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ABSTRACT 16 

Fluctuations in light intensity require immediate metabolic adjustment which includes 17 

reprogramming of both plastidial and nuclear gene expression, but the signaling pathways 18 

behind such responses are not fully understood. Here we report the identification of an early 19 

high-light responsive pathway in Arabidopsis thaliana that depends on PHOSPHATE 20 

STARVATION RESPONSE 1 (PHR1) and PHR1-LIKE 1 (PHL1) transcription factors 21 

involved in low phosphate (Pi) signaling. High-light treatment rapidly induced the accumulation 22 

of PHR1-responsive transcripts in wildtype plants grown under nutrient-sufficient conditions, 23 

but not in phr1 phl1 double knockout plants. Differences in starch accumulation and ATP levels 24 

were detected between wildtype and phr1 phl1 mutants subjected to high light, suggesting a 25 

link between Pi signaling, carbohydrate partitioning, and energy status during stress. In line 26 

with a function of PHR1/PHL1 upon triose phosphate accumulation, we observed that blocking 27 

starch biosynthesis in the phr1 phl1 double mutant, by introducing the agd1-1 allele, causes a 28 

severe growth defect. Phenotypes of the adg1 phr1 phl1 triple mutant such as high-light 29 

sensitivity and growth restriction in the absence of exogenously supplied sucrose resemble the 30 

previously described double mutant adg1 tpt-2, lacking a functional copy of the TRIOSE 31 

PHOSPHATE/PHOSPHATE TRANSLOCATOR (TPT), and we show that Pi responses are 32 

disturbed in adg1 tpt-2. We propose that Pi sequestration by photosynthesis and import of Pi 33 

into the chloroplast transiently depletes cytosolic Pi reserves upon sudden increases in light 34 

intensity. The low-Pi sensing machinery in the nucleus consequently implements early high-35 

light transcriptional responses, qualifying Pi as a new operational retrograde signal. 36 

 37 

Introduction 38 

Light as a source of energy with highly fluctuating availability needs to be efficiently 39 

captured by the photoautotrophic metabolism. This necessitates an enzymatic machinery 40 

capable of coping with rapid changes in metabolic flux, as well as the containment of 41 

overexcitation-induced hazards. Both challenges are met not only by post-transcriptional 42 

regulation of enzyme activity (reviewed in König et al. (2012), Matiolli et al. (2022)), but also 43 

by pronounced changes in mRNA abundance that occur within 30 minutes upon an increase in 44 

irradiance (Vogel et al., 2014; Suzuki et al., 2015; Huang et al., 2019). The latter mechanism 45 

depends on fast signal transmission between the chloroplast and the nuclear transcription 46 

machinery. Such communication is mediated by ‘primary’ retrograde signals (Dietz, 2015), 47 
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including redox cues and reactive oxygen species like H2O2 and singlet oxygen which are 48 

produced during photosynthetic reactions (Bechtold et al., 2008; Dietz et al., 2016). 49 

Additionally, increased electron transport activity and light-induced Calvin cycle activation 50 

promote the accumulation of primary products of carbon fixation (Dietz and Heber, 1984; Dietz 51 

and Heber, 1986) which may themselves act as signaling molecules (Häusler et al., 2014; Moore 52 

et al., 2014). Hence, induction of high-light specific gene expression partially depends on the 53 

triose phosphate/phosphate translocator (TPT) that mediates the exchange of triose phosphates 54 

or 3-phosphoglycerate (3-PGA) with inorganic phosphate (Pi) at the chloroplast envelope 55 

(Schneider et al., 2002; Vogel et al., 2014; Weise et al., 2019). A central function of the TPT in 56 

light acclimation and retrograde signaling was corroborated by the severe high-light dependent 57 

phenotypes of double mutants defective in the TPT and ADG1 (for ADP GLUCOSE 58 

PYROPHOSPHORYLASE 1), encoding a small subunit of the ADP-glucose pyrophosphorylase 59 

complex (AGPase) which is required for the biosynthesis of transitory starch (Schmitz et al., 60 

2012). Phenotypes of adg1-1 tpt double mutants include growth retardation, low diurnal 61 

changes in carbohydrate levels, and high chlorophyll fluorescence. These observations point 62 

towards an important role of photosynthate partitioning for retrograde signaling, however the 63 

identity of the primary sensors as well as signal transduction mechanisms are still unclear. 64 

Phosphorus makes up about 2-30 permille of the plant dry mass (Kumar et al., 2019), as it is 65 

incorporated into a large subset of biomolecules. Systemic signaling of Pi availability and Pi 66 

distribution within the plant body mainly depend on a conserved gene family encoding 67 

PHOSPHATE STARVATION RESPONSE 1 (PHR1) and PHR1 LIKE (PHL) transcription 68 

factors of the MYB coiled-coiled type (Rubio et al., 2001; Zhou et al., 2008; Bustos et al., 2010; 69 

Thibaud et al., 2010; Sun et al., 2016). Simultaneous loss of PHR1 and PHL1 function affects 70 

the expression of at least 68 percent of the Pi starvation responsive genes in the shoots of 71 

Arabidopsis (Arabidopsis thaliana) (Bustos et al., 2010). A decrease in cellular Pi concentration 72 

impairs production of the inositol pyrophosphate species InsP8, relieving PHR1/PHLs of 73 

suppression by SPX (for SYG1/Pho81/XPR1) domain-containing proteins, thus linking 74 

transcription factor activity to Pi availability (Puga et al., 2014; Dong et al., 2019; Zhu et al., 75 

2019; Ried et al., 2021). The transcriptional response to Pi scarcity leads to scavenging of 76 

external and internal Pi sources through phosphatase induction (Morcuende et al., 2007) and 77 

altered lipid metabolism (Misson et al., 2005; Pant et al., 2015b), anthocyanin biosynthesis 78 

(Nilsson et al., 2012; Liu et al., 2022; Li et al., 2023), and protection from photodamage 79 

(Nilsson et al., 2012), to name a selection. PHR1/PHLs are characterized as transcriptional 80 

activators (Nilsson et al., 2007; Bustos et al., 2010). Accordingly, direct targets of PHR1 81 
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(Bustos et al., 2010; Castrillo et al., 2017) are strongly upregulated upon Pi starvation and 82 

include genes such as PHOSPHATE STARVATION-INDUCED GENE 2 (PS2; AT1G73010) 83 

(Hanchi et al., 2018), MONOGALACTOSYLDIACYLGLYCEROL SYNTHASE 3 (MGD3; 84 

AT2G11810) (Kobayashi et al., 2004), and GLYCEROPHOSPHODIESTER 85 

PHOSPHODIESTERASE 1/SENESCENCE-RELATED GENE 3 (SRG3; AT3G02040) (Cheng 86 

et al., 2011). Nevertheless, a subset of transcripts is specifically repressed under Pi-depleted 87 

conditions which can be accounted for by the induction of microRNAs (reviewed in Paz-Ares 88 

et al. (2022)), the induction of transcriptional repressors, as well as the modulation of genome 89 

accessibility (Barragán-Rosillo et al., 2021) through PHR1/PHLs activity. 90 

Pi is unique among the macronutrients in that it is the only root-supplied element which is 91 

directly consumed by photosynthesis (Heldt and Rapley, 1970; Dietz and Heber, 1984). It has 92 

been shown experimentally that under high-CO2 and high-light conditions, photosynthesis can 93 

indeed become limited by Pi supply to the chloroplast, both under Pi depleted and nutrient-rich 94 

conditions (Dietz and Foyer, 1986; Sivak and Walker, 1986). However, whether rapid increase 95 

in photosynthetic activity affects Pi homeostasis of the cell, is still unclear. In this study, we 96 

show that increments in light intensity trigger an early nuclear transcriptional response 97 

characteristic of Pi depletion which depends on PHR1 and PHL1. Processes regulated by 98 

