. To
270 this end, we added increasing concentrations of malate to both +Pi and -Pi media
271 and tested the effect of malate treatment on the primary root growth of WT, stop1

272 and almt1 seedlings (Figure 4 and Supplementary Figure 3). We observed that

273 primary root growth was not altered by malate treatment under +Pi conditions in
274 any of the tested lines (Supplementary Figure 3). However, in -Pi media, treatment
275 with malate restored the short-root phenotype in stop?1 and almt1 seedlings in a
276 concentration-dependent manner (Figure 4A-B). Although stop1 seedlings treated
277 with 1 mM malate had significantly shorter roots than in media lacking malate, their
278 primary roots were slightly, but statistically significantly, larger than those of the WT
279 and almt1 seedlings grown in the same media (Figure 4A-B). Malate treatment of
280 Pi-deprived WT seedlings showed a small effect at 0.1 mM, however, this effect
281 was not observed at higher malate concentrations (Figure 4A-B) as WT seedlings
282 remained short under all treatments (Figure 4A).

283

284 To determine whether malate treatment activates RAM exhaustion in stop1
285 andalmt1 seedlings, we examined the expression of proCycB1::GUS and

286 proQC46::GUS reporter genes in Pi-deprived/malate-treated stop7 and almt1
287 seedlings. Clear signs of cell differentiation in the RAM of Pi-deprived/malate-
288 treated almt1 seedlings were observed and proCycB1::GUS and proQC46::GUS
289 reporter activity was undetectable. In the case of Pi-deprived/malate-treated stop1
290 seedlings, although cell proliferation was reduced, it was not completely arrested
291 and proQC46::GUS expression was still clearly detectable (Figure 4C). No
292 expression was found in the WT either in low-Pi media or low-Pi media

293 supplemented with 1 mM malate (Figure 4C).
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295 Figure 4. Malate treatment rescues the mutant phenotype of stop?and almt1
296 seedlings. (A) Primary root length of 10 dag WT, stop? and almt1 seedlings grown under
297 increasing concentration of malate supplemented to -Pi medium. Green, blue and red dots depict
298 WT, stop1 and almt1 individuals (n=30 from 3 independent experiments), respectively. Statistical
299 groups were determined using Tukey HSD test (P-value <.05) and are indicated with letters. (B)
300 Phenotypes of 10 dag WT, stop? and almt1 seedlings grown under low phosphate medium (-Pi) and
301 low phosphate medium supplemented with 1mM malate (-Pi/+Malate). Scale bar equals 1 mm. (C)

302 proCycB1::GUS (lower panels) and proQC46::GUS (upper panels) expression (D) Perls-DAB iron

303 staining in the RAM of WT, stop1 and almt1 grown under -Pi and malate treatment (1 mM; —Pi/
304 +Malate) conditions 5 dag. Scale bar equals 100 ym.

305

306 Fe accumulation is absent in the RAM of Pi-deprived stop? and almt1
307 seedlings and can be rescued by malate treatment

308

309 Accumulation of Fe in the apoplast of cells in the RAM is required to activate
310 the primary root response to low Pi availability (20). As carboxylate-iron complexes

311 have been reported to participate in iron transport and acquisition in plants (30-32)
312 and malate efflux is affected in stop7 and almt1 mutants (21, 22), we explored

313 whether malate exudation plays a role in the Fe accumulation mechanism that is
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314 required to trigger primary root growth inhibition in response to low Pi availability.
315 First, we tested whether malate is required for the accumulation of Fe in the
316 apoplast of RAM cells using Perls-DAB histochemical Fe staining, which allows the

317 detection of changes in labile Fe>* (20), on the root tips of WT, stop? and almt1 in

318 low Pi media with or without 1 mM malate (Figure 4D and Supplementary Figure
319 3). In Pi-deprived seedlings not exposed to malate, Fe staining was clearly
320 observed in the roots of WT seedlings while stop7 and almt1 seedlings showed a
321 much lower Fe accumulation (Figure 4D). In Pi-deprived WT seedlings treated with
322 1 mM malate, Fe staining was still clearly visible but in a more defined zone of the
323 root apex, which included the QC. In contrast to stop7 and almt1 seedlings grown
324 in -Pi media lacking malate, those treated with 1 mM of this organic acid showed a
325 very similar pattern to that observed for the WT under the same conditions.
326 Although malate-treated Pi-deprived stop 7 seedlings show a clear Fe staining,
327 accumulation of Fe*" in the RAM was apparently lower around the QC than that

328 observed for the WT and almt1 seedlings treated with malate (Figure 4C). We did
329 not observe significant differences in the patterns of Fe staining between the root
330 tips of WT, stop1 and almt1 seedlings under +Pi conditions treated with 1 mM

331 malate (Supplementary Figure 3).

332

333 Citrate, as well as malate, is an organic acid that is released by plant roots
334 in response to low-Pi availability (33). Since organic acids are naturally occurring
335 metal chelating agents, and if the malate chelating-effect is responsible for the
336 primary root growth inhibition in -Pi media, we wanted to test whether citrate
337 treatment of Pi-deprived seedlings (1 mM citrate) could also phenocopy the short-
338 root phenotype in Pi-deprived stop? and almt1 seedlings. In —Pi media, we
339 observed that citrate treatment slightly reduced primary root elongation of stop1

340 seedlings (10%) (Supplementary Figure 4A-B) and had no significant effect in the
341 root growth of Pi-deprived almt1 seedlings (Supplementary Figure 4A-B).

342 Interestingly, citrate treatment of Pi-deprived WT seedlings resulted in an average
343 2.5 fold increase in root length compared to that observed for WT seedlings grown
344 in low-Pi media in the absence of citrate (Supplementary Figure 4A-B). These
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345 results suggest a specific role of malate in primary root growth inhibition by
346 promoting the accumulation of Fe in the apoplast of root cells in the meristematic
347 area.

