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Abstract
The concentration and homeostasis of intracellular phosphate (Pi) are crucial for sustaining cell metabolism and growth. During short-term Pi starvation, intracellular Pi is maintained relatively constant at the expense of vacuolar Pi. After the vacuolar stored Pi is exhausted, the plant cells induce the synthesis of intracellular acid phosphatase (APase) to recycle Pi from expendable organic phosphate (Po). In this study, the expression, enzymatic activity and subcellular localization of ACID PHOSPHATASE 1 (OsACP1) were determined. OsACP1 expression is specifically induced in almost all cell types of leaves and roots under Pi stress conditions. OsACP1 encodes an acid phosphatase with broad Po substrates and localizes in the endoplasmic reticulum (ER) and Golgi apparatus (GA). Phylogenic analysis demonstrates that OsACP1 has a similar structure with human acid phosphatase PHOSPHO1. Overexpression or mutation of OsACP1 affected Po degradation and utilization, which further influenced plant growth and productivity under both Pi-sufficient and Pi-deficient conditions. Moreover, overexpression of OsACP1 significantly affected intracellular Pi homeostasis and Pi starvation signalling. We concluded that OsACP1 is an active acid phosphatase that regulates rice growth under Pi stress conditions by recycling Pi from Po in the ER and GA.
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Introduction
Phosphorus (P) is one of the major essential macronutrients required by all living organisms. P exists in the form of inorganic phosphate (Pi) and organic phosphorus (Po) in soil, of which plants can only absorb water-soluble Pi. Although P is abundant in the Earth’s crust, it is usually present in soil in the form of Po or fixed with other metals, making it unavailable to plants (Shen et al., 2011). To cope with Pi deficiency stress, plants have evolved a series of physiological and biochemical strategies to enhance the uptake and utilization of P such as altering its root architecture and increasing phosphate transporter expression to enhance the Pi uptake ability under Pi stress conditions (Chiou & Lin, 2011, Heuer et al., 2017). Moreover, Pi starvation induces the secretion of acid phosphatases and organic acids to mobilize fixed P from soils, which increases the available Pi for plant absorption (Wu et al., 2018). In addition to enhancing P absorption efficiency from the environment, plants recycle Pi from intracellular Po to improve adaptation under Pi stress conditions (Heuer et al., 2017).
  Nucleic acids (mainly RNAs), phospholipids and Pi ester metabolites are the three types of Po in plant cells (Veneklaas et al., 2012). Pi deficiency induces the degradation of nonessential intracellular RNAs and phospholipids into phosphate monoesters by RNases, phospholipases and phosphodiesterases (Plaxton & Tran, 2011). The phosphate monoesters released from RNAs and phospholipids combined with other Pi ester metabolites will be further hydrolysed to liberate Pi under Pi stress condition (Plaxton & Tran, 2011). Acid phosphatase (APase, EC 3.1.3.2) is a type of hydrolase that acts to free attached Pi groups from phosphate monoesters and anhydrides. Pi starvation induces the synthesis of intracellular APase (IAP) to scavenge and remobilize Pi from expendable intracellular Po (Bozzo et al., 2006). Biochemical studies have purified a principle IAP (LePAP26) from Pi-starved tomato suspension cells, which exhibit broad substrate selectivity (Bozzo et al., 2004). Subsequently, AtPAP26 also proved to be the major IAP upregulated by Pi deprivation in Arabidopsis (Veljanovski et al., 2006). Further functional genomic studies confirmed that the AtPAP26 plays a vital role in Po recycling from lytic vacuoles during leaf senescence (Robinson et al., 2012). Like lytic vacuoles, the endoplasmic reticulum (ER) and Golgi apparatus (GA) contain many Pi ester metabolites, which are used to synthesize phospholipids and polysaccharides, respectively (Colin & Jaillais, 2019, Cubero et al., 2009). However, it is unknown whether APases can mobilize these Po pools under Pi stress conditions.
  The HAD superfamily is named after the halogenated acid dehalogenase in bacteria (Koomin et al., 1994), majority of which are involved in phosphoryl transfer, including phosphatases, P-type ATPases, phosphonatase, and phosphotransferases (Burroughs et al., 2006). Several HAD genes were reported to regulate low Pi stress tolerance by functioning as APases (Baldwin et al., 2008, Cai et al., 2018, Liang et al., 2012, May et al., 2012, Pandey et al., 2017). LePS2 was the first identified Pi starvation-induced HAD-like acid phosphatase in plants (Baldwin et al., 2001). Overexpression of LePS2, which functions as a protein phosphatase, altered Pi starvation-induced processes in tomato (Baldwin et al., 2008). Similarly, the common bean HAD-like gene PvHAD1 showed Pi starvation-specific induction and encoded a functional Ser/Thr phosphatase (Liu et al., 2010b). OsHAD1, which is renamed as OsHAD12 by phylogenetic analysis, is proposed to regulate Pi acquisition by dephosphorylation of downstream target proteins in the cytosol (Pandey et al., 2017). AtPECP1 and AtPECP2 (also name as AtPS2/AtPPsPase1), are reported to hydrolyse phosphocholine (PCho) and phosphoethanolamine (PEA) under Pi starvation conditions in Arabidopsis (Angkawijaya & Nakamura, 2017, Angkawijaya et al., 2019, Hanchi et al., 2018, Tannert et al., 2018).
There are at least 41 typical HAD genes in rice, among which the expression of ACID PHOSPHATASE 1 (OsACP1, also named as OsHAD2) is fast response to Pi starvation in both leaves and roots (Du et al., 2021, Hur et al., 2007). However, biochemical and physiological functions of the OsACP1 are still unknown. Phylogenetic analysis has shown that OsACP1 belongs to the PHOSPHO1 subfamily (Burroughs et al., 2006). PHOSPHO1 was first cloned from humans and encodes an acid phosphatase which locates in matrix vesicles (MVs) (Dillon et al., 2019). PHOSPHO1 is involved in the biomineralization of bone by liberating Pi from phosphocholine (PCho) and phosphoethanolamine (PEA) (Roberts et al., 2005). Although the plants do not have skeletal tissue, we have shown that OsACP1 is a PHOSPHO1-like acid phosphatase in rice. Overexpression or mutation of OsACP1 significantly altered intracellular Pi homeostasis and Pi starvation signalling, which further inhibited the growth and yield of rice. We suggest that OsACP1 plays a vital role in adaptation to Pi stress by liberating Pi from Po in the ER and GA in rice.

