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ANAC044 modulates P reutilization in P deficient Arabidopsis thaliana root cell wall in an ethylene dependent manner
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[bookmark: OLE_LINK18]Abstract
Phosphorus (P) deficiency is a major problem in agriculture, thus identifying factors affecting plant’s ability to reutilize previously assimilated P is a prerequisite for improving the P homeostasis in crops grown with P deficient soil. Here, we report the involvement of a NAC (No apical meristem [NAM], Arabidopsis transcription activation factor [ATAF] and Cup-shaped cotyledon [CUC]) transcription factor in P deficiency resistance in Arabidopsis. Compared to the wild type (WT, Col-0) plants, the anac044 mutant displayed P deficiency resistant phenotype, together with the increasing root length, root and shoot biomass under P deficiency. ANAC044 was frequently expressed, including roots and shoots. Upon P deficient treatment even within 1 d, ANAC044 transcript accumulation was strongly up-regulated. Further analysis revealed that, under P-deficient condition, the cell wall, particularly the pectin of anac044, released more P than that of WT, accompanied by an increment of ethylene production, as a result, more soluble P was available in anac044 root and shoot. Thus, the study here uncovers the role of ANAC044 in maintenance of P homeostasis through ethylene signaling.
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Introduction 
The NAC (No apical meristem [NAM], Arabidopsis transcription activation factor [ATAF] and Cup-shaped cotyledon [CUC]) protein family is involved in diverse aspects of physiological and biochemical processes in plants, such as the development of root and floral (Sablowski and Meyerowitz. 1998; Bennett et al. 2010), the formation of the secondary cell wall (Yoshida et al. 2013), the signal transduction of the hormone (Fujita et al. 2004). NAC proteins have been implicated in several stresses, for example, pathogen attack and wounding could induce the expression of StNAC gene in potato (Collinge and Boller. 2001), while SlSRN1 and SlNAC4 (Solanum lycopersicum Stress-related NAC1) were implicated in the sensitivity to drought and salt stress, respectively (Liu et al. 2014a; Zhu et al. 2014). CaNAC2 was demonstrated to be involved in the resistance to cold stress in pepper (Guo et al. 2015). Overexpression of ANAC019, ANAC055, ANAC072/RD26 or NTL4 (ANAC053) significantly enhanced drought, salinity or heat stress resistance in Arabidopsis (Tran et al. 2004; Lee et al. 2014). Recently, five NAC genes were reported to be involved in the response to nitrogen deficiency (Zhao et al. 2015). However, a question raised whether NAC proteins participate in plants’ response to P deficiency.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]In plants, phosphorus (P) is required for biosynthesis of organic compounds, generation of the bio-energy and acting as a signal in the cellular process (Poirier and Bucher. 2002). Although P deficiency is a more serious problem in agriculture, as soil P is relatively immobile due to its unique chemical properties. Sophisticated mechanisms including physiological, morphological and architectural responses have evolved for the plants to acquire P nutrient under P deficiency. For instance, some plants have developed specialized root structures (Lambers et al. 2006), enhanced organic acid secretion (Fang et al. 2009), altered cell wall composition (Zhu et al. 2015) and symbiosis with mycorrhizal fungi (Brundrett. 2009). However, the upstream regulatory pathway underlying plant adaptation to P deficiency still remains ambiguous. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Ethylene, one of the best-known plant growth phytohormone, synthesized from S-adenosylmethionine (SAM) by 1-aminocylopropane-1-carboxylic acid ACC synthase (ACS) and the ethylene precursor ACC by ACC oxidase (ACO), is particularly important (Wang et al. 2002). It not only participates in plant development such as fruit ripening, wounding, and maturation (Schellingen et al. 2014), but also plays pivotal roles when in response to nutrient stress such as P deficiency (Johnson and Ecker. 1998; Lopez-Bucio et al. 2003). In Medicago (Medicago falcata L.) and bean (Phaseolus vulgaris L.), P deficiency significantly induced the production of ethylene (Borch et al. 1999; Li et al. 2009) , and the application of ACC to P deficient roots promoted the cell wall P reutilization in rice (Zhu et al. 2016), while the application of ACC to P-sufficient Arabidopsis stimulated the formation of root hair (Tanimoto et al. 1995), further confirmed the role of ethylene in mediating the P homeostasis. In fact, as both ACS and ACO are required for the production of the ethylene, both of them are consisted of multigene families. For example, there are 12 ACS genes that encode 8 functional ACS proteins (ACS2, ACS4-9 and ACS11) in Arabidopsis (Tsuchisaka & Theologis. 2004). However, the upstream regulatory pathway of the ethylene-based cell wall P remobilization remains unclear.
As NAC genes were involved in regulation of cell wall architecture (Mitsuda et al. 2005; Zhong et al. 2007), and cell wall was participated in the P reutilization in plants (Yu et al. 2016; Zhu et al. 2016); we studied if ANAC044 affects P deficiency response in Arabidopsis. For this purpose, two T-DNA insertion lines of ANAC044 was utilized. We found, for the first time, that ANAC044 works as a transcriptional repressor that inhibits the induction of ethylene biosynthesis by regulating the expression of ACS6 and ACO1 under P starvation, thus, inhibiting the P deficiency induced cell wall P reutilization.