348

349 As malate is capable of inducing root growth inhibition and meristem
350 exhaustion in almt1 seedlings, linked to an effect on Fe-accumulation in the RAM
351 of almt1 seedlings, we hypothesized that malate has a chelating effect on Fe that
352 contributes to its accumulation in the root tip. To test our hypothesis, we performed
353 molecular dynamic calculations to simulate the effect of malate on the aggregation
354 of metallic ions such as Fe?*, Fe*" and AI**. We built 4 different simulation sets
355 using ascending malate:metal molecular ratios, starting from 0:120 to 120:120
356 (Supplementary Figure 5). We observed non-bonded interactions between malate
357 and Fe?" ions but the interactions did not induce Fe?" aggregation in any of the
358 simulated systems (Supplementary Figure 5). In the case of the malate and Fe®*
359 system we observed non-bonded interactions and the formation of large malate-
360 Fe®* aggregates in all ratios tested with an increasing size of aggregates when an
361 equimolar concentration of malate and Fe** was used (Supplementary Figure 5).
362 Metals did not aggregate when malate was not included in the simulation set
363 (Supplementary Figure 5). These results suggest that malate can form large
364 aggregates with Fe®** and AI®* but not with Fe?*, which could be relevant for the
365 activation of the Arabidopsis primary root response to low Pi.

366

367 Differential expression analysis revealed a preferential loss of local
368 transcriptional responses to Pi starvation in stop1 and almt1 root tips

369

370 The root tip plays a fundamental role in the ability of the root system to
371 sense and respond to Pi starvation (16). Therefore, to understand the role of

372 STOP1 and ALMT1 in the local and systemic responses of the Arabidopsis root to
373 low phosphate, we performed a whole transcriptome sequencing (RNA-seq)

374 analysis of gene expression in root tips from WT, stop? and almt1 seedlings grown
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375 under +Pi and -Pi conditions (Figure 5). We performed pairwise comparisons of
376 transcript abundances between -Pi and +Pi conditions to determine differentially
377 expressed genes (-1.5 < logFC < 1.5; FDR<.05) in response to Pi deficiency in WT,
378 stop1 and almt1 root tips (Figure 5A). A total of 1488 genes were found to be
379 responsive to low phosphate in the WT (819 up; 669 down), while only 569 in
380 stop1 (294 up; 275 down) and 463 in almt1 (224 up; 239 down) (Figure 5A). To

381 identify the biological processes whose expression is misregulated in the root apex
382 of stop1 and almt1 in response to Pi availability, we performed a Gene Ontology
383 (GO) enrichment analysis (Figure 5). First, we performed a GO clusterization of all
384 the over-represented categories that included genes that belong to the same
385 biological process in the root tips of WT seedlings (Figure 5B). We found seven
386 clusters that were named after the most significantly over-represented category of
387 the cluster and included the cellular response to phosphate starvation

388 (G0O:0016036), secondary metabolism (GO:0019748), macromolecule metabolic
389 process (G0:0044260), cell wall organization (GO:0071555) and systemic
390 acquired resistance (G0:0009627). A full list of the GO categories that were
391 enriched in the WT is included in Supplementary File 1. We then performed an
392 analysis of the percentage of genes belonging to each cluster that were
393 differentially expressed in stop7 and almt1 relative to the WT (Figure 5C). Using
394 such an approach we determined that, overall, the percentage of genes that were
395 activated in response to low phosphate in the root tip of the WT and were

396 misregulated in stop1 and almt1 ranged between 40% to 95% (Figure 5C). The

397 most affected biological process was “cell wall organization” as evidenced by the
398 reduced number of transcripts from the cluster that were activated in response to
399 low Pi instop1andalmti (41 WT, 4 stop1; 2 almt1). Of the 46 differentially
400 expressed genes included in the “response to phosphate starvation” that were

401 regulated in WT root tips, 46% and 40% (21 stop1; 18 almt1) were differentially

402 expressed in the root tips of stop? and almt1, respectively.

403

404 We found that the expression of SPX1 and SPX2, two key genes in the
405 regulation of Pi-responsive genes that are systemically induced (34), were normally
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406 induced in the root tips of stop?and almt1 mutants (Supplementary File 1).
407 Therefore, we examined the transcription levels of genes that are known targets of
408 the PHR1/SPX systemic regulatory node (6). Of the 94 PHR1 direct targets that we
409 found induced in the root tips of WT plants, we found that 60% (63 stop1; 57 almt1)

410 were also induced in stop? and almt1 in response to low Pi conditions (Figure 5D).
411 Since the activation of genes in the “cell wall organization” cluster is one of the
412 most affected in stop?7 and almt1 and its transcriptional regulation has been
413 recently linked to the local response to low Pi availability (35), our results suggest
414 that the local response to low Pi is largely lost in stop7 and almt1 and that the
415 systemic response to low Pi is significantly less affected than the local response in
416 these two mutants. To confirm that this was indeed the case, we performed a
417 comparison of genes that had been previously defined to participate in local and
418 systemic responses to low Pi (5) with those that were not activated in stop? and

419 almt1 (Figure 5D). We found that among the 79 systemic and 147 local genes that

420 were differentially expressed in the WT in response to Pi deficiency under our
421 experimental conditions, over 60% of the systemically regulated genes remained
422 responsive in stop1 (52) and almt1 (51), while less than 28 % of locally regulated
423 genes (40 stop1; 24 almt1) remained responsive to Pi starvation in the root tips of
424 the mutants (Figure 5D). These results confirm that STOP7 and ALMT1 have a key
425 role in regulating the expression of genes in the local response to Pi deficiency.
426 Nonetheless, STOP1 and ALMT1 also seem to have a significant effect on a group
427 of genes that are systemically induced by low Pi availability.

428
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430 Figure 5. Differential expression profiling of WT, stop7 and almt1 revealed a loss of
431 transcriptional response to Pi starvation in the root apex of stop7and almt1. (A) Venn
432 diagram of differentially expressed genes (DEG) that are up- and down-regulated (-1.5 > logFC(-
433 Pi/Pi) > 1.5; FDR < .05) in the root tip of WT, stop7and almt1 seedlings in response to -Pi
434 conditions. A bar-graph illustrating the number of upregulated and downregulated transcripts in WT,
435 stop1 and almt1is presented. (B) Gene Ontology (GO) enrichment analysis of overrepresented
436 categories that are activated in the root apex of Pi-deprived WT seedlings. Each circle corresponds
437 to a significantly enriched GO category (P-value <.05; hypergeometric test; Benjamini-Hochberg
438 correction). Color code resembles P-value and size resembles the number of genes that are
439 associated to that respective GO category. GO categories that share genes are connected and
440 clustered by the biological process that corresponds to the most significantly enriched category of
441 the cluster. (C) Analysis of DEG by cluster in the root tip of stop? and almt1. The number of genes
442 that belong to each GO cluster and are differentially expressed in stop? and almt1 is presented as a
443 percentage of the number of genes that are differentially expressed in WT (% DEG of WT). (D)
444 Transcriptomic analysis of locally and systemically regulated genes in the root apex of WT, stop1
445 and almt1 revealed a key role of STOP1 and ALMT1 in the local response to Pi starvation in
446 Arabidopsis. WT, stop1 and almt1 logFC values of genes that are differentially expressed in the root
447 tips of WT seedlings (-1.5 > logFC(-Pi/Pi) > 1.5; FDR < .05) in response to -Pi conditions and were
448 reported as PHR1-direct targets (6) and of those that were classified as part of the local or systemic
449 transcriptional response as reported by (5) is represented in a heatmap, respectively. Genes that
450 are differentially expressed in WT root tips and their expression levels in WT, stop1 and almt1
451 seedlings grown under -Pi conditions are illustrated according to the key.