PHR1/PHL1 upon increased illumination contribute to photosynthetic acclimation since 99 

phr1 phl1 mutants showed metabolic alterations compared to the wildtype when subjected to 100 

high-light stress. Moreover, analysis of the starch biosynthesis-deficient adg1 phr1 phl1 triple 101 

mutant revealed an important function of Pi signaling when triose phosphate utilization is 102 

impaired. Aspects of the growth defects observed for adg1 phr1 phl1 phenocopy the adg1 tpt-2 103 

mutant, suggesting that triose phosphate partitioning strongly affects Pi homeostasis. Together, 104 

we propose that PHR1/PHL1 mediate rapid photosynthetic acclimation upon sudden increases 105 

in light intensity by using Pi as a previously unknown operational retrograde signal. 106 
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Results 107 

Acclimation to Pi starvation is disturbed in adg1 tpt-2 108 

Photoassimilate allocation and utilization in the chloroplast and cytosol mainly 109 

determine the rate of Pi recycling from photosynthetic products. To address how the partitioning 110 

of phosphorylated assimilates affects Pi homeostasis, we examined the phenotypes of mutants 111 

defective in starch biosynthesis (adg1-1) and chloroplastic triose phosphate export (tpt-2) 112 

during Pi starvation in the presence of 14.61 mM (0.5 %) sucrose, and used anthocyanin 113 

production as a read-out for the induction of the Pi starvation response. In accordance with 114 

previous reports (Nilsson et al., 2007), wildtype seedlings accumulated anthocyanins when 115 

transferred to Pi-deficient conditions (Figure 1A, B). This was not observed for the phr1-3 phl1 116 

mutant. While tpt-2 mutant seedlings were indistinguishable from the wildtype in terms of 117 

anthocyanin content, pigmentation was significantly enhanced upon Pi starvation in adg1-1. 118 

Surprisingly, this effect was fully reversed in the double mutant adg1 tpt-2 which even 119 

accumulated much lower amounts of anthocyanins than the wildtype (Figure 1B). Nevertheless, 120 

root responses to Pi depletion such as root hair production were normal in adg1 tpt-2 (Figure 121 

1A). Hence, increased anthocyanin production of adg1-1 upon Pi starvation almost fully relied 122 

on photoassimilate transport over the chloroplast envelope. To test whether increased 123 

anthocyanin accumulation in adg1-1 also depends on the signaling pathway executed by 124 

PHR1/PHLs, we created a triple mutant by crossing adg1-1 and phr1-3 phl1. The anthocyanin 125 

content did not increase in the adg1 phr1 phl1 triple mutant in response to Pi starvation (Figure 126 

1B), confirming a crucial function of PHR1/PHL1 signaling in this process even in the absence 127 

of ADG1 activity.  128 

Pi deprivation is also known to induce starch accumulation in a PHR1-dependent 129 

manner (Figure 1C and Supplemental Figure 1), which likely involves AGPase activity (Nilsson 130 

et al., 2007). Furthermore, also soluble sugar contents rise in wildtype plants upon Pi limitation 131 

(Pant et al., 2015a). We reasoned that contrasting pigmentation behavior of the adg1-1 and adg1 132 

tpt-2 seedlings under Pi-depleted conditions might be caused by differential sugar accumulation 133 

(Zirngibl et al., 2023). First, we analyzed starch contents of seedling shoots under Pi-sufficient 134 

and -deficient conditions. While shoots of tpt-2 showed slightly higher levels of starch than 135 

wildtype, Pi depletion did not result in considerable starch production in adg1-1 or any of the 136 

derived mutant lines (Figure 1C), confirming that the small AGPase subunit ADG1 is required 137 

for increased starch accumulation under Pi starvation. In agreement with impaired starch 138 

biosynthesis, hexose levels were increased in adg1-1 shoots under Pi depletion compared to the 139 
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wildtype, and we observed a tendency towards higher sucrose levels in adg1-1 (Figure 1C). 140 

None of these effects were seen in the adg1 phr1 phl1 triple mutant, suggesting that sugar 141 

metabolism in adg1-1 was under control of PHR1/PHL1 during Pi depletion (Figure 1C). 142 

Surprisingly, sugar levels were not correlated to anthocyanin production in either tpt-2 or adg1 143 

tpt-2: While Pi-depleted shoots of tpt-2 contained higher glucose levels than wildtype, the 144 

contents of all three soluble sugar species analyzed were similar between shoots of adg1 tpt-2 145 

and the wildtype when grown on sucrose-supplemented media (Fig. 1C). Thus, anthocyanin 146 

production in response to Pi starvation was partially uncoupled from cellular sugar contents. 147 

Taken together, PHR1/PHL1 activity is required, but not sufficient for anthocyanin production 148 

under Pi starvation, which furthermore depends on adequate metabolite partitioning between 149 

chloroplasts and the cytosol. Furthermore, the phenotypes of the adg1 tpt-2 double mutant 150 

indicate that Pi starvation responses are disturbed in this mutant. 151 

 152 

Pi starvation gene expression is triggered by high light 153 

The low-Pi phenotypes of adg1-1 and adg1 tpt-2 mutant lines indicated that Pi starvation 154 

responses are affected by photoassimilate distribution and utilization. This raised the question 155 

whether photoassimilate turnover also impacts on Pi homeostasis under non-starved conditions. 156 

More specifically, Pi signaling might be modulated by naturally occurring changes in triose 157 

phosphate metabolism, for example upon an increase in light intensity. To address this, we 158 

tested low-Pi marker gene expression upon sudden increments in photon flux density. Using 159 

quantitative RT-PCR (qRT-PCR), we first confirmed that in our experimental setup transcript 160 

levels of SRG3, PS2, SPX1, and MGD3 were all strongly induced by Pi starvation, which mainly 161 

depended on PHR1/PHL1 (Supplemental Figure 2A). Additionally, we analyzed transcript 162 

levels of a putative vacuolar Pi efflux transporter, VPE1 (AT3G47420) (Ramaiah et al., 2011; 163 

Xu et al., 2019), and confirmed upregulation of this gene in the wildtype subjected to Pi 164 

starvation which was again strongly attenuated in phr1-1 phl1 mutants (Supplemental Figure 165 

2A). Furthermore, for the promoter sequences of SPX1 (lacking the naturally occurring NcoI 166 

restriction site, proSPX1GC), MGD3, and SRG3, we observed that PHR1 was able to induce the 167 

expression of promoter::LUC fusion constructs when transiently expressed in mesophyll 168 

protoplasts (Supplemental Figure 2B), confirming that SPX1, MGD3, and SRG3 are targets of 169 

PHR1.  170 

To examine responses to enhanced illumination, we grew wildtype and phr1-1 phl1 171 

mutant plants under nutrient-rich conditions on soil in an 8/16 hours (light/dark) photoregime. 172 
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After 5 weeks, photon flux density was increased to 320±30 µmol m-2 s-1 (high light) while the 173 

control group was kept under growth light conditions of 80±5 µmol m-2 s-1. Using qRT-PCR, 174 

we detected a pronounced upregulation of SRG3, SPX1, and VPE1 transcripts in wildtype plants 175 

already after 20 min of exposure to high light compared to control plants, as well as a slight 176 

increase in MGD3 and PS2 transcript abundance (Figure 2). In all five cases, the upregulation 177 

of gene expression was attenuated within 125 min in high light (Figure 2), indicating that 178 

response to Pi shortage constitutes an early consequence of increased irradiance. Notably, 179 

induction of Pi starvation marker transcripts was not observed in phr1-1 phl1 mutant plants 180 

(Figure 2). PHR1 expression itself was reported to depend on light (Liu et al., 2017). 181 