Materials and Methods
Plant materials and growth conditions
Arabidopsis Col-0 and the T-DNA insertion mutant anac044-1 (SALK_054551C) were obtained from ABRC. Another T-DNA insertion mutant anac044-2 (SAIL_1286D02) and ProANAC044:GUS line were kindly donated by Prof. Masaaki Umeda (Graduate School of Science and Technology, Nara Institute of Science and Technology; Takahashi et al. 2019). For petri dishes treatment, seeds were germinated on solid MS nutrient medium containing 0.8% agar (Yu et al. 2016). Uniform seedlings with 1-week old were selected and planted on the solid MS nutrient mediums with (+P) or without P (-P; 0.1 mM NH4NO3 was used instead of 0.1 mM NH4H2PO4) for another 1 week. Petri dishes were vertically positioned in a growth chamber at 22°C.
For hydroponic treatment, seeds were germinated on sponges soaked with MS nutrient solution (Zhu et al. 2017). Uniform seedlings with 6-week old were treated with or without 10 μM 1-aminocylopropane-1-carboxylic acid (ACC) in the presence or absence of P for another 1 week. The treatment solution was changed every 3 d.
Soluble P content measurement in root and shoot
After treatments, roots and shoots were weighed and washed. Then, after ground in liquid nitrogen, samples were incubated with 6 mL distilled water that contained 300 μL 5 M H2SO4 for 2 h. Then, centrifuged the mixture at 12 800g for 10 min, mixed 400 μL of the supernatant with 200 μL ammonium molybdate containing 15 % ascorbic acid (w/v; pH 5.0). After incubating in 37 °C for 30 min, measured the absorbance at 650 nm in reference to Zhu et al. (2015).
Cell wall fractionation 
Cell wall was extracted in reference to Yang et al (2011). First, roots and shoots were detached, and then ground in liquid nitrogen immediately, followed by the addition of 6 mL 75% ethanol, and samples were incubated at 4°C for 20 min. Then, centrifuged at 12800 g for another 20 min, discarded the supernatant. Next, the pellet was successively incubated with acetone (6 mL), chloroform:methanol mixture (1:1, 6 mL) and methanol (6 mL) for 20 min at 4°C, collect the pellets and freezing dried.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Pectin was extracted in reference to Yang et al (2011). About 5 mg cell wall was incubated in 1 mL sterilized water at 100°C for 1 h. After centrifugation at 12800 g for 20 min, collected the supernatant, the pellet was again incubated with sterilized water at 100°C for another two times. Finally, the supernatants were combined three times as pectin fraction. 
Detection of pectin content
The content of pectin was referred as uronic acid content according to Zhu et al (2015). Briefly, 200 μL pectin fraction was mixed with 1 mL 12.5 mM Na2B4O7•10H2O dissolved in 98% H2SO4 and incubated at 100°C for 5min, then added 20 μL 0.15%M-hydroxy-diphenyl and let stand for 20 min at 37°C, measured the absorbance at 520 nm.
Analysis of P content in cell wall and pectin 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]P content in cell wall was analyzed according to Zhu et al (2015). About 5 mg cell wall was incubated in 1 mL HCl solution (2 M) with occasional shaking for 3 days. Then, centrifuged at 12 800 g for 20 min and collected the supernatant, P concentration was determined through inductively coupled plasma atomic emission spectroscopy (ICP-AES; Fisons ARL Accuris, Ecublens, Switzerland). 
P content in pectin was analyzed according to Zhu et al (2015). First, 2 mL pectin was diluted to the total volume of 5 mL by sterilized water, P concentration was also determined through ICP-MS.
Measurement of relative gene expression 
After treatments, roots were detached and transferred to liquid nitrogen immediately. Total RNA was isolated using Trizol. The quality and integrity of the RNA was detected through agarose gel electrophoresis. For quantitative real-time PCR, the mixture was made up of 5 μL SYBR Premix ExTaq (Takara, Japan), 0.2 μL forward primers, 0.2 μL reverse primer, 2.6 μL RNA-free water and 2 μL 5-fold-diluted cDNA, to a total volume of 10 μL. Every cDNA sample had 3 technical duplications, and the relative quantification level of each gene was calculated by the 2−ΔΔCT method using TUBULIN as an internal control. Specific primers used here are listed in Table 1. 
Measurement of root ethylene production 
Ethylene production in Arabidopsis roots were measured according to the methods described before (Zhu et al. 2016). First, roots were harvested and put in to a 5 mL glass vial which contained 1 mL corresponding nutrient solution. Then, after sealed the vials immediately, mixture was incubated at 28 ºC in darkness for 4 h. The concentration of the ethylene in the vial was measured in reference to Wu et al (2011).
GUS staining
[bookmark: OLE_LINK28][bookmark: OLE_LINK9]Two-week-old proANAC044-GUS lines were first cultivated in +P or -P conditions for 7 d, and then the seedlings were collected, and the GUS staining solution was added at 37 ºC in the dark (n=5). The GUS staining solution consisted of sodium-phosphate buffer (100 mM, pH 7.2), K3Fe(CN)6 (2 mM), X-gluc (2 mM), K4Fe(CN)6 (2 mM), EDTA (10 mM) and Triton X-100 (0.2 %). After the chlorophyll in the shoots was removed by ethanol (70 %), samples were photographed by a stereoscope (Nikon).
Data analysis and statistics
All experiments in the text were conducted three times. Data were analyzed by one-way ANOVA, and the mean values were compared using Duncan’s multiple range test. Different letters on the figures indicate statistically different at P < 0.05.
