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Phosphorus (P) is a critical macronutrient for plant growth, but its limited availability requires efficient utilization strategies. The excessive use of P fertilizers leads to low phosphorus utilization efficiency (PUE), causing severe environmental impacts and speeding up the exhaustion of P mineral reserves. Plants respond to inorganic phosphate (Pi) deficiency through complex signaling pathways that trigger changes in gene expression, root architecture, and metabolic pathways to enhance P acquisition and utilization efficiency. By exploring the interplay between genetic regulators and microorganisms, cultivars with superior PUE traits can be developed, which will ensure agricultural resilience and productivity in the face of depleting global P reserves. We highlight the synergistic interaction between genetic regulators and microorganisms to boost PUE as well as recent advancements in unraveling molecular mechanisms governing P homeostasis in plants, emphasizing the urgency to improve plant traits for improved P utilization.
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1 Introduction

Phosphorus (P) is a vital macronutrient essential for plant growth and reproduction. However, the complex physiochemical reactions in soil often lead to the fixation and precipitation of P in forms that are insoluble and less available for plant uptake such as calcium phosphate (Ca-P), aluminum/iron phosphate (Al/Fe-P), and calcium/magnesium phosphate (Ca/Mg-P) (López-Bucio et al., 2002; Malhotra et al., 2018). This limitation in P availability poses a significant challenge for sustainable agriculture and global food security. In order to overcome these limitations, P-containing fertilizers are typically employed in agriculture systems. Unfortunately, only a small amount of the applied P is taken up by plants immediately. The remaining runoff into water bodies, contributing to eutrophication and harmful algal blooms (Zak et al., 2018). Additionally, P in mineral fertilizers is predominantly derived from phosphate rock, a finite resource. Therefore, the development of P-efficient cultivars that maximize phosphorus utilization efficiency (PUE)-the ratio of the amount of P taken up by the plant to the amount of P supplied in the environment-is paramount for enhancing crop yields while reducing the need for fertilizer inputs. This approach is crucial for conserving global P resources and mitigating environmental issues.

The regulation of PUE is a complex network of genes, proteins, and metabolites, including various signaling pathways such as phosphate starvation response (PHR) and root development pathways (Baker et al., 2015). Key players in this network include the PHT1 phosphate transporters, PHO1, PHR1, SPX domain-containing proteins, and IPS1 (Induced by Phosphate Starvation 1). Central to the regulation of PUE is the PHR pathway, which activates the expression of phosphate starvation-induced (PSI) genes under Low-Pi conditions (Roychowdhury et al., 2023). PHR transcription factors bind to PHR1-binding sequences (P1BS) in the promoters of PSI genes, facilitating the expression of genes essential for Pi-uptake, remobilization, and metabolic adjustments (Abdullah et al., 2024). In parallel, root development pathways significantly enhance PUE by improving root system architecture (RSA); they promote increased root density, longer root hairs, and more lateral root branches, all of which enhance the plant’s ability to absorb Pi from the topsoil (Sun et al., 2018). For instance, auxin signaling plays a critical role in lateral root initiation and elongation in response to Pi deficiency, expanding the root surface area available for nutrient absorption (Zhang et al., 2023a). Additionally, P deficiency triggers the exudation of protons, organic anions (such as citrate and malate), and acid phosphatases, which collectively solubilize fixed P in the soil, making it more accessible (Roychowdhury et al., 2023). These genetic and physiological adaptations also foster beneficial interactions with microorganisms, like arbuscular mycorrhizal fungi that expand the soil volume utilize for P uptake and phosphate-solubilizing bacteria, that elevate soil P availability P availability (Pang et al., 2018). By introducing these genes through molecular breeding into local cultivars, plant characteristics can be enhanced.

To increase PUE under Low-Pi conditions, two approaches should be utilized: (i) genetic enhancement and (ii) soil enzyme manipulation. Genetic enhancement can lead to higher yields with lower P input, reducing environmental impacts from excessive fertilizer usage. For example, overexpression of phosphate transporters, such as PHO1;2 in rice can lead to a reduction of Pi accumulation in grains and increased grain yield and PUE (Ma et al., 2021). Under normal Pi conditions, PHO1;2 helps maintain adequate phosphate homeostasis, ensuring that plants have sufficient nutrients for growth. In contrast, during Low-Pi conditions, PHO1;2 expression is upregulated to enhance phosphate uptake and distribution within the plant. Additionally, the manipulation of enzymes that mediate Pi mobilization from organic P pools plays a critical role in enhancing PUE in crops. Enzymes such as phosphatase and phytase are known to facilitate the conversion of organic P into forms that plants can absorb, thereby enhancing PUE. Phosphatases hydrolyze phosphate esters, which are prevalent in organic matter, releasing Pi that plants can utilize. Phytase, specifically, breaks down phytate, a form of organic P found in seeds and other plant materials, into free Pi and myo-inositol, thus facilitating its availability to plants. For instance, overexpressing glycerophosphodiester phosphodiesterases (GDPD2) has been shown to enhance Pi remobilization from membrane phospholipids and increase tiller number in rice (Mehra et al., 2019). Understanding the molecular mechanisms behind these genes and regulatory pathway is crucial for developing P efficient cultivars that improve PUE. In addition, advancements in understanding the remobilization of liberated Pi within plants, including various P fluxes and cell-specific P allocation, also offer promising insights for enhancing PUE in crops. This knowledge contributes to optimizing P fertilization practices, enhancing crop yields, and mitigating the environmental impacts associated with excessive P application. Previous studies have explored mechanisms of P transport and signaling in plants, as well as methods for improving PUE (Zhang et al., 2014; Wang et al., 2021a; Han et al., 2022). Despite these advancements, the regulation of P by genetic regulators in conjunction with soil enzymes to enhance PUE in plants has not been previously reported. In this review, we present a novel approach that integrates genetic regulators and soil enzymes to enhance PUE in plants, offering a new perspective for additional research in this field. Our investigation of the physiological and traits for optimized P utilization.