Materials and methods
Plant materials and growth conditions
Rice (Oryza sativa cultivar Nipponbare) seeds were sterilized with 1% nitric acid and germinated at 37℃ in the dark for two days. Uniform germinated seeds were cultured using a solution containing 1.425 mM NH4NO3, 0.323 mM NaH2PO4, 0.513 mM K2SO4, 0.998 mM CaCl2, 1.643 mM MgSO4, 0.25 mM NaSiO3, 0.009 mM MnCl2, 0.075 μM (NH4)6 Mo7 O24, 0.019 μM H3BO3, 0.155 μM CuSO4 and 0.152 μM ZnSO4 with 0.125 mM ethylenediaminetetraacetic acid (EDTA)-Fe(II), pH 5.5. Rice seedlings were grown in a greenhouse at 32/24℃ (day/night) temperature, 12/12 h photoperiod and 60% relative humidity. For expression analysis of OsACP1, germinated seeds were grown in normal nutrient solution for 10 d and then transferred to nutrient solutions without Pi for 10 d, followed by 2 d recovery in normal solution. Leaves and roots were sampled at different time points. In addition, ten-day-old seedlings were transferred to nutrient solutions deprived of nitrogen, phosphate, potassium, iron, manganese, copper, zinc, magnesium, boron or silicon to analyse the response of OsACP1 under different nutrient deficiency conditions.
For the analysis of OsACP1 mutants and overexpression lines, germinated seeds were grown in a standard nutrient solution for 14 d and then transferred to nutrient solutions with or without Pi for 20 d. Then, the plants were used for phenotypic and biochemical analysis. OsACP1 mutants and overexpression plants were grown in the field with 80 kg/ha phosphate fertilizer for the field experiments. The properties of the soil were described previously (Deng et al., 2020). Plant height and grain yield per plant were measured after the plants were harvested.

Phylogenetic analysis
The protein sequence of OsACP1 was used for alignment in the NCBI database. According to the p-value, representative proteins in plants and animals were retained for evolutionary analysis. After aligning the protein sequences based on the MUSCLE algorithm, the phylogenetic tree was constructed by MEGA-X software based on the maximum likelihood method and JTT matrix model. iTOL was used to visualize the phylogenetic tree.

Expression and purification of recombinant proteins
OsACP1 was designed to be fused with GST, and the expression construct pGEX-6P was used to express the fusion protein. The coding region of OsACP1 was amplified using specific primers (listed in Table S1) and cloned into pGEX-6P upon a GBclonart Seamless Cloning Kit according to the manufacturer’s instructions (GBI, Suzhou, China). The final construct was transformed in E. coli strain BL21 to express GST::OsACP1 fusion protein. The bacteria were cultured with 0.6 mM IPTG at 28℃ for 8 h and harvested by centrifugation. The precipitates were suspended in PBS buffer and lysed by sonication. The crude lysates were centrifuged for 1 h at 12000 rpm and 4℃. Recombinant proteins were purified from the supernatants by elution with a GSTPur Glutathione Kit (Smart Lifesciences, Changzhou, China).

Biochemical Characterization of OsACP1 protein
Three different buffers, sodium acetate (pH 4.5-5.5), HEPES (pH 6.0-7.5) and Tris-HCl (pH 8.0-9.0), were used to determine the optimum reaction pH of OsACP1. Phosphatase activity assays were performed with 70 μL of 50 mM buffers containing 10 mM pNPP, 5 mM MgCl2 and 0.5 µg of recombinant proteins at 37℃ for 30 min. The reactions were stopped by adding 140 μL of 1 M NaOH, and the absorbance of pNP was determined at 410 nm using a microplate assay. To determine the optimum temperature of OsACP1, phosphatase activity was compared at different temperatures (25℃-75℃) with 50 mM HEPES buffer (pH 6) containing 5 mM MgCl2, 10 mM pNPP and 0.5 µg of recombinant OsACP1 protein. The effect of cofactor on OsACP1 was determined with 10 mM chloride salts containing different cations (Mg2+, Mn2+, Zn+, Ca2+) or 10 mM sodium salts containing different anions (molybdate, bicarbonate, carbonate, citrate, EDTA, phosphate).
  For the substrate specificity of OsACP1, Po compounds, including ATP, ADP, AMP, o-phosphorylethanolamine, o-phosphocholine, phosphoenolpyruvate, glucose-6-phosphate, thiamine pyrophosphate, L-O-phosphoserine and sodium pyrophosphate, were used. Phosphatase activity assays were performed with 50 mM HEPES buffer (pH 6) containing 10 mM substrates, 5 mM MgCl2 and 0.5 µg of recombinant proteins at 37℃ for 30 min. The velocities of Pi released from Po compounds were determined by the malachite green-molybdate reagent containing 19.4 mM H3BO3, 27.64 mM ammonium molybdate, 2.38 M H2SO4, 0.6275 mM malachite green and 0.1% (W/V) polyvinyl alcohol. The solution was mixed with malachite green-molybdate reagent at a 3:1 ratio and measured after 30 min incubation. The absorbance was determined at 650 nm using a microplate assay. The Pi concentration was calculated based on a standard curve generated with varying concentrations of KH2PO4.

Protein subcellular localization
The coding region of OsACP1 was amplified by the primers in Table S1 and cloned into the vector PM999-GFP by using the GBclonart Seamless Cloning Kit. OsACP1 was fused with GFP at the N-terminus and C-terminus to generate OsACP1::GFP and GFP::OsACP1 vectors, respectively. The constructs were transformed into rice protoplasts by the polyethylene glycol-mediated method. Isolation and transformation of rice protoplasts was performed as described previously (Wang et al., 2015). In brief, 10 µg plasmid DNA of each construct was transformed into a 0.2-mL protoplast suspension. CD960::mCherry and wave-22R::mCherry were used as the endoplasmic reticulum and the Golgi apparatus markers, respectively. After incubation at 30°C in the dark for 12-15 h, fluorescence signals of protoplasts were observed using a confocal laser scanning microscope (Leica). Excitation/emission wavelengths were 488 nm/505 to 545 nm for GFP and 552 nm/580 to 645 nm for RFP.