Importantly however, increasing the light intensity to 320±30 µmol m-2 s-1 did not affect PHR1 182 

transcript levels under our experimental conditions (Supplemental Figure 3), consistent with 183 

the accumulation of PHR1 transcript being only responsive to changes in the very low fluence 184 

range (Liu et al., 2017).  185 

GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR 2 (GPT2) is a light 186 

responsive gene (Athanasiou et al., 2010) which was also described to be induced by Pi 187 

starvation (Morcuende et al., 2007). Furthermore, high-light induced expression of GPT2 was 188 

previously described to depend on TPT function (Kunz et al., 2010; Weise et al., 2019), and we 189 

noted that the promotor sequence of GPT2 contains a PHR1 binding motif (GTATATTC) close 190 

to the transcriptional start site. Therefore, we tested if the GPT2 promotor could be activated 191 

by PHR1 in a transient expression system using the LUC reporter gene. In fact, PHR1 192 

expression induced LUC reporter activity when protoplasts were co-transfected with the 193 

proGPT2::LUCFirefly construct (Supplemental Figure 2B). However, the responsiveness of 194 

proGPT2 to PHR1 expression was considerably lower than observed with the constructs 195 

harboring proSPX1GC, proSRG3 or proMGD3 upstream of the reporter CDS. Consistent with 196 

weak PHR1-mediated induction of proGPT2 in protoplast assays, and in contrast to the other 197 

tested Pi-starvation responsive genes, GPT2 was upregulated by high light in both wildtype and 198 

phr1-1 phl1 after 45 minutes, and transcript levels continued to rise upon stress during the 199 

course of the analysis (Figure 2). This indicated that PHR1/PHL1 are not involved in high-light 200 

mediated induction of GPT2 expression. Moreover, we were not able to detect an effect of the 201 

gpt2-1 allele (Niewiadomski et al., 2005) on carbohydrate accumulation under Pi depletion 202 

(Supplemental Figure 1), arguing against a major role of this gene for sugar homeostasis under 203 

Pi starvation. Thus, metabolite transport over the chloroplast membrane likely creates another 204 

signal which is responsible for GPT2 induction under high light. While this pathway is not 205 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 12, 2023. ; https://doi.org/10.1101/2023.03.11.532192doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.11.532192


affected by phr1-1 phl1 mutation, the double mutant fails to induce other Pi-depletion 206 

responsive genes which are upregulated in the wildtype very early after a shift in light intensity. 207 

 208 

Metabolic responses to increased light are impaired in phr1 phl1 mutants  209 

Given that transcription of Pi-starvation responsive genes was rapidly induced by high 210 

light, we asked if this response was of physiological significance during acclimation to 211 

increased radiation. To investigate this, we determined the changes in adenylates, sugar, and 212 

starch contents that occurred within 90 min upon an increase in photon flux density from 213 

80±5 µmol m-2 s-1 to 320±30 µmol m-2 s-1 in rosette leaves of 5-weeks-old wildtype and 214 

phr1-1 phl1 mutant plants. As shown in Figure 3A, increasing the light intensity caused a slight 215 

drop in ATP levels in leaves of phr1-1 phl1 mutants, while no significant changes were seen in 216 

wildtype plants. Notably, the ratio of ATP/ADP was not affected by either the genotype or the 217 

high-light treatment (Figure 3A). In contrast, fructose, glucose, and sucrose levels increased in 218 

leaves of both wildtype and phr1-1 phl1 mutants subjected to high light as compared to control 219 

light conditions (Figure 3B). Interestingly, total levels of glucose and fructose were slightly 220 

lower in phr1-1 phl1 leaves subjected to high light compared to wildtype leaves (Figure 3B). 221 

However, the relative increments in sugar levels upon stress did not differ significantly between 222 

wildtype and phr1-1 phl1 mutants (Figure 3C).  223 

Unlike sugar levels, starch content under control conditions was higher in phr1-1 phl1 224 

mutants than in wildtype plants (Figure 3D). This may be related to the fact that phr1-1 phl1 225 

mutants manifest lower Pi levels in the shoots (Wang et al., 2018a) which allosterically activates 226 

AGPase (Figueroa et al., 2022). Exposure to higher light intensities further increased starch 227 

content in both wildtype and phr1-1 phl1 (Figure 3D). However, while the starch content of 228 

wildtype leaves increased by 1.98-fold relative to control conditions, phr1-1 phl1 mutant plants 229 

exhibited a significantly lower increase by only 1.62-fold (Figure 3D). Thus, sequestration of 230 

photoassimilates in transitory starch under high light conditions was affected by loss of 231 

PHR1/PHL1 function.  232 

Since both Pi starvation and high-light stress trigger anthocyanin production, we next 233 

analyzed the ability of phr1 phl1 mutants to accumulate anthocyanins during high-light 234 

acclimation. As shown in Figure 3E, anthocyanin contents of phr1 phl1 leaves after 3 days of 235 

high-light exposure were significantly lower than in wildtype leaves or in the single mutants 236 

phr1-3 and phl1, while loss of SPX1/2 function did not have any statistically significant effect. 237 

To exclude that phr1 phl1 mutant plants were generally impaired in anthocyanin biosynthesis, 238 
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we subjected seedlings to chemically induced oxidative stress. Here, anthocyanin contents were 239 

not significantly different between wildtype, phr1-3 phl1, and spx1 spx2 seedlings after 5 days 240 

of growth on paraquat-containing media (Supplemental Figure 4), indicating that anthocyanin 241 

biosynthesis was functional during reactive oxygen stress in phr1-3 phl1 mutants.  242 

Next, we asked whether metabolic abnormalities in the phr1 phl1 mutants were related 243 

to differences in photosynthetic performance at the level of the thylakoid reactions. Therefore, 244 

we performed pulse-amplitude modulated (PAM) chlorophyll fluorometry on rosette leaves 245 

subjected to increased light. The efficiency of photosystem II photochemistry (ΦPSII) dropped 246 

to the same extent in both wildtype and phr1-1 phl1 mutants upon exposure to increased 247 

illumination for 125 min (Figure 4A). After 125 min of treatment, also the maximum efficiency 248 

of PSII (Fv/Fm) had decreased significantly in the stressed plants of both genotypes (Figure 4B). 249 

As for ΦPSII, no difference was observed for Fv/Fm between wildtype and phr1-1 phl1. Thus, 250 

PHR1/PHL1 function likely affected adenylate levels, starch metabolism and anthocyanin 251 

pigmentation of leaves under high-light stress in a manner independent of the thylakoid 252 

reactions. 253 

  254 

PHR1/PHL1 function is important when triose phosphate utilization is limited  255 

Our observations indicated that Pi-starvation signaling might be important during a shift 256 

to higher light intensities. We hypothesized that this might be related to transient imbalances of 257 

triose phosphate production and Pi recycling that occur upon changes in photosynthetic activity. 258 

In order to address this, we tried to genetically mimic the otherwise transient state of insufficient 259 

Pi recycling from photosynthetic products. In the adg1-1 mutant, disruption of starch 260 

biosynthesis leads to continuous limitation in triose phosphate utilization. Hence, we examined 261 

the phenotypes of the adg1 phr1 phl1 triple mutant to assess the importance of PHR1/PHL1 262 

signaling during triose phosphate overaccumulation. 263 

Strikingly, when grown under conditions with a short photoperiod (8 hours), 264 

adg1 phr1 phl1 mutant plants exhibited a strong growth defect that was apparent in a reduction 265 

in both leaf size and leaf number compared to adg1-1 single and phr1-3 phl1 double mutants 266 

(Figure 5A, B). Under long-day conditions (16 hours photoperiod), the reduction in rosette size 267 

was less pronounced, but adg1 phr1 phl1 mutant plants exhibited premature leaf senescence 268 

with symptoms already visible at the age of 25 days (Figure 5A, arrow). Accelerated leaf 269 

senescence is also seen in phr1 phl1 double mutants particularly under Pi deprived conditions 270 

(Bustos et al., 2010) (Figure 1A), but initiates later at the age of approximately 35 days when 271 
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grown under standard conditions on soil (Figure 5B) (Wang et al., 2018a). Furthermore, 272 

transition to flowering was much delayed in adg1 phr1 phl1 compared to the parental lines 273 

(Figure 5C). Notably, delayed onset of the regenerative phase is a phenotype already inherent 274 

to both the adg1-1 (Matsoukas et al., 2013) and phr1 phl1 (Supplemental Figure 5) mutants. 275 