452
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453 Malate treatment rescued the expression of local-response genes
454 encoding apoplast-located proteins

455

456 As we observed that malate treatment rescued iron accumulation in the
457 RAM and the long root phenotype of stop? and almt1 mutants, we sought to
458 identify the subset of genes that regulate primary root growth inhibition and whose
459 expression under low Pi conditions is re-activated by malate treatment in stop7 and
460 almt1 seedlings. To this end, we isolated mRNA from the root tips of Pi-deprived
461 stop1 and almt1 mutants that were treated with malate (1 mM) and carried out
462 RNA-seq analysis (Figure 6). Our rationale was that the common set of genes that
463 are differentially expressed in the root tips of Pi-deprived seedlings that have a

464 short-root phenotype (WT, stop7+M, almt1+M) and that are not differentially

465 expressed (induced or repressed) in the root tips of Pi-deprived stop? and almt1
466 seedlings, which have a long root phenotype in -Pi media, are linked to the malate-
467 dependent mechanism that triggers primary root growth inhibition under Pi
468 deprivation conditions. A common set of 210 differentially expressed genes (63
469 upregulated; 147 downregulated) was found between the genotypes/treatment that
470 induce a short root phenotype under -Pi conditions and that are not differentially
471 expressed in Pi-deprived seedlings with a long root phenotype (Figure 6A). Among
472 the genes whose expression was rescued by malate treatment, we found several

473 peroxidase family genes (PEROXIDASE2, PEROXIDASE37, AT3G01190,
474 PEROXIDASE4) which are closely related to the control of ROS homeostasis (36).

475 A full list of the genes and description is included in Supplementary File 1.
476 Interestingly, using SUBA, a subcellular prediction tool (Tanz et al. 2013), we found
477 that 30% of proteins encoded by genes whose responsiveness to low Pi is restored
478 by malate treatment in stop? and almt1 Pi-deprived seedlings are targeted to the
479 apoplast or extracellular region (Figure 6B), confirming a previous study in which a
480 maijor role of the apoplast in the root response to Pi starvation was highlighted (35).
481 Furthermore, an additional 16% of genes are targeted to the plasma membrane
482 (Figure 6B).

483
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486 Figure 6. Malate treatment rescues the expression of transcripts whose products are
487 targeted to the extracellular region. (A) Schematic of the Venn diagram analysis of

488 common differentially expressed genes (DEG; -1.5 > logFC(-Pi/Pi) > 1.5; FDR < .05) in
489 short-root phenotypes (WTNnstop7Nalmt1) minus the DEG in long-root phenotypes
490 (stop1Ualmt1) under Pi deficiency conditions, that was performed to determine the genes
491 whose expression is linked to short-root phenotype and is rescued by malate treatment in
492 stop1 and almt1 seedlings. A heatmap of the logFC values in WT, stop1/+M and almt1/+M

493 of the determined gene set is presented. (B) Predicted subcellular location of the DEG
494 whose expression is restored by malate treatment. (C)LPR1, UPBEAT1 and VTC4
495 expression levels are presented in fold change (FC; FDR<.05) as revealed by our
496 transcriptomic studies in the root apex of WT, stop? and almt1 seedlings under -Pi
497 conditions and -Pi and malate treatment (almt1+M, stop71+M) conditions.

498

499

19


https://doi.org/10.1101/095497
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/095497; this version posted December 19, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

500

501 LPR1 acts downstream of STOP1 and ALMT1

502

503 In Arabidopsis, LPR1 has been reported to mediate the oxidation of Fe?" to
504 Fe*" in the apoplast, which was correlated with ROS generation that triggers
505 callose deposition in the root apex and disrupts SHR transport which ultimately
506 induces determinate primary root growth in response to Pi deficiency conditions
507 (20). As both Fe* accumulation and the regulation of peroxidases are lost and
508 rescued by malate treatment in stop7 and almt1 mutants, using our RNASeq data,
509 we analyzed if malate treatment had the same effect on the LPR1 expression in
510 response to low Pi conditions in the root apex of stop7 and almt1 (Figure 6C). The
511 expression of LPR1 was found to be enhanced in the root apex of WT seedlings
512 (3.29 fold) exposed to low-Pi, induction that was significantly lower in stop7 (1.64

513 fold) and almt1 (1.25 fold) Pi-deprived seedlings (Figure 6C). Our data revealed
514 that, indeed, malate treatment increased LPR1 transcript levels in Pi-deprived

515 stop1 seedlings from 1.5 to 2.0-fold and in almt1 seedlings from 1.2 to 2.7-fold

516 (Figure 6C). The higher increase in LPR1 expression induced by malate treatment
517 in almt1 than stop1 correlates with the capacity of the treatment to better restore
518 the primary root response to low in almt1 than stop1 (Figure 6C). To test whether
519 the effect of malate was dependent or independent of LPR1, we studied the effect
520 of malate treatment on the primary root elongation of Ipr1 seedlings grown in media
521 lacking Pi. We observed that malate treatment did not rescue the Ipr1 mutant

522 phenotype (Supplementary Figure 6), suggesting that the effect of malate to trigger

523 the determinate root developmental program in response to Pi deficiency requires
524 the presence of a functional LPR1 protein.