Vector construction and rice transformation
For the OsACP1 CRISPR vector, a 20 bp sgRNA targeting the exon of OsACP1 was cloned into the CRISPR-Cas9 expression vector pRGEB31 according to a previously described method (Xie et al., 2014). To create an OsACP1 overexpression construct, full-length cDNA of OsACP1 was amplified by PCR and cloned into the vector pTF101 by using the GBclonart Seamless Cloning Kit. To generate the POsACP1::GUS construct, the 2005 bp promoter sequence of the OsACP1 gene was amplified by PCR from genomic DNA. The amplified fragment was cloned into vector GUS plus by using the GBclonart Seamless Cloning Kit. These vectors were used to generate transgenic plants by Agrobacterium-mediated transformation as reported (Tian et al.,2012). The positive transgenic plants were confirmed by PCR analysis. T3 generation of the homozygous OsACP1 mutants and overexpression plants were used for physiological and biochemical experimental analysis. The sequences of the primers used are listed in Table S1.

GUS histochemical analysis
GUS histochemical staining was performed using a GUS staining kit (Coolaber). The POsACP1::GUS transgenic plants were grown in a standard nutrient solution for 10d and then transferred to +P and –P conditions for 10 d. Plant tissues were submerged in GUS staining solution and vacuum infiltrated for 30 min, and then the tissues were incubated at 37℃ for 4 h. After staining, the tissues were washed with 75% ethanol to remove chlorophyll and imaged under a digital camera or a microscope (Nikon). The cross-sections of leaves, leaf sheaths and roots were obtained using a vibration microtome.

Quantitative Real-Time PCR
Leaf or root samples were ground into powder using liquid nitrogen and used to extract total RNA using TRIzol reagent (CoWin). 2 μg total RNA was used to synthesize cDNA using a reverse transcription kit (CoWin). qRT-PCR assays were performed with SYBR Green Real-Time PCR Master Mix reagent (Yeasen) on an Applied Biosystems QuantstudioTM Real-Time PCR System. The rice ACTIN (LOC_Os03g13170) gene was used as the internal reference. Relative expression levels were calculated using the 2-ΔΔCt method. The sequences of the primers used for qRT-PCR are listed in Table S1.

Measurement of Pi concentration and total P content
The Pi concentration was measured using the methods described previously (Lu et al., 2016). In brief, 25 mg fresh tissues were homogenized with 25 µL 5 M H2SO4 and 1.5 mL distilled water, and then the supernatant was collected after centrifugation at 10000 g at 4°C. Subsequently, the diluted supernatant was mixed with malachite green regent as described above.
To measure the total P content, 150 mg or 400 mg of dried roots or shoots were predigested in glass tubes with concentrated sulfuric acid overnight. The tubes were heated to 120°C for 1 h, and then 5-6 drops of 30% H2O2 were added every 30 min until the solution turned colorless. The colorless solution was boiled for an additional 1 h and cool down. The digested solution was diluted to appropriate concentration to measure total P content by molybdenum blue colorimetry method (Chen et al., 2007). The molybdate blue reaction solution contains 0.5% (w/v) potassium antimony tartrate and 1% (w/v) ammonium molybdate melted in 2.754 M H2SO4 with ascorbic acid (1.5% (w/v). 9 ml diluted solution was mix with 1 ml molybdate blue reaction solution to react for 30 min at 30℃. The absorbance of the reactant was measured at 700 nm wavelength. Total P concentration was calculated by normalization of dry weight.

[bookmark: _Hlk80004318]Measurement of instantaneous Pi uptake rate
The instantaneous Pi uptake rate was determined using the method described by Ning and Cumming (2001). In brief, the rice seedlings were cultured in normal nutrient solution for 15 d and then treated with Pi (0.5 mg/L) deficient nutrient solution for 7 d. The roots were washed 3 times with distilled water and transferred to 50 mL flasks containing the normal nutrient solution. Each flask contained two seedlings with 10 replications. The solutions were sampled at 0, 5, 10, 15, 30, 40, 50, 60, 90, 120, 150, 180, 210, and 240 min, respectively. Pi concentration of the samples was determined using malachite green reagent as described above. The instantaneous Pi uptake rate was normalized to roots dry weight.

Ethanolamine, choline and lipid contents measurement
The extraction of phospholipids and metabolites was performed as described in Hanchi et al. (2018). In brief, 50 mg fresh leaves were placed in 2 mL isopropanol containing 0.01% BHT and kept at 85℃ for 30 min. After cooling to room temperature, internal standard (1 µM phosphocholine-trimethyl-d9, Sigma-Aldrich) was added, and samples were ground for 1 min. After centrifugation for 5 min at 4000 g at 4°C, the supernatant was transferred into a 10 mL tube and vortexed after the addition of 6 mL tert-butyl methyl ether containing 0.01% formic acid. The aqueous phase and lipid phase were separated after centrifugation for 3 min at 3000 g at 4℃. The upper layer (organic phase) was maintained under nitrogen gas until complete evaporation and was subsequently resuspended in 200 µL acetonitrile/isopropanol/ammonium formate (65:30:5, v/v/v) for instrumental analyses. The lower (aqueous) phase was placed under a gentle stream of nitrogen gas to evaporate the remaining traces of the organic phase and then stored at -20°C until analysis.
Targeted lipidomics were analysed on an ExionLC AD ultrahigh performance LC (UHPLC, AB Sciex, Canada) coupled to an AB Sciex Q TRAP 5500 mass spectrometer, equipped with a Zorbax Eclipse Plus C18 column (2.1 mm × 50 mm, 1.8 μm, Agilent Technologies, U.S.A.) (Sun et al., 2020). Mobile phases A and B consisted of a mixture of water, acetonitrile, and isopropanol at ratios of 50:30:20 and 1:9:90, respectively, each containing 10 mM ammonium formate. The autosampler temperature and oven temperature were at 25 and 45 °C, respectively. The mobile phase flow rate was 0.3 mL/min, and the gradient was as follows: starting with 25% B, 25% B ramped to 49% B in 0.5 min, then ramped to 69% in 7.5 min, and then 69% B ramped to 100% B in 3.8 min, maintained for 3 min, followed by a decrease to 25% B in 0.1 min and contained for 4.5 min.
Ethanolamine and choline contents from the aqueous phase were also analysed on ExionLC AD in tandem with a Q TRAP 5500 mass spectrometer and separated by an Intrada amino acid column (3 × 10 mm; Imtakt). The column was applied at a flow rate of 0.6 mL/min with the following gradient protocol for solvent B: 20% B for 4 min, ramp to 100% B in 10 min, 100% B for 2 min. The column temperature was kept at 40°C and the electrospray ionization source was operated in positive ion mode. PCho-d9 was used as the reference compound for quantification. Mass spectrometer parameters were set as follows: CUR: 30 psi, IonSpray voltage: 5500 V, TEM: 550°C, GS1: 40 psi, GS2: 40 psi.