We noted that the photoperiod-dependent reduction in rosette size seen for 276 

adg1 phr1 phl1 was reminiscent of the phenotype of the adg1 tpt-2 mutant (Figure 5A). Thus, 277 

we tested the ability of adg1 phr1 phl1 to adapt to higher light intensities, since high-light 278 

sensitivity was also reported for the adg1 tpt-2 mutant (Schmitz et al., 2012). In fact, seedling 279 

shoot growth of adg1 phr1 phl1 and adg1 tpt-2 was reduced to a similar extent when grown 280 

under high-light conditions (Figure 5D and Supplemental Figure 6). Moreover, growth of 281 

adg1 phr1 phl1 mutants under high light was promoted by exogenously supplied sucrose 282 

(Figure 5D), as it was described for adg1 tpt-2 (Heinrichs et al., 2012; Schmitz et al., 2012). 283 

When seedlings were grown on vertically positioned petri dishes, it became evident that sucrose 284 

strongly stimulated root growth of both adg1 phr1 phl1 and adg1 tpt-2 particularly under high-285 

light conditions (Supplemental Figure 7). Interestingly, when analyzing vertically grown 286 

seedlings, we observed a tendency for high-light sensitivity of shoot growth also for the adg1-287 

1 single and phr1-3 phl1 double mutant lines (Supplemental Figure 6A). Likewise, this effect 288 

could be alleviated by exogenously supplied sucrose. Notably, high-light sensitivity of phr1-3 289 

phl1 was more pronounced under high-Pi (2.5 mM) than low-Pi (0.25 mM) growth conditions 290 

(Supplemental Figure 6A), supporting the hypothesis that PHR1/PHL1 play a role for high-291 

light adaptation also under Pi sufficiency. It was concluded from these experiments that lack of 292 

PHR1/PHL1 compromises plant growth under conditions of high triose phosphate 293 

accumulation such as high light or when starch biosynthesis is genetically blocked.  294 

 295 

Carbohydrate signaling is affected during Pi deprivation 296 

Seedling growth of phr1-3 phl1 (Supplemental Figure 6A) and adg1 phr1 phl1 (Figure 297 

5D and Supplemental Figure 7) was supported by sucrose supplementation particularly under 298 

high light, and high-light induced starch accumulation was reduced in phr1-1 phl1 mutants 299 

(Figure 3D). Both observations suggest that phr1 phl1 mutation leads to alterations in 300 

carbohydrate metabolism. To address the question of how carbohydrate signaling might be 301 

modulated under conditions when PHR1 activity is high, we re-analyzed published 302 

transcriptome data obtained from seedlings subjected to Pi depletion (Bustos et al., 2010), and 303 

from rosette plants exposed to a low CO2 environment (Bläsing et al., 2005). Among the 304 
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transcripts which were most strongly upregulated in shoots of phr1-1 phl1 under Pi depletion 305 

relative to the wildtype, the majority was repressed by Pi depletion in the wildtype 306 

(Supplemental Figure 8). This supports a function of PHR1/PHL1 in the downregulation of 307 

certain transcripts under Pi depletion, as previously suggested (Bustos et al., 2010). 308 

Interestingly, we noted that many of these transcripts were also responsive to carbon starvation 309 

(Bläsing et al., 2005) (Supplemental Figure 8).  310 

We chose four of the transcripts which were upregulated in phr1-1 phl1 compared to 311 

the wildtype under Pi starvation for further analysis: The circadian regulators BASIC LEUCINE 312 

ZIPPER 63 (bZIP63) (Baena-González et al., 2007; Frank et al., 2018) and REVEILLE 1 313 

(RVE1) (Rawat et al., 2009), as well as BETA-XYLOSIDASE1 (BXL1), and 314 

SENESCENCE1/DARK INDUCIBLE1 (SEN1/DIN1), a putative target gene of bZIP63 315 

(Matiolli et al., 2011). In qRT-PCR analysis of seedlings grown on sucrose-containing media 316 

with or without Pi, both bZIP63 and BXL1 were down-regulated in shoots of wildtype seedlings 317 

exposed to Pi depletion, whereas no significant changes were detected for phr1-1 phl1 mutants 318 

(Figure 5E), potentially reflecting sugar accumulation in the wildtype (Supplemental Figure 1). 319 

In contrast, transcript levels of SEN1 and RVE1 were highly increased in phr1-1 phl1 mutants 320 

under Pi deprivation, but no significant changes were seen in the wildtype background (Figure 321 

5F). Thus, expression of carbohydrate responsive genes, including circadian-clock associated 322 

genes, differs between wildtype and phr1-1 phl1 mutants under Pi depletion. 323 

 324 

Transcription in the adg1 tpt-2 mutant exhibits a constitutive Pi-starvation signature 325 

The phenotypic similarities of the adg1 phr1 phl1 and adg1 tpt-2 mutants suggested that 326 

triose phosphate partitioning and Pi signaling share some physiological consequences, 327 

supporting that triose phosphate utilization affects cellular Pi homeostasis. To assess if 328 

PHR1/PHLs activity was altered in adg1 tpt-2, we analyzed Pi-starvation marker gene 329 

expression in rosette leaves of plants grown for 5 weeks under an 8-hours light regime and a 330 

moderate light intensity of 90±10 µmol m-2 s-1. Surprisingly, SRG3, PS2, SPX1, VPE1 and 331 

MGD3 were all significantly upregulated in shoots of soil-grown adg1 tpt-2 plants compared 332 

to wildtype or the single adg1-1 and tpt-2 mutants (Figure 6A), indicating high activity of PHR1 333 

in shoots of adg1 tpt-2. Moreover, bZIP63 expression was significantly reduced in both adg1-1 334 

and adg1 tpt-2, whereas we observed a slight increase in bZIP63 transcript levels in rosette 335 

leaves of tpt-2 mutants (Figure 6A). To test if altered expression of Pi-starvation associated 336 

genes in adg1 tpt-2 was linked to reduced Pi levels in the shoots of the mutant, we next 337 
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determined Pi contents in 5-weeks-old rosette leaves grown on soil under moderate light. 338 

Interestingly, the Pi content was not reduced in shoots of adg1 tpt-2 compared to the wildtype, 339 

but Pi levels were even found to be higher than in adg1-1 single mutants (Figure 6B). Thus, Pi 340 

loading of the shoots was not impaired in adg1 tpt-2, and Pi-starvation responsive genes were 341 

instead constitutively upregulated in adg1 tpt-2 rosette leaves, indicating high PHR1 activity 342 

even under nutrient-sufficient physiological conditions in this mutant. 343 

 344 

Discussion 345 

The observations presented herein establish that the Pi response machinery involving 346 

the transcription factors PHR1 and PHL1 is capable of sensing early high-light stress, and we 347 

provide evidence that PHR1/PHL1 contribute to the rapid adjustment of carbohydrate 348 

metabolism during changes in light intensity. Pi consumption by photosynthesis is thus 349 

hypothesized to generate a chloroplast-to-nucleus retrograde signal. In fact, Pi qualifies as a 350 

subcellular signal by a number of criteria: 1) [Pi] changes immediately and gradually in response 351 

to photoassimilation (Stitt et al., 1980; Dietz and Heber, 1984; Robinson and Giersch, 1987); 352 

2) multiple transport proteins at the organellar membranes (Fabiańska et al., 2019) ensure rapid 353 

transmission of the [Pi] signal; 3) signal propagation is based on diffusion and does not rely on 354 

acceptor and donor molecules; 4) Pi exhibits low toxicity within a wide concentration range; 5) 355 

a highly responsive signaling machinery is present in the cytosol and nucleus.  356 

 357 

Increase in light intensity creates a transient low-Pi signal 358 

Under conditions where carboxylation exceeds subsequent metabolic capacities of the 359 

chloroplast, such as high light (Laisk et al., 1991), low temperature (Stitt and Grosse, 1988), 360 

and low oxygen (Klecker et al., 2014), large pools of 3-phosphoglycerate may build up which 361 

can enter the cytosol via the TPT (Schneider et al., 2002). By the nature of the transport 362 

mechanism, this depletes the cytosol of Pi, and it is assumed that Pi import from the vacuole is 363 

too slow to balance against very short-term changes in Pi demand (Woodrow et al., 1984). In 364 

accordance with these considerations, we found that transcription exhibits a Pi-starvation 365 

signature in Arabidopsis rosette leaves subjected to light increase already after 20 min of stress 366 