525

526 Since alterations in the ROS balance in the RAM of Arabidopsis are linked
527 to the meristem exhaustion process observed in Pi-deprived seedlings (37) and

528 LPR1 is essential for the low-Pi dependent ROS signaling that takes place in the
529 primary root of Arabidopsis, we decided to analyze the transcript levels of
530 UPBEAT1 (UPB1; Figure 6C); the only transcription factor known to module ROS
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531 balance and control the transition from cell proliferation to cell differentiation in the
532 RAM by modulating the transcription of peroxidase genes (38). We observed that
533 UPBEAT1 is down-regulated 0.48-fold in response to low Pi in the root apex of WT
534 seedlings and that it is downregulated to a lower degree in stop1 (0.64 FC) and
535 almt1 (0.67 FC). Malate treatment restored the downregulation of UPB1 in Pi-
536 deprived almt1 (0.46 FC) and stop1 (0.37 FC) seedlings to WT levels (Figure 6C).
537 Since LPR1 and UPB1 seem to be involved in modulating ROS balance in the

538 RAM and their expression is misregulated in stop7and almt1, we identified
539 peroxidase genes which have been related with ROS homeostasis in the root (36)
540 and analyzed their expression levels in WT, stop? and almt1 seedlings. We found

541 that 18 peroxidase genes (PRXS) were transcriptionally regulated by low Pi in the
542 root apex of WT seedlings of which 13 PRXS were not responsive to low Pi in
543 stop1 and almt1 (Supplementary File 1). Interestingly, the responsiveness of 11
544 peroxidase genes (PEROXIDASES2, AT4G08780, AT4G08780, PEROXIDASE?,
545 AT5G06730, AT5G39580, PEROXIDASE37, AT5G15180, PEROXIDASE4,
546 AT2G39040, AT3G01190) was rescued by malate treatment in Pi-deprived stop1

547 and almt1 seedlings (Supplementary Figure 7). Alterations of ROS balance have
548 been related to callose deposition in the primary root of Arabidopsis (20). Given
549 that the transcription of ROS-related genes (UPB1, LPR1 and PRXS) is disrupted
550 in stop71 and almt1 under low Pi conditions, we analyzed the expression values of
551 genes coding for callose synthases (CALS). We found that the expression of 4

552 genes coding for CALS (CALLOSESYNTHASE7, CALLOSESYNTHASEDY,
553 GLUCANSYNTHASELIKE4, GLUCANSYNTHASELIKES5) was induced (1.1 logFC;

554 FDR<.05) in the root apex of WT seedlings and that it was induced to a lesser
555 extent (logFC<0.6) in stop?1 and almt1 seedlings. It was observed that malate
556 treatment also rescued the expression of these 4 CALS in Pi-deprived stop? and
557 almt1 (Supplementary Figure 7). Our results suggested that malate efflux is
558 required for the ROS signaling cascade that has been reported to be affected in
559 low-Pi insensitive mutants (20, 37).

560
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561 Given that Fe tends to its higher oxidation state (Fe3+) in natural
562 environments and the iron uptake genes IRON REGULATED TRANSPORTER 1
563 (IRT1) and FERRIC REDUCTION OXIDASE 2 (FROZ2) have been reported to be
564 repressed in response to Pi deficiency conditions (3, 5, 39) we asked whether an

565 alternative Fe* reduction mechanism could provide Fe?* to LPR1 to initiate the
566 proposed ROS signaling cascade that is induced in the RAM in response to low Pi.
567 An ascorbate dependent Fe?* reduction mechanism has been reported recently
568 (31), in which VITAMINC4 (VTC4), a gene encoding a protein with dual myo-
569 inositol-monophosphatase and ascorbate synthase activity (40), could play a

570 central role. We found that VTC4 is induced in the root apex of WT (5 FC), almt1
571 (4.3 FC) and stop1 (3.22 FC) seedlings (Figure 6C). Interestingly, VTC4 belongs to
572 the set of genes that are direct targets of PHR1 (6), providing a potential link

573 between local and systemic signaling in the primary root response to low Pi and
574 the crosstalk between Fe and P in the Pi deficiency response.

575

576 Discussion

577

578 LPR1 has been proposed to promote the accumulation of Fe in the apoplast
579 of cells in the RAM, which in turn triggers an accumulation of callose that alters
580 symplastic transport causing meristem differentiation (20). However, the precise
581 mechanism by which Fe accumulates in the apoplast of RAM cells remained to be

582 determined. Here we show that STOP1 and ALMT1 participate in the mechanism

583 that triggers RAM exhaustion in response low Pi availability by mediating the
584 accumulation of Fe®*" in the apoplast of RAM cells. STOP1 and ALMT1 were
585 originally described as genes responsible of the malate efflux that protects the

586 Arabidopsis root from AIP* toxicity (21, 22). AtSTOP1 is constitutively expressed in
587 Arabidopsis, indicating that its involvement in the Al-dependent induction of gene

588 expression must involve posttranslational processes of modification or the direct

589 binding of AI*3. The finding that mutations in STOP7 and ALMT1 lead to long root

590 phenotypes in Pi-deprived seedlings suggests that malate excretion is also
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591 involved in the process of meristem exhaustion in response to low Pi availability.
592 We found that STOP1 is expressed in the RAM in a Pi-independent fashion and
593 that ALMT1 is expressed in the RAM but only in seedlings grown in media with low
594 Pi concentrations. Although the expression domains of STOP1 and ALMT1 do not
595 completely overlap, we found that the expression directed by the ALMT1 promoter
596 is completely dependent on an intact copy of STOP1 (Supplementary Figure 2).
597 The apparent inconsistency between the role of an activator with its target gene
598 and the differences in patterns of expression of STOP1and ALMT1 could be
599 explained by the recent report that STOP1 mRNA is cell-to-cell mobile (42).