Results
The expression of OsACP1 is highly induced by Pi starvation
[bookmark: _Hlk80372877]The expression of OsACP1 is significantly induced by Pi starvation in both shoots and roots according to the transcriptome data (Secco et al., 2013). To confirm the transcriptome data, transcripts of OsACP1 were determined by qRT-PCR under Pi-starvation conditions. The results showed that the transcripts of OsACP1 increased under Pi deficient treatment for 7 days and reached nearly 10-fold of control after 10 days of Pi-deficient treatment in leaves (Fig. 1a). A similar but more violent expression response of OsACP1 was observed in the roots than in the leaves (Fig. 1a). Re-supply Pi to Pi-stressed plants for 1 day significantly decreased the expression of OsACP1, which was even lower than that in control plants (Fig. 1a). Because Pi stressed plants induces high efficiency Pi uptake systems, re-supply Pi to Pi-stressed plants will significantly increase the instantaneous Pi uptake rate and cytosol Pi concentration until the plants recover its metabolism from Pi stress (Wang et al., 2015). The expression pattern of OsACP1 indicated that its transcripts were very sensitive to the Pi concentration in cytosol.
We further examined the expression of OsACP1 under different nutrient stress conditions. The transcripts of OsACP1 were specifically induced by Pi starvation in roots (Fig. 1b). The promoter of OsACP1 contains three P1BS sites, indicating that OsACP1 may be regulated by PHR family transcription factors (Fig. S1a). To confirm the hypothesis, we measured the transcripts of OsACP1 in OsPHR2-overexpressing plants, which is the key regulator of Pi starvation signaling in rice (Zhou et al., 2008). As expected, the expression of OsACP1 was significantly induced in the OsPHR2-overexpressing plants under both Pi-sufficient and Pi-deficient conditions (Fig. S1b). We then amplified the promoter of OsACP1 and constructed the POsACP1::GUS construct. The POsACP1::GUS construct was coinjected with a PCaMV35::OsPHR2 construct into tobacco leaves. The results showed that OsPHR2 could significantly stimulate the expression of POsACP1::GUS in tobacco leaves (Fig. S1c).
  To further determine the tissue-specific expression of OsACP1, transgenic plants were generated with the POsACP1::GUS construct by agrobacterial-mediated transformation in rice. In accordance with the qRT-PCR results, GUS staining was more potent in leaves, leaf sheaths and roots under Pi deficiency treatment than under Pi-sufficient treatment (Fig. 2). In addition to the vegetative organ, GUS staining was detected in the stigma, anthers and developing seeds (Fig. 2f-h). Cross-sections of leaves showed that OsACP1 is highly expressed in epidermal, mesophyll and vascular bundle cells of leaves under Pi starvation conditions (Fig. 2a). OsACP1 is also ubiquitously expressed in root cells, including epidermal, cortex, endodermis, stele and vascular bundle cells, under Pi starvation conditions (Fig. 2d,e).

OsACP1 is an active acid phosphatase
A homologue search showed that OsACP1 and its homologues contain four conserved motifs, the typical HAD protein feature (Fig. S2). The recombinant OsACP1 protein was expressed in E.coli BL21 and purified to determine the biochemical properties of OsACP1. Purified recombinant OsACP1 shows high activity with pNPP as a substrate at pH 5.5 to 7.0, indicating that OsACP1 is a functional APase (Fig. 3a). The enzyme displays the highest activity at 35 to 40 ℃. To test the cofactor requirement, the phosphatase reaction of the enzyme was assayed in the presence of respective cations and anions. The OsACP1 shows relatively high activity with Mg2+ but low or no detectable activity with other ions, indicating that Mg2+ is the preferential cofactor (Fig. 3c). We next used various Po substrates to test the substrate specificity of OsACP1. Like its homologues, OsACP1 exhibited the highest phosphatase activity on PEA. However, OsACP1 was also highly active with all the others tested, indicating that OsACP1 has broad substrate selectivity (Fig. 3d).

OsACP1 localized in the endoplasmic reticulum and Golgi apparatus
To determine the subcellular localization of OsAPC1, the green fluorescent protein (GFP) was fused with OsACP1 at both the C-terminus and N-terminus. The control and recombinant plasmids were transiently expressed in protoplasts with ER or GA markers. The GFP control was localized throughout the cytosol and nucleus (Fig. 4a). In contrast, the GFP::OsACP1 fusion protein showed a network distribution in the cell and colocalized with both ER and GA markers (Fig. 4b, d). Similarly, the OsACP1::GFP fusion protein also localized with ER and GA markers (Fig. 4c, e). Therefore, the OsACP1 is an ER- and GA-localized APase in rice.