(Figure 2). This response depended on PHR1/PHL1 function, indicating that light stress 367 

activated the cytosolic and nuclear Pi sensing machinery (Figure 7). PHR1 target genes which 368 

showed enhanced expression in our experimental setup included SRG3, SPX1, and VPE1, and 369 
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all three transcripts also showed early enrichment upon high-light treatment within a time-370 

resolved transcriptome analysis previously described by Huang et al. (2019). Both SRG3 and 371 

VPE1 expression might be suitable to rapidly increase Pi availability in the cytosol via 372 

glycerophosphodiester turnover (Cheng et al., 2011) and vacuolar Pi efflux (Xu et al., 2019), 373 

respectively. In contrast, SPX1 upregulation potentially contributes to the rapid tempering of 374 

the transcriptional response which was quenched already after 2 hours of treatment (Figure 2). 375 

Next to negative feed-back by SPX1, adjustment of triose phosphate turnover by post-376 

translational activation of sucrose (Stitt et al., 1983; Preiss, 1984) and starch (Preiss, 1988; 377 

Hendriks et al., 2003) biosynthesis would be expected to attenuate any condition of light-378 

induced Pi depletion within relatively short time. Therefore, long-term Pi-starvation responses 379 

such as lipid remodeling are rather unlikely to occur upon light intensity increases as long as 380 

higher Pi demand can be sufficiently covered by uptake via the roots or release of Pi storage 381 

within the mesophyll cell. Consistent with this assumption, induction of MGD3 transcript was 382 

moderate in our experimental setup (Figure 2). Interestingly however, van Rooijen et al. (2018) 383 

observed upregulation of PHR1 target genes with involvement in lipid remodeling after 1 hour 384 

of irradiance increase. Thus, it will be exciting to learn from future experiments whether Pi 385 

signaling also contributes to the changes that can be seen in the lipid composition of leaves 386 

under different light conditions (Yu et al., 2021).  387 

 388 

Pi sensing impacts on carbohydrate and energy metabolism upon light increase 389 

The induction of genes related to Pi mobilization upon high light might be considered a 390 

transcriptional feedback response initiated in order to sustain substrate supply for metabolic 391 

reactions. Classification of Pi as a retrograde signal requires, beyond that, Pi signaling to affect 392 

further physiological processes by calibrating nuclear gene expression according to the status 393 

of the plastids. Crucially, this study shows that mutants defective in PHR1 and PHL1 which 394 

fail to mount a transcriptional response related to Pi starvation, develop metabolic abnormalities 395 

in the leaves within only 1.5 hours of high-light treatment (Figure 3A-D), and exhibit lower 396 

levels of anthocyanin pigmentation after 3 days of treatment (Figure 3E). ATP levels measured 397 

after 1.5 hours of high-light exposure were significantly lower in leaves of phr1-1 phl1 mutant 398 

plants compared to wildtype plants (Figure 3A), whereas ΦPSII values were indistinguishable 399 

(Figure 4A). Given that ΦPSII can be interpreted as a measure of the linear electron transport 400 

rate (Maxwell and Johnson, 2000), this indicates that ATP synthesis at the thylakoids was likely 401 

not affected by loss of PHR1/PHL1 function. This is consistent with the assumption that Pi 402 
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sequestration upon photosynthetic activity does not compromise stromal Pi levels and thus ATP 403 

synthesis as long as phosphorylated metabolites are exchanged with the cytosol via Pi antiport 404 

systems (Robinson and Giersch, 1987). In contrast, it would be conceivable that the Pi 405 

concentration outside of the chloroplast might drop below levels required for efficient 406 

mitochondrial ATP synthesis in the phr1-1 phl1 mutant. In fact, a decline in ATP levels can 407 

also be observed in plants under Pi-deficient growth conditions (Zhu et al., 2019; Riemer et al., 408 

2021), but the reason for this is currently unknown. 409 

While starch levels under standard light conditions were slightly higher in phr1-1 phl1 410 

rosettes compared to wildtype, the high-light induced relative increase in starch content was 411 

considerably higher in wildtype leaves compared to the mutant (Figure 3D). This delay in the 412 

activation of starch biosynthesis is remarkable, given that post-translational activation of 413 

AGPase by the 3-PGA/Pi ratio is probably high in phr1-1 phl1 leaves which manifest 414 

chronically low Pi contents (Wang et al., 2018a). Similar to what can be seen under Pi 415 

deprivation (Supplemental Figure 1) (Nilsson et al., 2007), the difference in starch 416 

accumulation observed between wildtype and phr1-1 phl1 mutants upon transfer to high light 417 

was not reflected by changes in soluble sugar contents (Figure 3B, C). Together with our finding 418 

that photosynthetic capacity is wildtype-like in phr1-1 phl1 mutants subjected to high-light 419 

stress (Figure 4), this suggests that starch production is rather not limited by photosynthetic 420 

precursor production in phr1-1 phl1. Hence, it is likely that PHR1/PHL1 directly regulate 421 

photoassimilate partitioning towards starch biosynthesis. Expression of APL3 (AT4G39210) 422 

encoding a large subunit of AGPase, or GGBS1 (AT1G32900), coding for a granule-bound 423 

starch synthase have been described to be induced by Pi starvation (Morcuende et al., 2007; 424 

Bustos et al., 2010; Wang et al., 2018b), and might contribute to both Pi-starvation and high-425 

light induced starch accumulation. 426 

 427 

Pi signaling is crucial under conditions of triose-phosphate oversupply 428 

Prevention of starch production during Pi restriction leads to higher sugar and 429 

anthocyanin levels in the shoots (Figure 1). The observation is consistent with sugars being 430 

formed upon recycling of phosphorylated metabolites (Morcuende et al., 2007), and starch 431 

serving as a carbon sink in Pi-deprived plants (Hammond and White, 2008; MacNeill et al., 432 

2017). Neither sugar accumulation, nor transitory starch or anthocyanin production take place 433 

in phr1 phl1 mutant seedlings subjected to Pi depletion (Figure 1 and Supplemental Figure 1). 434 

Nevertheless, prohibition of starch biosynthesis by introduction of the adg1-1 allele into this 435 
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mutant background produced a pronounced growth defect already visible at the seedling stage 436 

(Figure 5A, B, D and Supplementary Figures 6, 7). Growth of the adg1 phr1 phl1 triple mutant 437 

was further impaired by higher light intensities (Figure 5D and Supplemental Figure 6), a 438 

condition that reinforces triose phosphate generation. These observations lead to the conclusion 439 

that PHR1/PHL1 function is crucial in the adg1-1 knockout situation, demonstrating the 440 

necessity for low-Pi signaling when photoassimilate consumption is constrained. Next to 441 

growth retardation, the adg1 phr1 phl1 mutant showed a delay in the onset of flowering (Figure 442 

5C), and benefited from exogenous sucrose supply in terms of both shoot and root growth 443 

(Figure 5D and Supplemental Figures 6, 7). Both late flowering (Wahl et al., 2013) and 444 

inhibition of primary root growth (Smith and Stitt, 2007) indicate that adg1 phr1 phl1 plants 445 

suffer from carbohydrate starvation in the absence of external sucrose supply.  446 

Interestingly, transcriptional changes observed on wildtype and phr1-1 phl1 mutant 447 

plants under Pi deprivation also indicate that PHR1/PHL1 maintain sugar homeostasis when Pi 448 

availability is low (Figure 5E, F and Supplemental Figure 8). In agreement, strong increments 449 

in the levels of amino acids and oligosaccharides such as raffinose and kestose were reported 450 

for wildtype but not phr1 mutants under Pi depletion (Pant et al., 2015a). Notably, 451 

oligosaccharide production facilitated by PHR1/PHL1 might serve as an alternative 452 

carbohydrate sink in the adg1-1 mutant, and could support carbon supply of the starchless 453 

mutant during the night. This would be consistent with the observation that adg1 phr1 phl1 was 454 

more strongly constrained by diel cycles with short light phases (Figure 5A). Similarly, 455 

oligosaccharide and amino acid accumulation triggered by the low-Pi signaling module could 456 

support carbohydrate homeostasis during high-light stress by maintaining Pi/C(/N) balance, and 457 

might even be suitable to prepare for potential osmotic stress as a likely consequence of high 458 

light in a natural environment. In line with this, a function of PHR1/PHL1 in proline 459 

accumulation and drought resistance has been reported (Aleksza et al., 2017; Scheible et al., 460 