Results
In order to address whether the NAC transcription factor is participated in response to P deficiency, WT, anac044-1 and anac044-2 mutants (Supplemental Fig. 1) were cultured in either P-sufficient or P– insufficient condition for 7 days. Interestingly. anac044 showed retarded growth under P deficiency, but to a lesser extent than WT, indicating that anac044 mutants were more resistant to P deficiency (Fig. 1), which was confirmed again by the increased soluble P content in anac044-1 and anac044-2 root and shoot when compared with WT under P insufficient condition (Fig. 2), although no visible phenotype was observed between WT and anac044 mutants under P sufficient condition (Figs. 1 and 2), indicating that ANAC044 can reutilize P more efficiently especially under P deficiency. Based on the consistency between two independent mutants, next we mainly used the WT and anac044-1 as the subsequent materials.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]To further validate role of ANAC044 in P deficiency, we first explored its expression pattern. As shown in Fig. 3A. ANAC044 was expressed in roots, leaves, flowers, siliques, and stems, with the highest levels in roots and siliques and relatively lower levels in flowers and leaves. Then, time-course experiments were conducted to examine whether P deficiency influences the transcriptional level of ANAC044. As shown in Fig. 3B, the expression of ANAC044 was induced under different periods of P-deficient treatment (PHO1 was used as a positive control; Fig. 3C), further indicated that ANAC044 was participated in plant response to P deficiency in Arabidopsis. This conclusion was further confirmed as the GUS activity driven by the native promoter of ANAC044 was significantly increased in the mature root region under P deficiency (Supplemental Fig. 2). 
Then, how ANAC044 responses to P deficiency? As a number of NAC genes from Arabidopsis were proved to be the key transcriptional regulators of the plant cell wall (Shen et al. 2009), and cell wall contributes significantly to the P deficiency resistance in plants, to address whether cell wall is also involved in this ANAC044 alleviated P deficiency, the determination of cell wall P adsorption in WT and anac044-1 was conducted. It is interesting that under -P conditions, less P was accumulated in the anac044-1 root cell wall, illustrating that under P deficient condition, anac044-1 root cell wall released more P (Fig. 4A and 4C), although no visible difference was seen in the release of the P between WT and anac044-1 shoot cell wall (Fig. 4B and 4D). Thus, the increment of the shoot soluble P in anac044-1 may be attributed to the elevated P translocation from the roots, therefore, we focused on the roots instead of shoots in our following experiments. 
Although cell wall composed of pectin, hemicellulose, cellulose and other unknown polysaccharides, pectin was demonstrated to be participated in cell wall P reutilization (Zhu et al. 2015), therefore we measured the P retention in the pectin and the pectin content. As expect, although almost no difference was found in the cell wall adsorbed P between WT and anac044-1 under P sufficient condition, less P was adsorbed under P-deficient condition in the pectin of the anac044-1 compared to WT, in company with the higher pectin content in the anac044-1 mutant, indicating greater P-release ability in the anac044-1 root cell wall pectin (Fig. 5A and 5C). However, the almost complete absence of any changes in shoot cell wall pectin content and its P retention between anac044-1 and WT again excludes the involvement of the shoot in the greater P reutilization ability observed in anac044-1 (Fig. 5B and 5D).
Then, does loss function of ANAC044 affects any signal that are important for P remobilization from the cell wall? Recently, evidences have been accumulating that ethylene is involved in the cell wall P reutilization, therefore, we next set out to determine the ethylene production in anac044-1 and WT roots. It is interesting that compared with that of WT, P deficiency significantly enhanced ethylene production in anac044 roots, indicating there maybe exist a crosstalk between ethylene and the ANAC044 regulated cell wall P reutilization (Fig. 6). 
Transcriptional analysis by studying the expression of genes responsible for the elevated ethylene production in anac044-1 root was conducted. P deficiency significantly induced the expression of ACS6 in anac044-1, while there’s almost no difference of other ACS between anac044-1 and WT (Fig. 7). Similar to the expression of ACS, elevated expression of ACO1 was also found in anac044-1 mutant grown in P deficient condition (Fig. 8), indicating that ACS6 and ACO1 may be involved in the ANAC044 mediated ethylene production.
For further study the role of ethylene in the ANAC044 regulated cell wall P reutilization, the ethylene precursor ACC was added to the culture solution. It is interesting that with the addition of the ACC, almost no visible differences of the root and shoot soluble P content were seen between WT and anac044-1, irrespectively of the P status (Fig. 9), further confirming the positive role of ethylene in the P deficiency resistant phenotype of anac044-1 mutant. 
Discussion