Mutation and overexpression of OsACP1 affect growth and yield in rice
To explore the function of OsACP1 in rice, we transformed a CRISPR-Cas9 construct that targeted the CDS region of OsACP1 into Nipponbare (NIP) and identified two knockout plants with frame shifts (acp1-1 and acp1-2, Fig. S3c). The growth of the OsACP1 mutants was inhibited compared with the growth of the NIP plant under both Pi-sufficient and Pi-deficient conditions (Fig. S3a, b). Both the shoot length and dry weight of the acp1 mutants were significantly decreased compared with that of NIP irrespective of the Pi supply (Fig. S3d, f). The shoot dry weight of the OsACP1 mutants decreased 28-33% and 16-28% compared with the shoot dry weight of the NIP under Pi-sufficient and Pi-deficient conditions, respectively. Although the root length was similar between the NIP and OsACP1 mutants, the root dry weight of the acp1-1 and acp1-2 was significantly decreased compared with that of NIP under both Pi sufficient and deficient conditions (Fig. S3e, g). However, the total P concentration of both leaves and roots was not significantly changed between NIP and acp1-1 under Pi-sufficient and Pi-deficient conditions (Fig. S3h, i). We further evaluated the growth and yield of OsACP1 mutants in the field. Although plant height and growth were only inhibited in acp1-2, the grain yield of both acp1-1 and acp1-2 significantly decreased compared with the grain yield of the NIP control (Fig. S4).
  To examine whether overexpression of OsACP1 could increase Pi efficiency in rice, OsACP1 was overexpressed in the cultivated variety "Zhonghua 11" (ZH11). Twelve independent lines were generated, and three lines (OE2, OE7 and OE8) were selected for further analysis due to the increased expression of OsACP1 in both leaves and roots (Fig. 5c, d). Surprisingly, overexpression of OsACP1 did not stimulate but inhibited the growth of transgenic plants, especially under Pi-sufficient conditions (Fig. 5a, b). More specifically, the shoot length, root length and shoot dry weight were significantly decreased in the transgenic lines compared with that of ZH11 control plants under Pi-sufficient conditions (Fig. 5e, f, g). The root weight was significantly decreased in OE7 and OE8 but not OE2 under Pi-sufficient conditions (Fig. 5h). Under Pi-deficient conditions, the shoot length of OE7 and OE8 and the shoot and root dry weight of OE8 were significantly decreased compared with the shoot and root dy weight of the control plants (Fig. 5e-h). The total P concentration was increased by 5-18% and 16-32% in the leaves and roots of the transgenic lines, respectively, compared with the total P concentration of ZH11 under Pi-sufficient conditions (Fig. 5i, j). There was no significant difference in the total P concentration between ZH11 and transgenic plants under Pi-deficient conditions except OE7 (Fig. 5i, j). We further evaluated the growth and yield of OsACP1 overexpression plants in the field. Like the hydroponic conditions, the growth and yield of OsACP1-overexpressing plants were significantly decreased compared with the growth and yield of control plants (Fig. S5).

Overexpression of OsACP1 increased Pi concentration in leaves
Under Pi-replete conditions, leaf tips of OsACP1 overexpression plants but not WT plants experienced necrosis, a typical symptom of Pi over-accumulation in rice (Fig. 6a). Therefore, the Pi concentration of each leaf was measured in OsACP1 overexpression lines at different time points with the nla1-1 mutant as a positive control. OsNLA1 encodes a RING-type E3 ubiquitin ligase that negatively regulates phosphate transporter proteins and Pi uptake in rice. Consistent with a previous report, mutation of OsNLA1 resulted in constant Pi accumulation in all the measured leaves (Fig. 6b-e). Although the Pi concentration of the OsACP1 overexpression lines was also higher in the 1st to 4th leaves compared with the Pi concentration of ZH11, the Pi concentration showed a similar change trend between ZH11 and OsACP1 overexpression lines, which is different from the trend in nla1-1 (Fig. 6b-e). The Pi concentration of the 1st and 2nd leaves continuously increased before 19 days and decreased at 23 days in both ZH11 and OsACP1-overexpressing plants (Fig. 6b, c). For the 3rd leaf, the Pi concentration increased from 16 to 19 days and remained stable at 23 days in both ZH11 and OsACP1-overexpressing plants (Fig. 6d). However, the Pi concentration was more quickly and constantly increased in the leaves of na1-1 plants than in the leaves of ZH11 and OsACP1-overexpressing plants (Fig. 6b-d).

Expression levels of OsACP1 affect ethanolamine and choline content
Because OsACP1 showed the highest activity with PEA, we investigated its product ethanolamine (EA) in OsACP1 mutants and overexpression lines. Although the loss of function of the OsACP1 gene did not disrupt the EA concentration in rice (Fig. 7a), overexpression of OsACP1 vastly increased EA abundance in rice by 3-14 folds and 2-16 folds compared to WT plants under Pi-sufficient and Pi-deficient conditions, respectively (Fig. 7b). We further determined the concentration of choline (Cho) as EA enables flux into Cho. The Cho concentration was similar between WT and OsACP1 mutants under Pi-sufficient conditions. However, the Cho concentration decreased nearly 40% in the OsACP1 mutants under Pi-deficient conditions (Fig. 7). In contrast, the Cho concentrations were significantly increased under both Pi-sufficient and Pi-deficient conditions in the overexpression lines (Fig. 7d). 

Overexpression of OsACP1 suppressed phospholipid degradation and induction of PSI genes by Pi starvation
[bookmark: _Hlk69587876]To assess whether the fluctuation of PEA/EA and PCho/Cho by OsACP1 affects phosphatidylethanolamine (PtdEA) and phosphatidylcholine (PtdCho) biosynthesis, we measured the concentrations of PtdEA and PtdCho in OsACP1 mutants and overexpression lines. In accordance with previously reported results, Pi starvation treatment significantly decreased PtdEA and PtdCho in all the WT, OsACP1 mutants and overexpression plants (Fig. S6). The lipid composition of OsACP1 mutants showed a subtle change compared with the lipid composition of WT plants, which resulted in similar levels of PtdEA and PtdCho between OsACP1 mutants and WT plants under both Pi-sufficient and Pi-deficient conditions (Fig. 8). Phospholipid concentrations and compositions were also similar between OsACP1-overexpressing and WT plants under Pi-sufficient conditions. However, most types of PtdCho and PtdEA were significantly increased in OsACP1-overexpressing plants compared with WT plants under Pi-deficient conditions, resulting a significant increase in total PtdCho and PtdEA in OsACP1-overexpressing plants compared with WT plants under Pi-deficient conditions (Fig. 8, S6).
Because the Pi concentration and phospholipid composition are significantly changed in OsACP1-overexpressing plants, we were then interested in determining whether the expression of several Pi starvation-responsive (PSI) genes is altered in WT and OsACP1-overexpressing plants. OsIPS1 (Induced by Phosphate Starvation 1) is a long non-coding RNA that is highly responsive to the internal Pi concentration in plants (Franco-Zorrilla et al., 2007). OsPAP10a, OsPAP3b and OsPAP3c encode purple acid phosphates induced by Pi starvation (Tian et al., 2012, Zhang et al., 2011). OsNPC1 (non-specific phospholipase C), OsPAH1 (phosphatidate phosphohydrolase), OsGDPD2 (glycerophophodiester 2), OsSQD2 (sulfoquinovosyldiacylglycerol 2), and OsMGD3 (monogalactosyldiacylglycerol 3) are involved in membrane lipid remodeling under Pi starvation in rice (Nakamura, 2013). As expected, Pi starvation greatly induced the expression of the selected PSI genes in both WT and OsACP1 overexpression plants (Fig. 9). However, induction of these PSI genes by Pi starvation was more evident in WT seedlings than in OsACP1 overexpression plants, suggesting that OsACP1 plays a role in suppressing the Pi starvation signal (Fig. 9).