2023). It is difficult to dissect direct effects of Pi signaling from secondary consequences of Pi-461 

deprived metabolism. Thus, metabolic differences of adg1 phr1 phl1 mutants grown under 462 

short and long photoperiods might reveal new insights into how carbon fluxes are modulated 463 

by Pi signaling. 464 

 465 

Pi signaling is affected in adg1 tpt-2 466 

Strikingly, growth defects and high-light sensitivity of adg1 phr1 phl1 are paralleled by 467 

the phenotypes of the adg1 tpt-2 mutant (Figure 5A, D and Supplemental Figures 6, 7), 468 
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indicating that photoassimilate allocation and Pi signaling to some extent overlap in terms of 469 

their physiological consequences. Even under Pi sufficient growth conditions, we found that 470 

adg1 tpt-2 exhibits a signature of Pi-starvation responsive gene expression (Figure 6), raising 471 

the question how insufficient export of photosynthetic products could generate a situation of 472 

high PHR1 activity. In the adg1 tpt-2 mutant, a pronounced fraction of cytosolic/chloroplastic 473 

Pi can be assumed as metabolically unavailable, given that starch biosynthesis is prevented by 474 

adg1-1 mutation, while sucrose production during the course of the day remains at much lower 475 

levels compared to adg1-1 (Schmitz et al., 2012) (Figure 7). Hence, bulk release of Pi in adg1 476 

tpt-2 might be restricted to glycolysis and vacuolar phosphatase activity acting on 477 

phosphorylated intermediates such as phosphoenolpyruvate (Ohnishi et al., 2018). This would 478 

cause unequal intracellular pool sizes of free Pi, facilitating PHR1 activity in the 479 

cytosol/nucleus, while vacuolar Pi stores are high (Figure 6).  480 

In fact, imbalances of intracellular Pi pools would affect both PHR1-dependent and 481 

independent (Osorio et al., 2019; Nam et al., 2021) Pi-responsive pathways. Such inadequate 482 

signaling could even contribute to the pleiotropic defects observed for adg1 tpt-2 mutants 483 

(Schmitz et al., 2012), for example by altering lipid composition, or by the regulation of 484 

photosynthesis-associated genes (Morcuende et al., 2007; Bustos et al., 2010; Barragán-Rosillo 485 

et al., 2021; Nam et al., 2021). Interestingly, we also found that transcript levels of the circadian 486 

regulator bZIP63 were downregulated both by Pi depletion (Figure 5E), and in the adg1 tpt-2 487 

mutant (Figure 6). Given that adg1 tpt-2 is characterized by overall low carbohydrate levels 488 

(Schmitz et al., 2012), bZIP63 expression appears to be uncoupled from sugar levels in this 489 

mutant situation. Our observations open up the possibility that Pi signaling could be involved 490 

in this regulation which will be an exciting topic to address in the future. 491 

 492 

Conclusions 493 

High-light stress requires immediate responses to avert damage to cellular components. 494 

As a potential mode of sensing excess photosynthetic activity, we describe a function of the Pi-495 

sensing machinery involving PHR1 and PHL1 transcription factors under nutrient replete 496 

growth conditions. We propose that Pi sequestration into phosphorylated photoassimilates and 497 

metabolite exchange across the chloroplast membrane causes transient Pi restriction in the 498 

cytosol and nucleus. This activates PHR1/PHL1 proteins to mobilize cellular Pi and to support 499 

acclimation responses such as starch biosynthesis. The finding that Pi signaling is disturbed in 500 
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the adg1 tpt-2 mutant emphasizes that PHR1/PHL activity constitutes a so-far underestimated 501 

contributor to retrograde signaling of photosynthetic status.  502 

 503 

Materials and Methods 504 

Plant material 505 

All Arabidopsis plants used in this study are in the background of the Columbia-0 506 

accession. The phr1-3 (AT4G28610; SALK_067629C) (Nilsson et al., 2007) and phl1 507 

(AT5G29000; SAIL_731_B09) (Klecker et al., 2014) lines were described previously and the 508 

derived homozygous double mutant phr1-3 phl1 was a kind gift of Angelika Mustroph 509 

(University of Bayreuth). The double mutant phr1-1 phl1 (Bustos et al., 2010) was backcrossed 510 

to phl1 in order to remove a transgene containing the NPTII cassette which was previously 511 

introduced for isolation of the phr1-1 allele (Rubio et al., 2001). All experiments were 512 

performed with the homozygous double mutant phr1-1 phl1 lacking the NPTII cassette. The 513 

double mutant spx1 spx2 was described earlier (Puga et al., 2014). Knockout lines adg1-1 514 

(At5g48300) (Lin et al., 1988), tpt-2 (At5g46110; SALK_073707.54.25.x) and adg1 tpt-2 515 

(Schmitz et al., 2012) were kindly provided by Rainer E. Häusler (University of Cologne). 516 

gpt2-1 (AT1G61800; GK-454H06) was obtained from The Nottingham Arabidopsis Stock 517 

Centre (NASC) and was described previously (Niewiadomski et al., 2005). Primer sequences 518 

used for genotyping are listed in Table S1. Homozygous insertion mutants were verified using 519 

the following primer combinations: PHR1 WT: PHR1_F/PHR1_R; phr1-3 T-DNA: 520 

LBb1/PHR1_R; PHL1 WT: PHL1_F/PHL1_R; phl1 T-DNA: PHL1_F/LB3; TPT WT: 521 

TPT_F/TPT_R; tpt-2 T-DNA: tpt-2_F/LBb1; GPT2 WT: GPT2_F/GPT2_R; gpt2-1 T-DNA: 522 

GK-LB/GPT2_R. To generate the adg1 phr1 phl1 triple mutant, adg1-1 was crossed to phr1-3 523 

phl1. Homozygous adg1-1 mutants were identified by screening for starch-free phenotypes by 524 

iodine staining at the end of the photoperiod. Homozygosity of the phr1-1 allele was verified 525 

by Sanger sequencing (Macrogen Europe, Amsterdam) of the PCR product of 526 

PHR1_F/PHR1_R using primer PHR1_R.  527 

 528 

Cultivation conditions 529 

Seeds were stratified for 64 hours at 4°C in the dark. For vegetative growth, plants were 530 

germinated and grown in an 8 h/16 h (light/dark) cycle on soil consisting of seeding compost, 531 

universal soil, and vermiculite mixed in a 3:3:1 ratio. For high-light experiments, the plants 532 
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were additionally fertilized once directly after pricking at the age of 10 days using a complete 533 

mineral mixture (Wuxal Super, Aglukon Spezialduenger, Duesseldorf, Germany) according to 534 

the manufacturer’s instructions. For seedling experiments, seeds were surface sterilized by 535 

chlorine gas exposure and transferred to solidified Arabidopsis growth media as described in 536 

the figure legends. Seedlings were grown under 16 h/8 h light/dark cycles. For paraquat 537 

treatments, seedlings were germinated on agar-solidified media containing full-strength 538 

Murashige and Skoog (MS) salts and grown for 10 days before transfer to MS media with or 539 

without 1 µM paraquat dichloride hydrate (#36541, Riedel-de Haën, Hannover, Germany). If 540 

not indicated otherwise, growth light was set to 90±10 µmol m-2 sec-1 and monitored using an 541 

illuminance meter. 542 

 543 

Pi-starvation experiments 544 

For Pi-starvation experiments, seeds were germinated on medium containing MS salts 545 

at full strength together with 0.8 % (w/v) phytoagar (Duchefa Biochemie, Haarlem, The 546 