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]P deficiency has adverse effect on the growth, development and reproduction of the plants, thus, any strategy resulting in enhanced P uptake from the external soil or P reutilization from the cell wall is beneficial to P-deficient plants (Zhu et al. 2016). As there is no soluble/insoluble P in the treatment solution here, improved growth of plants under P deficient condition maybe attributed to the increased reutilization of P reservoir in root cell walls (Yu et al. 2016). Here we demonstrated that an ANAC transcription factor, ANAC044, is involved in P deficiency resistance in Arabidopsis. Previously, ANAC044 was found to play a central role in controlling cell cycle arrest at G2, and ANAC044/ANAC085-dependent accumulation of R1R2R3-type MYB transcription factor (Rep-MYB) and cell cycle arrest are also observed in the response to heat stress (Takahashi et al. 2019). Here, the expression level of ANAC044 was significantly induced by P deficiency (Fig. 3), both of two T-DNA insertion lines anac044-1 and anac044-2 displayed increased resistance to P deficiency in comparison with WT plants (Fig. 1). In addition, anac044-1 and anac044-2 roots and shoots exhibited more soluble P content (Fig. 2), while the addition of the ACC abolished this apparent difference (Fig. 9), suggesting that ANAC044 is negatively involved in P deficient, through ethylene dependent manner.
In Arabidopsis, ANAC044 belongs to the large plant-specific NAC gene family which consisted of 105 members (Ooka et al. 2003), and most of which contain a nuclear localization signal sequence, a highly conserved N-terminal DNA-binding domain, and a variable C-terminal domain (Hu et al. 2006). Previously, NAM from petunia and CUC2 from Arabidopsis were the first reported NAC genes involved in the shoot apical meristem development (Souer et al. 1996; Aida et al. 1997). Then, the roles of NAC in cell expansion, formation of the lateral root system and response to various environmental stresses were emerging (Sablowski and Meyerowitz. 1998; Xie et al. 2000; Hegedus et al. 2003). Now, the role of ANAC044 in P deficiency response in Arabidopsis was identified. ANAC044 is expressed constitutively in Arabidopsis, but preferentially expressed in roots and siliques (Fig. 3A). The expression of ANAC044 was induced by P deficiency even at an exposure duration as short as 1 d (Fig. 3).
Plant cell walls are consisted of a series of polysaccharides such as pectin, hemicelluloses, cellulose and other polysaccharides (Cosgrove. 2005). Notably, only pectin was demonstrated to have P-solubilizing activity when external P becomes scarce (Zhu et al. 2015). Indeed, Nagarajah (1970) found that polygalacturonic acids, the main ingredient of pectin, can easily form complexes with Fe3+ or Al3+ through phosphate ligand exchange, then promoting the release of P from the soil minerals. Then, Gessa (1997) demonstrated the reason that pectin had the ability to bind metals such as Fe3+, and released P was attributed to the carboxyl-acid groups. Thus, the effect of pectin on the recycling of P that stored in the plant cell wall was emerging. In the present study, the role of cell wall pectin in the P repository was further established in the anac044-1, in which cell wall the pectin had significantly higher P release capacity when cultivated under P deficient condition. That means, under P deficient condition, there’s a significant increment of the pectin content in anac044-1 root cell wall (Fig. 5C), as a result, less P was retained in the anac044-1 cell wall when compared with WT (Fig. 4), thus more soluble P was detected in anac044 mutants (Fig. 2), which in turn made the anac044 mutants more resistant to P deficiency than the WT (Fig. 1). 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Acts as a signal molecule, ethylene plays pivotal roles in the physiological process in plant growth as well as a wide range of abiotic stresses (Johnson and Ecker. 1998; Wang et al. 2002). While the role of ethylene in P deficiency had been well established in plants like Arabidopsis and rice (Yu et al. 2016; Zhu et al. 2016; 2017), the mechanism underlying ethylene production has yet to be investigated. Here, when compared with P sufficient condition, P deficient condition significantly induced the production of ethylene in roots of anac044-1, while the production of ethylene was largely unaffected in WT (Fig. 6), proposed the negative role of ANAC044 in ethylene production in Arabidopsis under P-deficient condition, and this was further confirmed by the addition of the ethylene precursor-ACC (Fig. 9). Moreover, although accumulating evidences have focused on the importance of ethylene in P deficient plants, the origin of P induced ethylene production remains poorly understood, as there exist two enzymatic pathways, ACS and ACO, both of which were consisted of multigene families and regulated by various abiotic and biotic stresses, and were accounted for ethylene production (Wang et al. 2002). For instance, Zhu et al (2016) reported that both ACS (OsACS1, OsACS2, OsACS3) and ACO (OsACO1, OsACO3 and OsACO7) were responsible for P-induced ethylene production in rice seedlings (Oryza sativa). In this study, we found that both ACS and ACO are the major enzyme involved in P deficiency-induced ethylene production in Arabidopsis roots, as evidenced by the higher induced expression of ACS6 and ACO1 (Figs. 7 and 8).
In conclusion, our results demonstrate that an ANAC transcription factor, ANAC044, is negatively involved in P remobilization under P deficiency, by modulating ethylene production (Fig. 10). This research enriches our knowledge of transcriptional regulation during P starvation responses in higher plants and provides a new insight for future work in this area.
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Table 1. Primers used in the present study.
	Gene
	Forward (5'-3')
	Reverse (5'-3')