Discussion
All cellular organisms depend extensively upon biochemical reactions related to the formation and breaking of phosphate esters. Therefore, it is not surprising that an enormous diversity of phosphohydrolases have evolved to dephosphorylate various phosphate-containing compounds. Members of the HAD superfamily are important phosphate monoester hydrolases (phosphatases) from all superkingdoms of life. A previous study has shown that the HAD superfamily contains 33 significant families (Burroughs et al., 2006). The OsACP1 belongs to the large phosphoserine phosphatase (PSP) family, which includes several subfamilies. A further phylogenetic analysis classified OsACP1 into the PHOSPHO1 subfamily (Fig. S2). PHOSPHO1 is an intravascular phosphatase and plays a critical role in liberating Pi from PEA and PCho in MVs (Roberts et al., 2004). The released Pi precipitated with Ca2+ to initiate bone mineralization in humans and mice (Dillon et al., 2019). Interestingly, although bacteria, fungi, and plants do not have skeletons, homologues of PHOSPHO1 proteins have been widely found in these organisms and show acid phosphatase activity with different substrates (Burroughs et al., 2006). The two conserved aspartic acids (D) in motifs I and IV of HAD APase have been reported to be involved in coordinating Mg2+ in the active site (Fig. S2) (Burroughs et al., 2006). In accordance, the OsACP1 is an active APase with broad substrate specificity, and Mg2+ is the most effective cofactor (Fig. 3).
AtPPsPase1 (also named AtPS2 and AtPECP2) is shown to be a pyrophosphate-specific phosphatase in vitro (May et al., 2011). AtPECP1 displayed significant specific activity for PEA and PCho in vitro (May et al., 2012). A subsequent study showed that both AtPECP1 and AtPECP2 are involved in PEA and PCho metabolism in vivo (Angkawijaya & Nakamura, 2017, Angkawijaya et al., 2019, Hanchi et al., 2018). Although the recombinant OsACP1 protein shows the highest activity for PEA as AtPECP1 does, OsACP1 can also effectively hydrolase several other kinds of Po (Fig. 3). The different substrate specificities between OsACP1 and AtPECP1/2 may lead to functional differences in plants. The expression of AtPECP1 and AtPECP2 is fast responsive to different Pi treatments. However, plant growth and Pi concentration of overexpressing or knocking out AtPECP1 and AtPECP2 showed subtle changes under both Pi-sufficient and Pi-deficient conditions (Hanchi et al., 2018). In contrast, mutation or overexpression of OsACP1 significantly inhibited the growth and yield of rice (Fig. 5, S3-S5). Moreover, overexpression of OsACP1 significantly changed the root architecture in Arabidopsis (data not shown). These results confirmed that OsACP1 has different physiological functions as comparing with AtPECP1 and AtPECP2 in plants.
[bookmark: _Hlk80367051]  The concentration and homeostasis of intracellular Pi are crucial for sustaining cell metabolism and growth. During short-term Pi starvation, cytoplasmic Pi is assumed to be maintained relatively constant at the expense of vacuolar Pi (Pratt et al., 2009). When the vacuolar-stored Pi is exhausted, the plant cells induce the synthesis of intracellular APase to recycle Pi from expendable intracellular Po (Bozzo et al., 2006). The expression of OsACP1 is specifically induced by Pi starvation in almost all cell types (Fig. 2), indicating that OsACP1 may play an important role in scavenging Po in rice. In accordance with this assumption, overexpression of OsACP1 increased the Pi concentration of leaves, especially in the OE7 and OE8 lines with high transcript levels of OsACP1 (Fig. 5, 6). Notably, the changing pattern of Pi concentration was similar between OsACP1-overexpressing and WT plants. However, the nla1-1 mutant that constitutively increased Pi uptake showed a steady accumulation of Pi in leaves and plant growth (Fig. 6). Therefore, it seems that OsACP1 does not regulate Pi import and export in leaves as OsNLA1 does. We proposed that the increased Pi level of OsACP1 overexpression plants was caused by hydrolysing intracellular Po rather than enhancing Pi uptake. Overexpression of OsPHR2 or OsPT2 or mutants of nla1 or pho2 caused leaf necrosis by increasing Pi concentrations (Liu et al., 2010a, Wang et al., 2009, Yue et al., 2017). The leaf necrosis of these genetic materials was more severe along with plant growth because the leaf continued to take up and accumulate Pi in these plants (Wang et al., 2009, Yue et al., 2017). In contrast, necrosis on leaf tips was only observed in young seedlings of OsACP1 overexpression plants (Fig. 5, 6). Pi concentration of the 1st and 2nd leaves of OsACP1 overexpression lines slowly increased before 19 days and began to decline thereafter, which means that Pi could be remobilized from old leaves to young leaves of OsACP1 overexpression plants (Fig. 6). Therefore, the OsACP1 regulates intracellular Pi homeostasis by releasing Po rather than Pi uptake in rice. This assumption was further confirmed by the similar instantaneous Pi uptake rate between WT plants and OsACP1 overexpression or mutant plants (Fig. S7). The expression of several key Pi transporters was not influence or slightly decreased in the OsACP1-OE plants as compared with WT (Fig. S8), which further support that Pi accumulation of OsACP1-OE plants were not due to Pi uptake.
[bookmark: _Hlk80428640][bookmark: _Hlk80429668][bookmark: _Hlk80429833][bookmark: _Hlk80479826]   OsACP1 was localized mainly in the ER and GA (Fig. 4). The ER is the primary site of phospholipid metabolism. Pi deficiency induces ER-localized non-specific phospholipase C (NPC) to degrade the phospholipids into diacylglycerol (DAG) and corresponding P ester compounds, mainly PEA and PCho (Gaude et al., 2008, Nakamura, 2013). Because AtPECP1 and AtPECP2 are ER localization proteins and show activity with PEA and PCho, it suggested that AtPECP1 and AtPECP2 work downstream of NPC proteins to release Pi from PEA and PCho (Angkawijaya & Nakamura, 2017, Angkawijaya et al., 2019). This hypothesis, although is very reasonable, fails to find any changes in phospholipid composition and expression of genes related to the phospholipid metabolism pathway in AtPECP1- and AtPECP2-overexpressing or mutant plants (Hanchi et al., 2018). Moreover, overexpression of OsACP1 significantly increased the content of the majority types of PtdCho and PtdEA under Pi starvation conditions (Fig. 8), indicating that the induced degradation of phospholipids by Pi stress is suppressed in the OsACP1-overexpressing plants. Therefore, neither AtPECP1/AtPECP2 nor OsACP1 stimulated Pi recycling from phospholipids under Pi starvation conditions. A recent study suggested that AtPECP2 functions as a regulator of EA metabolism by dephosphorylating PEA under Pi starvation condition (Tannert et al., 2018). The changed EA concentration will further influence the synthesis of Cho (Lin et al., 2019, Tannert et al., 2018). Consistent with this theory, we observed a more pronounced increase in EA than Cho content in OsACP1 overexpression lines (Fig. 7), consistent with the enzymatic data of OsACP1, which has the highest activity with PEA (Fig. 3). Interestingly, the Cho content was significantly decreased in the OsACP1 mutants under Pi-deficient conditions indicating the OsACP1 also participates in the dephosphorylation of PCho in rice (Fig. 7). Overexpression of OsACP1 increased Pi concentration by degrading Po, which negatively regulated the expression of PSI genes under Pi starvation condition (Fig. 9). Thus, the total PtdCho and PtdEA significantly increased in the OsACP1 overexpression plants by suppressing the expression of lipid membrane degradation and remodeling genes.
  The GA acts as the cellular site for many reactions in the cell wall and protein modification, which consume nucleotide sugars (Cubero et al., 2009, Orellana et al., 1997). The Golgi lumen contains various enzymatic reactions that catalyse the transfer of a sugar moiety to specific acceptors with the release of nucleoside diphosphate (NDP). A nucleoside diphosphatase located in the Golgi membrane was proposed to hydrolyse the NDPs to nucleoside monophosphates (NMPs) and Pi (Orellana et al., 1997). Interestingly, OsACP1 showed relatively high activity with both AMP and ADP (Fig. 3). OsACP1 is possibly function as a non-specific phosphatase to hydrolyse NDPs in the GA. The AMP and Pi do not accumulate in the lumen and are rapidly exported to the cytosol by different transporters (Cubero et al., 2009, Orellana et al., 1997). Mutation of OsACP1 may inhibit this process and affect polysaccharide biosynthesis in the GA, which finally decreases rice growth and yield. Overexpression of OsACP1 will promote the degradation of NDPs and increase Pi export to the cytosol.
[bookmark: _Hlk80370264]  Altogether, our results reveal the significance of OsACP1-mediated Po recycling under Pi stress conditions in rice. Pi starvation specifically induced the expression of OsACP1 in most cell types of root and leaf tissues. OsACP1 works as an APase to recycle Pi from non-essential phosphate esters in the ER and GA to maintain Pi homeostasis. The Pi released from phosphate esters will alleviate Pi starvation responses in rice. However, the growth inhibition of OsACP1 mutants indicated that these phosphate esters are essential for the optimal growth of rice under both Pi sufficient and deficient conditions. Constitutive overexpression of OsACP1 disturbs the metabolism of phosphate esters in the ER and GA, which fails to improve the growth and yield of transgenic plants.
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Figure legends
Figure 1. (a) Relative expression analysis of OsACP1 in leaves and roots during a period of Pi starvation followed by resupply. Germinated seeds were grown in normal nutrient solution for 10 d and then transferred to nutrient solutions without Pi for 10 d, followed by 2 d recovery (R) in normal solution. OsACP1 expression was normalized to that of OsACTIN. (b) Relative expression of OsACP1 under different nutrient deficiency conditions. Ten-day-old seedlings were transferred to normal nutrient solution (CK) or solutions deprived of nitrogen (N), phosphate (P), potassium (K), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), magnesium (Mg), boron (B) or silicon (Si). Roots were sampled after 9d of treatment. Data are means (±SEM) of three replicates. Significant differences compared with the control (0 d or CK) were determined using Student's test (***P<0.001).