Netherlands) and 0.5 % (w/v) sucrose. After 5-10 days of growth (see figure legends), seedlings 547 

were transferred to Pi media (0.5 % (w/v) sucrose; 20 mM 2-(N-Morpholino)-ethane sulphonic 548 

acid; 2.5 mM KNO3; 1 mM MgSO4; 1 mM Ca(NO3)2; 2.5 mM KH2PO4; 25 µM Fe-EDTA; 549 

35 µM H3BO3; 7 µM MnCl2; 0.25 µM CuSO4; 0.5 µM ZNSO4; 0.1 µM NaMoO4; 5 µM NaCl; 550 

0.005 µM CoCl2; pH 6) solidified by 0.8 % (w/v) agar (adopted from Härtel et al. (2000)). For 551 

Pi depleting conditions, KH2PO4 was omitted, and Fe-EDTA was reduced to 10 µM in order to 552 

minimize low-Pi induced iron toxicity (Ward et al., 2008). Seedling shoots were harvested after 553 

7-8 days of growth on Pi differing media (see figure legends). For horizontally grown seedlings, 554 

MS salts were used at ½ concentrations and 0.6 % (w/v) agar were applied. For the experiment 555 

shown in Figures S6 and S7, Pi medium was used containing either 0.25 mM KH2PO4/10 µM 556 

Fe-EDTA, 2.5 mM KH2PO4/25 µM Fe-EDTA, or 2.5 mM KH2PO4/25 µM Fe-EDTA +50 mM 557 

sucrose. 558 

 559 

Vector construction 560 

Standard molecular cloning procedures were applied. Primer sequences used for cloning 561 

are listed in table S1. The firefly LUCIFERASE reporter plasmid pBT10-proMGD3::LUCFirefly 562 

and the pHBTL-p35S::3HA-GFP effector plasmid (Klecker et al., 2014), as well as the pBT10-563 

p35S::LUCRenilla normalization plasmid (Bäumler et al., 2019) have been described elsewhere. 564 
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For details on cloning proSPX1GC, proSRG3, proMGD3, proGPT2, and the PHR1 effector 565 

construct, refer to the supplemental methods. 566 

 567 

Anthocyanin determination 568 

Anthocyanin contents were determined with few changes as described in 569 

(Vandenbussche et al., 2007). In brief, 40-70 mg of seedling shoots or rosette leaf material were 570 

frozen in liquid nitrogen and ground in a bead mill (MM400, Retsch, Haan, Germany). The 571 

frozen powder was resuspended in 300 µl of methanol containing 1 % HCl. After vortex-mixing 572 

for 15 sec, cell debris was pelleted by centrifugation for 15 min at >14,000 g, 4°C. The 573 

supernatant was mixed with 200 µl water and 500 µl chloroform by vortexing for 15 sec. After 574 

15 min centrifugation at 17,900 g, 4°C, the upper phase was diluted in methanol to measure the 575 

absorbance at 535 nm and 630 nm using a spectrophotometer (Specord 200 Plus, Analytik Jena, 576 

Jena, Germany). 577 

 578 

Measurements of starch, soluble sugars, and adenylates 579 

Carbohydrates were determined by the Warburg optical test and adenylates were 580 

assessed based on luciferase activity. Both procedures were described previously (Mustroph et 581 

al., 2006), for details see supplemental methods. 582 

 583 

Determination of Pi contents 584 

Free Pi was determined in leaf tissue based on the method described by (Ames, 1966) 585 

with some modifications partially based on (Sakuraba et al., 2018). For detail see supplemental 586 

methods. 587 

 588 

RNA extraction and cDNA synthesis 589 

Plant material was harvested under the respective experimental conditions and instantly 590 

frozen in liquid nitrogen. The tissue was ground in a bead mill, and RNA was extracted using 591 

Bioline TRIsure (Meridian Bioscience, Cincinnati, United States) according to the 592 

manufacturer’s instructions. The quality of the RNA was assessed by screening A260 and A280. 593 

For qRT-PCR analysis, 1 µg of RNA was treated with DNAse I (Thermo Fisher Scientific, 594 

Waltham, United States) according to product instructions before application in reverse 595 
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transcription using oligo(dT)15 and RevertAid Reverse Transcriptase (Thermo Fisher 596 

Scientific). Complementary DNA was diluted by a factor of 50 for use as template in qPCR 597 

analysis. qPCR was performed in technical triplicates using SsoAdvanced Universal SYBR 598 

Green Supermix (Bio-Rad, Hercules, United States) on a CFX Connect Real-time System (Bio-599 

Rad). Transcript levels were normalized to the levels of PP2A transcript and calculated as 600 

1000·2-ΔCT. Primer sequences are listed in table S1. 601 

 602 

Protoplast isolation, transfection and transactivation assay 603 

Leaf mesophyll protoplasts were isolated using the “Tape-Arabidopsis Sandwich” 604 

method (Wu et al., 2009) with minor modifications. For details, see supplemental methods. 605 

 606 

Chlorophyll fluorescence measurements 607 

For the determination of the quantum yield of photosystem II photochemistry 608 

(Fm′-F′)/Fm′ (ΦPSII), as well as the maximum efficiency of photosystem II (Fv′/Fm′), pulse-609 

amplitude-modulated fluorescence measurements (PAM) of chlorophyll fluorescence were 610 

conducted using a Junior-PAM (Walz, Effeltrich, Germany). Here, to calculate chlorophyll 611 

fluorescence parameters using the saturating pulse method (Schreiber et al., 1986), one large 612 

rosette leaf was held between two magnets and subjected to 10 seconds of actinic light 613 

irradiance set to control light intensity (80±5 µmol m-2 sec-1), followed by a saturation light 614 

pulse.  615 

 616 

Statistical analysis 617 

Statistical analyses were performed with Microsoft Office Excel using the Real 618 

Statistics Resource Pack software (www.real-statistics.com). 619 
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 934 

Figure 1 Pi starvation responses are affected by photoassimilate partitioning. A-C, Seedlings 935 

of wildtype (Col-0), adg1-1, tpt-2, phr1-3 phl1, adg1 tpt-2 and adg1 phr1-3 phl1 (TM) 936 

genotype were grown for 7 (A), 5 (B), or 10 (C) days on rich medium including 0.5 % sucrose 937 

before transfer to media with 0.5 % sucrose and either 2.5 mM (Control) or 0 mM (Pi 938 

depletion) KH2PO4 added. Growth was continued for 8 (A), or 7 (B, C) days. A, Seedling 939 

phenotypes under Pi deficient growth conditions. Bar, 2 cm. B, Anthocyanin contents of 940 

seedling shoots. Pigment levels are depicted as units of absorbance (A535 - A630) relative to 941 

shoot fresh weights. Bars represent means ± standard deviations; n = 5-6 pools of seedling 942 

shoots from 3 independent experiments; C, Contents of glucose, fructose, sucrose and starch. 943 

Pools of seedling shoots were harvested 10.25 hours after onset of the 16-hours photoperiod. 944 
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Means ± standard deviations; n = 3 independent experiments. B, C, Statistical analyses were 945 

performed with One-way ANOVA with Tukey HSD follow-up test and Bonferroni alpha 946 

correction for contrasts; P <0.05. 947 
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 949 

Figure 2 PHR1-target genes are rapidly induced by high light. qRT-PCR analyses of indicated 950 

transcripts in rosette leaves from wildtype (Col-0) and phr1-1 phl1 mutants. Plants were grown 951 

on soil for 5 weeks in an 8-hours light regime at 80±5 µmol m-2 s-1 before light intensity was 952 
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set to 320±30 µmol m-2 s-1 (High light, yellow bars) starting 1 hour after onset of the 953 

photoperiod on day 36. The control group was kept at 80±5 µmol m-2 s-1 (blue bars). Per sample, 954 

2-3 fully developed leaves (leaves no. 10-13) were harvested at the indicated treatment times. 955 

Transcript levels were calculated relative to PP2A as 1000·2-ΔCT. Bars represent means 956 

± standard deviations, n = 3 independent experiments. Statistical analyses were performed 957 

using Student’s t test with 2-tailed distribution, unpaired with unequal variance. Significant 958 

differences are indicated as ***P <0.001, **P <0.01, *P <0.05, ns, not significant. 959 
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 961 