600

601 Pi and Fe availability have been shown to coordinately regulate RAM
602 maintenance and primary root growth in vitro (11, 17, 20). Our results corroborate
603 that, in Arabidopsis WT seedlings, Fe availability (Supplementary Figure 8) in the

604 medium is required for RAM-exhaustion in media with a low Pi concentration and
605 that Fe accumulation in the RAM is associated with the process of RAM-
606 exhaustion (Figure 4). Apoplastic iron accumulation in the RAM was reported to be
607 essential for primary root growth inhibition in response to -Pi conditions (20),
608 however, the mechanism for iron accumulation in the root remained to be
609 determined. We found that Fe failed to accumulate in the root apex of stop? and
610 almt1 seedlings grown in Pi-deficient media and that the treatment of stop7 and
611 almt1 seedlings with malate restores both Fe accumulation in the RAM and the
612 inhibition of primary root growth in Pi-deprived seedlings (Figure 4). These data
613 show that malate secretion is necessary and sufficient for iron accumulation in the

614 RAM and to trigger cell differentiation in the RAM that is responsible for the

615 meristem exhaustion process induced by Pi deficiency. We propose that such
616 mechanism of iron accumulation happens in the apoplast as ALMT1 is reported to
617 be a malate efflux protein (22) and thus, exogenous malate, which probably
618 diffuses through the apoplast, can rescue iron accumulation in almt1 and stop1.
619 Malate supplementation was found to fully rescue the short-root phenotype of
620 almt1 while it only partially restored primary root growth inhibition in stop1,
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621 suggesting that, in addition to ALMT1, STOP1 regulates the expression of other

622 genes whose activation by low Pi is required for full meristem exhaustion.

623

624 Molecular dynamic simulation of Fe** and Fe?" interaction shows that malate
625 can form large complexes with Fe= but not Fe*® (Supplementary Figure 5). This
626 data suggests that malate promotes the accumulation of Fe* in the apoplast by
627 forming these large molecular weight complexes, which by a still largely unknown
628 mechanism that correlates with ROS generation (20), activate the processes
629 required for meristem exhaustion. Ipr1 seedlings also show a long root phenotype
630 in low Pi media, suggesting that the ferroxidase activity of LPR1 is required to
631 trigger cell differentiation during the primary root meristem exhaustion process

632 triggered by Pi-deprivation. We found that the long root phenotype of Ipr1 in low-Pi
633 media cannot be rescued by malate treatment, suggesting that LPR1 acts

634 downstream of STOP1 and ALMT1 and that most probably is required to activate

635 the Fe-mediated mechanism involved in the process of RAM exhaustion observed
636 in Pi-deprived seedlings. Therefore, cell-wall-localized LPR1 ferroxidase activity
637 which catalyzes Fe*?to Fe** conversion (20), could act synergistically with malate
638 efflux in the accumulation of Fe*" in the apoplast of RAM cells. LPR1-dependent

639 Fe*" production in the apoplast could trigger ROS production by initiating a Fe

640 redox cycle as previously proposed (43). Either ferric-chelate reductase oxidase
641 activity, which reduces apoplast-diffusible Fe** chelates, or effluxed ascorbate (31)
642 could reduce the Fe** produced by LPR1 to a redox-active Fe?* to complete a

643 cycle thereby triggering root cell differentiation. Supporting this notion, LPR1

644 overexpression causes ectopic Fe** and ROS generation in Pi-deprived seedlings
645 (20). Our data suggest the existence of a STOP1, ALMT1 and LPR1 coordinated

646 redox mechanism that involves Fe*> deposition in the apoplast of RAM cells of
647 seedlings exposed to low Pi. ALMT1 is transcriptionally upregulated in a similar
648 fashion in WT and Ipr1 mutants (35), confirming that LPR1 acts downstream of the
649 STOP1/ALMT1 low Pi regulatory node.

650
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651 Expression of up to 80% of the genes involved in the local response to low
652 Pi was affected in stop1 and almt1, whereas less than 40% of Pi systemically
653 responsive genes were affected in the same mutants (Figure 5D). These results
654 show that, in addition to controlling the primary root developmental response to low

655 Pi, STOP1 and ALMT1 play an important role in modulating the transcription of

656 other genes involved in the local response to Pi starvation. However, the reduction
657 in both local and systemic responses in stop? and almt1 points to a cross-talk
658 between the signaling pathways that regulates the transcriptional activation or
659 repression of the systemic and local responses to low Pi in the root apex. However,
660 we cannot rule out the possibility that the internal concentration of Pi could be

661 higher in the root tip of stop?7 and almt1 than the WT, which could lead to a

662 downregulation of the systemic response, as has been observed in plants grown in
663 low Pi and low Fe conditions (17). Further experiments regarding a possible
664 STOP1 and ALMT1 interaction directly with Pi, PHR1 or SPX-domain proteins
665 could shed light on the existence of a coordinated response to external and internal
666 Pi levels in the root apex. The observation that PHR1 activates the expression of
667 the ascorbate synthase VTC4 under Pi deficiency conditions together with the
668 recent report that ascorbate efflux contributes to Fe®*" reduction (31), support the
669 notion that the redox cycle that generates ROS and triggers RAM exhaustion could
670 be controlled by both local and systemic responses to Pi starvation.

671

672 Our transcriptomic analysis revealed that LPR1is responsive to Pi-

673 deprivation in the root tips of WT plants (Figure 6C) and that this response is
674 significantly reduced in the root tips of stop7 and almt1 seedlings (Figure 6C).

675 These results suggest that a threshold level of LPR1is required to activate
676 meristem exhaustion in Pi-deprived seedlings. This notion is supported by the
677 observation that the treatment with malate that reverts the long root phenotype of
678 Pi-deprived stop71 and almt1 seedlings (Figure 4A) also leads to an increase in
679 LPR1 transcript levels (Figure 6C). Moreover, Arabidopsis accessions with higher
680 LPR1 transcription levels have shorter primary roots under low Pi conditions (16)
681 and we observed that, in the case of malate-treated Pi-deprived stop? and almt1
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682 seedlings, a higher LPR1 expression in almt1 than in stop1 correlated with a
683 shorter primary root in almt1 than stop1 (Figure 4B, 6C). A recent report on the
684 interplay between the transcriptional activation of genes coding for extracellular
685 enzymes and iron-redistribution in the apoplast in response to Pi-deprivation

686 highlighted the role of the apoplast in the Pi starvation response (35).