Figure 2. GUS staining of POsACP1::GUS transgenic plants. (a-e) GUS staining of leaves (a), roots (b) and leaf sheaths (c) of POsACP1::GUS transgenic plants under Pi-repleted and Pi-depleted conditions. Transverse sections of leaves (a), leaf sheaths (c), roots of meristem zone (d) and mature zone (e) under Pi-repleted and Pi-depleted conditions. Germinated seeds were grown in normal nutrient solution for 10 d and then transferred to nutrient solutions with (+P) or without (-P) of Pi for 10 d. (f-h) GUS staining of the stigma, anthers and developing seeds of POsACP1::GUS transgenic plants during the blooming stage. Bars = 100 μm.

Figure 3. Biochemical characteristics of OsACP1. (a) Effect of pH on APase activity of OsACP1 using pNPP as substrate with different buffers (sodium acetate, HEPES and Tris-HCl). (b) Specific activity of OsACP1 at different temperatures using pNPP as the substrate (pH 6). (c) Influence of cations and anions on OsACP1 activity using pNPP as the substrate (pH 6). ND: not detected. (d) Substrate specificity of recombinant OsACP1. PEth, o-phosphorylethanolamine; Pcho, o-phosphocholine; PEP, phosphoenolpyruvate; Glc-6-P, glucose-6-phosphate; TPP, thiamine pyrophosphate; phospho-L-ser, L-O-phosphoserine; PPi-Na, sodium pyrophosphate.

Figure 4. Subcellular localization of OsACP1 in rice protoplasts. N-terminal and C-terminal GFP fusion constructs were transformed with rice protoplasts. The green signals indicate GFP, and the red signals indicate an endoplasmic reticulum marker (CD960::mCherry) or Golgi marker (wave-22R::mCherry). Bars = 20 μm.