	ANAC044
	GCGTGCCTTACTATTATCCG
	AAGTCTGCCAAACACTCTGC

	ACS1
	ACATTTGATTCCGAAATGGCG
	GCTCAGAGCAGTGAAACGACG

	ACS2
	CATGTTCTGCCTTGCGGATC
	ACCTGTCCGCCACCTCAAGT

	ACS4
	GTTACCAAGAACCCTCAAGGCA
	TGTTTTGTGCAAGCCATGACTC

	ACS5
	TTTTGCCTACTCCTTACTATCCTGGA
	TTAGAGCTTGAGCAGTGAATGGG

	ACS6
	TTAGCTAATCCCGGCGATGG
	ACAAGATTCACTCCGGTTCTCCA

	ACS7
	ACGACGCCCTTCTAGTTCCC
	CAGTGGATGGGTACTATTTTCACTCC

	ACS8
	GAAGGCCAATCCATATTTCGG
	CCGACATGAAATCCGCCATA

	ACS9
	CTTGAAATGGAGAACGGGAGCAGAGAT
	TCAACATTGTGCCAAGAGGGTTAGACG

	ACS11
	AGATGCCTTTCTTATCCCTGCAC
	GCAATGGATAGGAACAATCTCTACTCC

	ACO1
	CCGTGTAATGACAGTGAAGCATGGAAG
	TCTCAAGTCTGGGGCCTTTGTCTCC

	ACO2
	GGATGTCGGTTGCATCGTTTTA
	TACGGCTGCTGTAGGATTCAGTTC

	PHO1
	TACGCGAGAGAAAACAACGA
	TTCCGGAGAACCAAATTGTC

	TUBULIN
	AAGTTCTGGGAAGTGGTT
	CTCCCAATGAGTGACAAA