687 Transcriptomic analysis of Pi-deprived stop?7 and almt1 seedlings showed that
688 malate treatment reactivates the low-Pi-responsiveness of genes that encode
689 extracellular proteins involved in cell-wall modification and ROS homeostasis, such
690 as peroxidases (36). Our transcriptomic results confirm a previously reported role
691 of apoplastic peroxidases in the Pi starvation response (35), and highlight the role
692 of malate secretion in the cell wall remodeling processes potentially involved in the
693 changes of Arabidopsis root system architecture induced by low Pi availability. In

694 this context, the finding that UPBEAT1, a transcription factor that modulates the

695 transition from cell proliferation to cell differentiation in the RAM by repressing
696 peroxidase genes (38), is repressed in response to Pi deficiency conditions and the
697 fact its expression is altered in stop?7 and almt1, support the notion that ROS
698 generation plays an important role in the root response to Pi deprivation. Further

699 experiments regarding the specific pattern of ROS signaling in the RAM under Pi

700 starvation conditions are required.
701
702 A model that summarizes what is known about the local response to Pi

703 starvation and the proposed role of STOP1 and ALMT1 in the root response to Pi
704 deprivation is presented in Figure 7. Under Pi deficiency conditions, expression of
705 LPR1 is enhanced by a malate-dependent mechanism and PDR2 activity is
706 inhibited facilitating LPR1 mobilization from the ER to the plasma membrane (20)

707 where LPR1 ferroxidase activity catalyzes Fe**to Fe®* conversion in the apoplast of
708 RAM cells (Figure 7). The mechanisms by which LPR1 is transported from the ER

709 to the extracellular region and how PDR2 activity is regulated by Pi-availability
710 remain to be determined. STOP1, a constitutively expressed gene, up-regulates
711 the expression of ALMT1 in seedlings exposed to low Pi, thereby activating the
712 excretion of malate. LPR1 ferroxidase activity in the plasma membrane of cells in
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713 the meristem and elongation zones of the primary root locally produces Fe*" which
714 forms large complexes with malate, leading to its accumulation. Expression of the
715 ascorbate synthase VTC4 under Pi deficiency conditions is activated and the
716 presence of ascorbate in the apoplast produces the Fe?* required to complete a
717 redox cycle that generates ROS. Expression of the UPB1 repressor is reduced by
718 a Fe/malate-dependent mechanism under low Pi conditions, which enhances the
719 transcription of peroxidase genes. Enhanced transcription of local response
720 peroxidase genes likely triggers ROS generation in the root of Pi-deprived
721 seedlings as previously reported (37). ROS generation triggers callose deposition

722 as previously reported (20, 44). This notion is supported by the observation that the

723 expression of several CALS genes is enhanced in the root apex of WT but not in
724 stop1 and almt1 seedlings (Supplementary Figure 7). Callose synthesis impairs
725 symplastic transport by physically blocking plasmodematal pores, which reduces or
726 inactivates the cell to cell movement of SHR (20). Since SHR cell to cell movement
727 is required for stem cell niche maintenance, meristem exhaustion takes place in
728 seedlings exposed to low Pi availability. However, since CLE-like peptide signaling
729 is also required for stem cell niche maintenance in Arabidopsis (45) we cannot rule
730 out that ROS or Fe®*" accumulation in the RAM could induce the transcription of
731 CLE peptides that could also execute RAM exhaustion.

732

733 STOP1 controls ALMT1 transcription and its expression is not regulated by
734 Pi availability, suggesting that STOP1 is most likely involved in sensing external Pi-
735 levels or an environmental cue that it is linked to low-Pi levels in the medium. Since
736 STOP1 also controls low pH and Al** toxicity responses, it emerges as a possible
737 master regulator/sensor that orchestrates the root responses to multiple
738 environmental stresses.
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740 Figure 7. STOP1and ALMT1 regulate the RAM response to low Pi conditions in
741 Arabidopsis. In response to limiting Pi levels in the medium, STOP71 induces ALMT1

742 (Figure 3) which triggers malate efflux in the root apex. Low Pi levels also inhibit PDR2
743 negative regulation over LPR1 and induce, in a largely unknown mechanism, LPR1
744 transport to the plasma membrane. Malate contributes to the aggregation of Fe* ions in
745 the apoplast and enhances the expression of LPR1, callose synthase genes (CALS)

746 peroxidase genes (PRX) under Pi deficiency conditions. LPR1 and PRX activity generates

747 reactive oxygen species (ROS) which enhance callose deposition by CALS. Callose
748 deposition closes the symplastic channels of communication which ultimately impairs the
749 transport of transcription factors, such as SHR, that are essential to maintain cell
750 proliferation and organization in the RAM. Alternative factors induced by ROS, such as
751 signaling peptides, could also induce cell differentiation in the RAM. A crosstalk between
752 internal sensing, mediated by the PHR1/SPX1 module, and external Pi-sensing could be
753 interconnected by ascorbate efflux into the apoplast, which can reduce Fe** to Fe* and
754 could re-start the proposed redox cycle. Ascorbate can be produced by VTC4 whose gene
755 is induced by PHR1 when internal Pi levels are limiting. Arrows represent relationships
756 between the components. Dotted lines represent hypothetical relations, and the regulation
757 key illustrates the type of evidence that has been provided for that relationship.

758

759 Materials and Methods
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760

761 Plant material

762 Arabidopsis thaliana Col-0 accesion (CS70000) was used in this work. Stop1-
763 SALK 114108 (N614108), almt1-SALK 009629 (N509629), and Ipr1 (N516297)

764 lines were provided by the NASC (European Arabidopsis Stock Center).

765

766 Growing conditions

767 Seeds were surface sterilized and sowed in 1% agar, 0.1x MS medium as
768 described by (10). 1mM KH2PO. (high Pi; +Pi) or 10uM KH,PO4 (low Pi; -Pi) Pi
769 concentrations were used. 1% (w/v) sucrose and 3.5mM MES was added. Fe-free

770 medium was prepared as described (15), and 100uM ferrozine (SIGMA-82950)
771 was added to reduce agar Fe-availability. Malate and citrate (SIGMA-M1000 and
772 SIGMA-C0759, respectively) were added to medium before sterilization. Seedlings

773 were grown in a Percival chamber at 22 °C, under 16/8 hrs photoperiod with >200
774 Mmol*m-2*-1 luminous intensity.