Figure 5. Growth performance, expression levels of OsACP1, plant height, biomass and total P concentration of control (ZH11) and OsACP1 overexpression (OE2, OE7, OE8) plants under Pi-sufficient (+P) and Pi-deficient (-P) conditions. (a-b) Growth performance of ZH11- and OsACP1-overexpressing plants. Bars = 10 cm. (c-d) Relative expression of OsACP1 in leaves and roots of ZH11- and OsACP1-overexpressing plants. (e-f) Shoot and root lengths of ZH11- and OsACP1-overexpressing plants. (g-h) Dry weight of shoots and roots of ZH11- and OsACP1-overexpressing plants. (i-j) Total P concentration of shoots and roots of ZH11- and OsACP1-overexpressing plants. Germinated seeds were grown in standard nutrient solution for 14 d and then transferred to +P and –P conditions for 20 d. Data are means (±SEM) of six replicates. Significant differences compared with ZH11 under the same condition were determined using Student's test (* P<0.05, ** P<0.01 and ***P<0.001).

Figure 6. (a) Phenotypes of 10-day-old seedlings of OsACP1 overexpression lines under Pi-sufficient (+P) and Pi-deficient (-P) conditions. Germinated seeds were grown in nutrient solution with or without Pi for 10 d. (b-e) Pi concentrations of each leaf over a period of time. Germinated seeds were grown in normal nutrient solution for 23 days. ZH11, control plants; OE2, OE7 and OE8, OsACP1 overexpression plants; nla1-1, OsNLA1 mutant. Data are means (±SEM) of three replicates.

Figure 7. Ethanolamine and choline content in the leaves of OsACP1 mutants and overexpression plants under Pi-sufficient (+P) and Pi-deficient (-P) conditions. Germinated seeds were grown in standard nutrient solution for 14 d and then transferred to +P and –P conditions for 20 d. Data are means (±SEM) of five replicates. Significant differences compared with the control plants were determined using Student's test (* P<0.05, ** P<0.01).

Figure 8. Phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEA) compositions and contents in the leaves of OsACP1 mutants and overexpression plants under Pi-sufficient and Pi-deficient conditions. Germinated seeds were grown in standard nutrient solution for 14 d and then transferred to +P and –P conditions for 20 d. The content data were normalized by a log2 calculation method (n=5). “▲” and “▼” indicate that the PtdCho or PtdEA contents were higher or lower than those of the control plants, respectively. Significant differences compared with the control plants under the same conditions were determined using Student’s test (* P<0.05, ** P<0.01).

Figure 9. Expression analysis of PSI genes in OsACP1 overexpression plants under Pi-sufficient (+P) and Pi-deficient (-P) conditions. Germinated seeds were grown in normal nutrient solution for 14 d and then transferred to nutrient solutions with or without Pi for 20 d. RNA was extracted from leaves of control (ZH11) and OsHAD2 overexpression (Oe7, Oe8) plants. OsACP1 expression was normalized to that of OsACTIN.

Supporting Information
Figure S1. (a) Structure diagram of OsPHR2 binding elements P1BS in the promoter region of OsACP1. (b) The expression level of OsACP1 in wild-type (NIP) and OsPHR2-overexpressing plants. (c) GUS activity of tobacco leaves injected with PACP1::GUS plasmid alone or PACP1::GUS plus OsPHR2 overexpression plasmids. Two-week-old seedlings were transferred to +P and -P conditions for 10 days. Total RNA was extracted from roots of the seedlings. OsACP1 expression was normalized to that of OsACTIN. Data are means (±SEM) of three replicates. Student’s t test was used to calculate significance. (**P<0.01).

Figure S2. Phylogenetic tree and conserved protein motifs of PHOSPHO1 subfamily proteins from bacteria, animals, fungi and plants. The phylogenetic tree was constructed using MEGA-X software based on the maximum likelihood method and a JTT matrix-based model. The sequences of motifs I-IV of each protein are listed. OsACP1 is marked in orange.

Figure S3. Growth performance (a-b), mutation sites of OsACP1 (c), plant height (d-e), biomass (f-g) and total P concentration (h-i) of control plants (NIP) and OsACP1 mutations (acp1-1 and acp1-2) under Pi-sufficient (+P) and Pi-deficient (-P) conditions. (a) Mutation at the target site in two representative knockout lines generated by the CRISPR/Cas9 technology. The acp1-1 plant is a mutant carrying a 2-bp deletion and acp1-2 is a mutant carrying a 1-bp insertion. The sgRNA target sequence is shown and the PAM motif is highlighted in red letters. Germinated seeds were grown in standard nutrient solution for 14 d and then transferred to +P and –P conditions for 20 d. Data are means (±SEM) of six replicates. Significant differences compared with NIP under the same condition were determined using Student's test (* P<0.05, ** P<0.01 and ***P<0.001).

Figure S4. Phenotypes of NIP and OsACP1 mutants (acp1-1 and acp1-2) grown in the field. (a) Growth performance of NIP and osacp1 mutants grown in the field, Bar = 10 cm. (b) and (c) Plant height and grain yield of NIP and osacp1 mutants. Data are means (±SEM) of six replicates. Significant differences compared with the NIP were determined using Student’s test (*P<0.05, ***P<0.001).

Figure S5. Phenotypes of ZH11- and OsACP1-overexpressing plants grown in the field. (a) Growth performance of OsACP1 overexperssion plants grown in the field, Bar = 10 cm. (b) and (c) Plant height and grain yield of ZH11 and OsACP1 overexperssion plants. Data are means (±SEM) of six replicates. Significant differences compared with the ZH11 were determined using Student’s test (**P<0.01, ***P<0.001).

Figure S6. Total phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEA) content in leaves of the OsACP1 mutants (acp1-1 and acp1-2) and OsACP1 overexpression plants under Pi-sufficient and Pi-deficient conditions. Germinated seeds were grown in standard nutrient solution for 14 d and then transferred to +P and –P conditions for 20 d. Data are means (±SEM) of five replicates. Significant differences compared with the control plants were determined using Student's test (* P<0.05, ** P<0.01).

Figure S7. Pi uptake rate of OsACP1 overexpression and mutant plants. Data are means (±SEM) of ten replicates. 

Figure S8. Expression analysis of PT genes in OsACP1 overexpression plants under Pi-sufficient (+P) and Pi-deficient (-P) conditions. Germinated seeds were grown in normal nutrient solution for 14 d and then transferred to nutrient solutions with or without Pi for 20 d. RNA was extracted from roots of control (ZH11) and OsACP1 overexpression (Oe7, Oe8) plants. OsACP1 expression was normalized to that of OsACTIN. Data are means (±SEM) of three replicates.

Table S1. Primers used in this study.
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