Figure 3 High-light induced metabolic changes in phr1-1 phl1. A-D, Levels of the indicated 962 

metabolites in leaves of wildtype (Col-0, light grey bars) and phr1-1 phl1 mutants (dark grey 963 

bars) are depicted. Plants were grown and treated as described in Figure 2. Fully expanded 964 

leaves were sampled after 90 min of exposure to a photon flux density of either 965 

80±5 µmol m-2 s-1 (Control) or 320±30 µmol m-2 s-1 (HL). Bars show means ± standard 966 

deviations; statistical analyses were performed with Student‘s t test with two-tailed distribution, 967 

unpaired with unequal variance. Significant differences are indicated as *** P <0.001, ** P 968 

<0.01, * P <0.05, ns not significant. A, n = 6 plants from 3 independent experiments; significant 969 

differences indicated by letter code: P <0.05. B, C, n = 11-12 plants from 4 independent 970 

experiments. C, D, Fold changes of sugar/starch contents were calculated for each genotype as 971 

HL/mean of control. Gluc glucose; Fruc fructose; Suc sucrose. D, n = 9 plants from 3 972 

independent experiments. E, Anthocyanin levels determined in leaves of the indicated 973 

genotypes after 3 days of high-light exposure. Plants were grown for 32 days under low light 974 

conditions (70±10 µmol m-2 s-1) in an 8-hours light regime. Subsequently, light intensity was 975 

increased for the treatment group (High light, yellow bars) to 450±30 µmol m-2 s-1, while the 976 
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control group (blue bars) was kept under growth light conditions. Leaf material was harvested 977 

after additional 70 hours. Pigment contents are expressed as absorbance units (A535 - A630) 978 

relative to shoot fresh weight. n = 3 independent experiments; statistical analyses were 979 

conducted using One-way ANOVA with Tukey HSD follow-up test and Bonferroni alpha 980 

correction for contrasts, P <0.01; ns, not significant.  981 
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 982 

 983 

Figure 4 Effect of high light on chlorophyll fluorescence in the phr1-1 phl1 mutant. Plants of 984 

wildtype (Col-0) and phr1-1 phl1 genotype were grown as described in Figure 2. After 5 weeks 985 

of growth, the light intensity was increased to 320±30 µmol m-2 s-1 for high-light (HL) 986 

treatments, whereas the control group was kept under growth light conditions 987 

(80±5 µmol m-2 s-1). n = 3 independent experiments (representing means of each 3 leaves 988 

measured). Significance was tested using One-way ANOVA with Tukey HSD follow-up test 989 

and Bonferroni alpha correction for contrasts; ns, not significant. A, PAM measurements were 990 

performed to determine the quantum yield of photosystem II photochemistry (ΦPSII) on light-991 

adapted leaves after 20, 45, and 125 min of treatment. B, Plants subjected to high-light stress 992 

were dark-adapted for 20 min after 125 min of stress duration to determine the maximum 993 

efficiency of photosystem II (Fv/Fm). Bars show means ± standard deviations; P <0.01. 994 
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 995 

Figure 5 Carbohydrate metabolism is affected by phr1 phl1 mutation. A-D, Phenotypes of the 996 

adg1 phr1 phl1 triple mutant (TM). A-C, Plants were grown at 23°C and a light intensity of 997 

100±10 µmol m-2 s-1. A, Rosette habitus of plants grown under short-day (8 hours light period) 998 

and long-day (16 h light period) conditions. Pictures were taken of representative plants after 999 

27 (short day) and 25 (long day) days of growth. The arrow indicates a senescent leaf. Bar, 1000 
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2.5 cm. B, Leaves of 42 day-old plants grown under an 8-hours light regime were aligned 1001 

according to age (starting with the cotyledons on the left hand side). C, Inflorescences of 1002 

wildtype (Col-0), adg1-1, phr1-3 phl1, and derived genotypes showing delay of the transition 1003 

to flowering in the TM. Pictures were taken of representative plants after 42 days of growth 1004 

under a 16-hours light regiment. B, C, Backgrounds were manually removed for better 1005 

visualization. D, High-light sensitivity of TM and growth promotion by exogenous sucrose. 1006 

Seedlings were grown in long-day conditions under low light (50±5 µmol m-2 s-1) or high light 1007 

(320±30 µmol m-2 s-1) on rich media with or without sucrose added. Media-containing square 1008 

petri dishes were positioned horizontally. Pictures were taken after 14 days of growth. E, F, 1009 

Carbohydrate responsive gene expression is affected under Pi starvation. qRT-PCR analysis of 1010 

carbohydrate-responsive transcripts which are downregulated in shoots of the wildtype (E), or 1011 

upregulated in shoots of phr1-1 phl1 mutant seedlings (F) grown for 7 days on rich medium 1012 

containing 0.5 % sucrose, and for additional 8 days on media with 0.5 % sucrose and either 1013 

2.5 mM (control, light grey bars), or 0 mM (Pi depletion, blue bars) KH2PO4 added. Transcript 1014 

levels were calculated relative to the level of PP2A transcript as 1000·2-ΔCT. Bars represent 1015 

means ± standard deviations; n = 3 independent experiments. One-way ANOVA with Tukey 1016 

HSD follow-up test and Bonferroni alpha correction for contrasts; ** P <0.01, * P <0.05, ns, 1017 

no significant difference. 1018 
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 1019 

Figure 6 Constitutive Pi starvation transcription in rosette leaves of adg1 tpt-2. A, B, Plants 1020 

were grown on soil at a photon flux density of 90±10 µmol m-2
 s

-1 and sampled 135 min after 1021 

onset of the 8-hours photoperiod after 5 weeks of growth. A, qRT-PCR analysis of the transcript 1022 

levels of Pi starvation marker genes in rosette leaves of wildtype (Col-0), adg1-1, tpt-2, and 1023 

adg1 tpt-2. Transcript levels are 1000·2-ΔCT relative to PP2A. Bars show means ± standard 1024 

deviations. n = 3 independent experiments. One-way ANOVA with Tukey HSD follow-up test 1025 

and Bonferroni alpha correction for contrasts; P <0.01. B, Pi contents of rosette leaves. Means 1026 

± standard deviations are depicted. n = 3 independent experiments. Kruskal-Wallis test with 1027 

DUNN‘s follow-up test and DUNN/Sidak alpha correction for contrasts; P <0.01. 1028 
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 1030 

Figure 7 Model for PHR1 activation during imbalances in triose phosphate production and 1031 

consumption. In wildtype mesophyll cells subjected to an increase in light intensity (left panel), 1032 

triose phosphate (TP) production by the Calvin-Benson-Bassham cycle transiently exceeds the 1033 

rates of TP utilization by starch and sucrose biosynthesis causing sequestration of free Pi. 1034 

Increased export of TPs to the cytosol via the TPT leads to a decrease in Pi concentration in the 1035 

cytosol which results in PHR1 activation. High PHR1 activity facilitates the mobilization of Pi 1036 

from internal sources including the stimulation of starch accumulation, and, together with a 1037 

signal derived from TPs or 3-phosphoglycerate (3-PGA) accumulation, PHR1 triggers 1038 

anthocyanin production. In the adg1-1 knockout (middle panel), TPs accumulate in the cytosol 1039 

due to the lack of starch biosynthesis. High TP/3-PGA levels in the cytosol promote 1040 

anthocyanin production and sucrose biosynthesis. High sucrose levels enhance Pi-starvation 1041 

responses (Lei et al., 2011), while TP turnover confined to the cytosol keeps PHR1 activation 1042 

at a moderate level. In adg1 tpt-2 (right hand side panel), TP export relies on the xylulose 1043 

5-phosphate/Pi translocator (XPT) (Hilgers et al., 2018), keeping sucrose biosynthesis at low 1044 

levels (Schmitz et al., 2012). TPs are partially consumed by glycolysis and imported back into 1045 

the chloroplast by the phosphoenolpyruvate (PEP)/Pi translocator (PPT). Another portion of 1046 

TPs and PEP is transferred to the vacuole where Pi is released by phosphatase activity. 1047 

However, overall release of free Pi in the cytosol is low thus keeping PHR1 activity at high 1048 

levels. 1049 
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