775

776 EMS mutagenesis

777 Over 3000 Arabidopsis seeds were surface sterilized with ethanol 95% (v/v)
778 ethanol for 10min and 20% (v/v) bleach for 6 min. The sterilized seeds were left
779 overnight at 4°C on a rocker in distilled water. Then seeds were incubated with
780 0.04% EMS (SIGMA-M0880) during in 100 mM sodium phosphate buffer, pH7.
781 After 9 hours the seeds were washed ten times with distilled water to remove EMS
782 residues. EMS mutagenized seeds (M1) were propagated under greenhouse
783 conditions and F1 seeds (M2) were harvested and grown under -Pi conditions.
784 Mutants that presented a long-root phenotype under in -Pi media were selected.
785

786 Gene mapping

787 Plant mapping populations were built crossing Ipi6 and Ipi6 homozygous lines vs

788 Col-0 (CS70000) respectively, according to the Mutmap protocol (26).
789 Heterozygous F1 plants were self-fertilized for seed propagation. The F2

790 segregating individuals, were re-screened for WT (short root) and mutant (long
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791 root) phenotypes, respectively for each of the two crosses. Then, DNA was
792 extracted from 100 plants for each phenotype, pooled and sequenced using
793 lllumina Miseq technology (paired-end, 250 base-pair reads length and 50X
794 coverage). Reads obtained were processed with fastQC and Trimmomatic (46) to
795 improve their quality. Only paired-end reads were considered. Reads were mapped
796 to the Col-0 reference genome (TAIR10) using BWA (47) and SAMtools (48). To
797 identify and to evaluate specific variants related with the mutant phenotype (long

798 root) a pipeline using GATK (https://software.broadinstitute.org/gatk/), VCFtools
799 (49), SNPeff and SNPshif (27) was implemented. IGV was used to visualize the
800 variants analyzed (50).

801
802 Transcriptional reporter lines
803 Transgenic Col-0 plants harboring transcriptional gene fusions containing

804 the STOP1 and ALMT1 promoter regions, respectively, fused to a double GFP-
805 GUS reporter gene were produced using4900pb (primers:

806 stop1FW:GAACGACAAGATTACAAGTAGGTTC and
807 stop1RV:GTTGCACAAATCGTCTTCAGTTTCC) and 2253 (primers:
808 almt1tFW:GGCAGATAAAGAGGCACTCGTG and

809 alImt1Rv:CTCTCTCACTTTCTCCATAACACC) intergenic regions of STOP1 and
810 ALMT1, respectively, were used to build the proSTOP1::GUS-GFP and
811 proALMT1::GUS-GFP transcriptional reporter lines respectively. Intergenic region
812 were cloned on the pKGWFS7 using the Gateway system. Arabidopsis plants were
813 agro-infiltrated using the floral-dip method (51).

814

815 Histochemical GUS staining

816 Histochemical GUS staining was performed as reported by (52). The stained roots

817 were clarified following the protocol reported by (53). A representative root stained
818 was chosen and photographed using Nomarski optics on a Leica DMR
819 microscope.

820

821

30


https://paperpile.com/c/CjXDvA/CPes
https://paperpile.com/c/CjXDvA/whgs
https://paperpile.com/c/CjXDvA/Jifz
https://paperpile.com/c/CjXDvA/4GRm1
https://paperpile.com/c/CjXDvA/Xuyn
https://paperpile.com/c/CjXDvA/St5s
https://paperpile.com/c/CjXDvA/yo9S
https://paperpile.com/c/CjXDvA/soeK
https://doi.org/10.1101/095497
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/095497; this version posted December 19, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

822

823 Histochemical iron staining

824 Perls iron staining and DAB intensification were carried out as described in (20)
825 and analyzed using Nomarski optics on a Leica DMR microscope.

826

827 Malate and Fe(ll), Fe(lll) and Al(lll) Molecular Dynamics

828 Molecular dynamic (MD) calculations were carried out to obtain insight about the
829 behavior between malate molecules and Fe(ll), Fe(lll) and Al(lll) ions in explicit
830 water solution. Non-bonded parameters for the metallic cations were taken from

831 the 12-6-4 Lennard-Jones-type non-bonded model for divalent (54) and highly

832 charged metal ions (55) respectively. These parameters were then adapted to the
833 GROMOS 53a6 force field and integrated with GROMACS 5.0 as a user specified
834 non-bonded potential employing tabulated interaction functions (56). The all-atom
835 PDB optimized geometry structure and parameters for malate molecules were
836 taken from the ATB web server (57). A total of nine systems were built with the
837 malate-Fe(Il), malate-Fe(lll) and malate-Al(lll) proportions of 0:120, 40:120, 80:120
838 and 120:120 within a cubic box with periodic boundary conditions. In all systems,
839 the box was solvated with SPC/E (58) type water molecules and the steepest
840 descents method was employed to minimize the energy. The temperature was set
841 to 300 K and an equilibration phase of 100 ps in the canonical ensemble (NVT)
842 was conducted using the V-rescale algorithm (59). Long-range electrostatics were

843 calculated employing the PME method (60, 61) with a cutoff of 12 A and the same

844 cutoff was chosen for the van der Walls non-bonded interactions. All bond lengths
845 were constrained with Linear Constraint Solver (LINCS; (62). A final production of
846 50 ns in the isothermal-isobaric ensemble (NPT) was conducted using the
847 Parrinello-Rahman algorithm (63). Snapshots were stored after each 10 ps and the
848 final MD trajectories were analyzed using the g_aggregate tool (64).

849

850 Preparation of root tip mMRNA-seq libraries

851 Total RNA was isolated from frozen root tip powder using TRIzol reagent
852 (Invitrogen) according to the manufacturer’s instructions. Frozen root tip powder
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853 was obtained from root tip sections of approximately 2-3 mm length from

854 approximately 500 individuals per treatment (5 dag). Non-strand specific mMRNA-

855 seq libraries were generated from 5 ug of total RNA and prepared using the TruSeq
856 RNA Sample Prep kit (Illumina) according to the manufacturer’s instructions.

857

858 RNA-seq High-throughput Sequencing and Data Analysis

859 High-throughput sequencing and data analysis were carried out as in (65). Briefly,
860 quality assessment of the reads generated with the lllumina analysis pipeline (fastq
861 format) was performed using FastQC (version 0.11.4) and processed using
862 Trimmomatic (46) (version 0.35) to remove reads that contained adapter
863 sequences and low quality reads. Single and paired-end clean reads were aligned

864 to the Arabidopsis thaliana TAIR10 reference sequence using TopHat2 (66)
865 (version 2.0.9). Raw counts per gene were estimated using HTseq (67) (version

866 0.6.0). Data was normalized in edgeR (68) (version 3.12.0) using the trimmed

867 mean of M values (TMM) method. Genes with = 3 reads in total, across all
868 samples, were included in the final analysis. Transcript abundance as represented
869 by the normalized raw counts per gene was used to determine differential
870 expression using the edgeR package. Analysis of GO enriched categories and
871 clusterization into functional groups by biological process was performed using
872 Cytoscape (69) (version 3.4) plugin ClueGO+CluePedia (70).

873

874 gRT-PCR

875 Total RNA was isolated using TRIzol reagent (Invitrogen) according to the
876 manufacturer’s instructions. Real-time PCR was performed with an Applied

877 Biosystems 7500 real-time PCR system using SYBR Green detection chemistry

878 (Applied Biosystems) and gene-specific primers. The relative expression levels
879 were computed by the Ct method of relative quantification. Oligonucleotide primer
880 sequences are available upon request.

881
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F1 progeny F2 progeny
Phenotype
Cross Phenotypes ohserved Ration obtained Ration tested
WT mutant WT mutant  WT mutant WT mutant X2
Ipi5x Col-0 179 0 490 170 297 : 1.03 31 0.2
Ipi6x Col-0 148 0 577 182 3.04 : 0.96 0.42
295% 3.841
* With one degree of freedom and a critical value of 5% we fail to reject the hypothesis of a Mendelian ratio of
segregation (3:1, WT:mutant) if the x2 is smaller than 3.841.
1092
1093 Supplementary Table 1. Segregation ratios of the F2 progeny seedlings obtained
1094 from Ipi5 X WT and Ipi6 X WT crosses.
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1101
1102 Supplementary Figure 1. Primary root growth of Ipi5, stop1, Ipi6 and almt1 10-day-old
1103 seedlings in response to low pH and aluminum toxicity. (A) Boxplot representation of the
1104 primary root length of WT, Ipi5, stop1, Ipi6, and almt1 10-day-old individuals (n=30) grown under low
1105 pH (4.6) (left) and aluminum toxicity (2 uM) (right) conditions. Dots represent individuals and genetic
1106 backgrounds are depicted by colors as described. Statistical groups were determined using a Tukey
1107 HSD test (P-value < .05) and are indicated by a letter. B) WT, Ipi5, stop1, Ipi6, and almt1 10-dag
1108 seedlings grown under low pH (4.6) (left) and aluminum toxicity (2 uM) (right) conditions. Scale bar
1109 equals 1 mm. C) Segregation ratios of F1 progeny seedlings (long root phenotype under -Pi
1110 conditions) obtained from stop 1 vs Ipi5 and almt1 vs Ipi6 crosses. All F1 progeny seedlings from the
1111 Ipi5 x salk_114108 and Ipi6 x salk_009629 crosses were observed to have a mutant phenotype
1112 under —Pi conditions.
1113
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Supplementary Figure 2. STOP1 is essential for ALMT1 expression in the root tip. gRT-PCR

analysis of ALMT1 expression in root apex of WT and stop7 plants. Bars represent the mean logFC

+SEM of 2 biological replicates with 3 technical replicates. WT +Pi samples were used as calibrator

values. ACT2 and UBQ10 were used as internal controls.
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Supplementary Figure 3. Malate effect on primary root growth and iron distribution in the

root under high phosphate conditions. (A) Primary root length of 10 dag WT, stop1 and almt1

seedlings in response to increasing concentrations of malate supplemented to +Pi medium. (B)

DAB-Perls iron staining of roots from 10 dag Col-0, stop? and almt1 seedlings grown under +Pi and

+Pi medium supplemented with 1 mM malate (+Pi+M).
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1126
1127 Supplementary Figure 4. Citrate supplementation of low Pi medium did not rescue
1128 the long root phenotype of stop? and almt1 mutants. (A) Phenotypes of 10 dag WT, stop? and
1129 almt1 seedlings grown in low phosphate medium (-Pi) and low phosphate medium supplemented
1130 with 1mM citrate (-Pi+C). Scale bar equals 1 mm. (B) Primary root length of 10 dag WT, stop? and
1131 almt1 seedlings under -Pi and -Pi medium supplemented with 1mM citrate. Green, blue and red
1132 dots depict WT, stop?1 and almt1 individuals (n=30 from 3 independent experiments), respectively.
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Statistical groups were determined using Tukey HSD test (P-value <.05) are indicated with letters.
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Supplementary Figure 5. Molecular dynamic calculations revealed the malate-chelating
effect that induces Fe* aggregation. 120 molecules of each metal (A-D) Fe*, (E-H) Fe* and (I-L)
was simulated (see Materials and Methods) with 0, 40, 80 and 100 molecules of malate,
respectively. Structural representation at the end (50 microseconds) of simulation between the

higher malate concentration (120 molecules) and (M) Fe?*, (N) Fe®** and (O) Al**, respectively.
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Supplementary Figure 6. Malate supplementation of low Pi medium did not rescue the long
root phenotype of IJpr1 mutants. (A) Phenotypes of Col-0 (WT) and /pr1 seedlings grown under
-Pi conditions (left) and -Pi medium supplemented with 1 mM malate (-Pi+M) (right) conditions 10
dag. (B) Primary root length of 10 dag WT and Ipr1 seedlings grown under -Pi conditions and -Pi+M
conditions. (C) DAB-Perls iron staining of roots from Col-0 and Ipr1 seedlings grown under -Pi and
-Pi+M conditions 10 dag.
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1149
1150 Supplementary Figure 7. Malate treatment rescues the expression of peroxidase and callose
1151 synthase genes in Pi-deprived stop? and almt1 seedlings. The locus ID (atID), description and
1152 the expression values (logFC) of (A) PEROXIDASE and (B) CALLOSE SYNTHASE genes are
1153 presented for Pi-deprived seedlings (WT, stop7andalmt!) and malate-treated Pi-deprived
1154 seedlings (stop71+M, almt1+M). Non colored values mean that the gene is not differentially
1155 expressed (FDR>.05) in the respective genotype/conditions.
1156
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1159 Supplementary Figure 8. Iron-dependence of the inhibition of primary root under low
1160 Pi conditions. (A) Primary root length of 10 dag WT, stop7 and almt1 seedlings grown In —
1161 Pi media (-Pi+Fe) and —Pi media lacking Fe (-Pi-Fe; See Materials and Methods). Green,
1162 blue and red dots depict WT, stop? and almt1 individuals (n=30 from 3 independent
1163 experiments), respectively. (B) Phenotypes of 10 dag WT, almt1 and stop 1 seedlings

1164 grown under -Pi-Fe conditions. Scale bar equals 1 centimeter (cm).
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