2 Phosphorus homeostasis in plants: mechanisms of uptake, transport, and storage

Plants have evolved a sophisticated system of transporters to ensure efficient absorption of Pi from the soil and its redistribution within the plant. Key transporters like PHOSPHATE TRANSPORTER 1 (PHT1) proteins, such as AtPHT1;1, AtPHT1;4 in Arabidopsis and OsPHT1;2, OsPHT1;3, OsPHT1;4 in rice, play a crucial role in Pi uptake and transport (Victor Roch et al., 2019; Wang et al., 2021a). Recent studies have shown that in wheat, the overexpression of TaPHT1;9 significantly enhances Pi uptake and PUE (Wang et al., 2021). Similarly, in soybean and barley, the overexpression of GmPT1 and HvPHT1;1, respectively, has been associated with improved Pi uptake and increased translocation to the shoots (El Ifa et al., 2024; Yang et al., 2024). The Casparian band aids in loading Pi into xylem vessels for transportation to shoots, while PHOSPHATE 1 (PHO1) proteins mediate Pi export from cells near the xylem (Poirier et al., 1991). Furthermore, Pi redistribution from senescing tissues to developing organs involves various PHT1 and PHO1 proteins (e.g., AtPHT1;5 in Arabidopsis, ZmPHT1;7 in maize, and OsPHT1;1, OsPHT1;2, OsPHT1;3 in rice). Vacuolar Pi transporters, including Vacuolar Phosphate Transporter 1 (AtVPT1), are responsible for storing excess Pi in vacuoles (Liu et al., 2015). This storage mechanism is finely regulated by the expression of PHT and PHO1 genes, influenced by Pi deficiency and excess Pi supply (Han et al., 2022). Transcription factors such as PHRs and WRKYs play a crucial role in this regulation. Additionally, the phosphorylation and dephosphorylation of Pi transporters are modulated by various proteins like PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR 1 (AtPHF1), Arabidopsis apoptosis‐linked‐gene 2 (ALG2), interacting protein X (AtALIX), and nitrogen limitation adaptation (AtNLA) (For details, see recent review Wang et al., 2021 (Wang et al., 2021a)).

Under Pi-sufficient conditions, PHT1 proteins facilitate Pi uptake at the plasma membrane, while vacuolar influx transporters like VPT1/PHT5;1 store Pi in vacuoles (Luan and Lan, 2019). Conversely, under Pi-deficient conditions, regulatory mechanisms involving PHRs, WRKYs, and proteins like PHO2 and PP95 enhance the induction of PHT1 transporter genes to improve Pi acquisition (Wang et al., 2021c). This intricate balance of regulatory mechanisms ensures the proper uptake, transport, and storage of Pi within plant cells to maintain Pi homeostasis (Figure 1). Efficient P utilization in plants relies on various other complex physiological processes involving phytohormones and enzymes (Figure 2). This orchestration is essential for optimizing Pi utilization in plants, ultimately influencing crop yields and productivity. To further enhance plant growth and productivity, it is crucial to understand and develop effective strategies for improving P utilization.




Figure 1 | Overview of phosphate signaling pathways in plants; Pi acquisition, utilization, and translocation. The PHO Pathway regulates Pi-responsive genes and increases Pi uptake, the PHT1 Pathway mediates high-affinity Pi transporters and membrane localization, The PHT1 pathway plays a crucial role in mediating the symbiotic relationship between AMF and plants, especially in nutrient-deficient soils. While AMF are known to enhance nutrient uptake, the specific regulatory mechanisms of PTs under combined abiotic stress conditions remain poorly understood. MYB62 and WRKY75 Pathways act as transcription factors in Pi Homeostasis and Stress Response, while the SPX Pathway negatively regulates Phosphate Transport and Signal Transduction to ensure effective Pi regulation in plant systems. PP-InsPs promote the interaction between SPX proteins and the PHR1 transcription factor, leading to PHR1 inactivation. Changes in PP-InsP levels in response to Pi deficiency may facilitate plant adaptation to stress by modulating the activity of SPX-containing proteins and their interactors. Blockage and inhibition are indicated by dotted lines and red boxes, respectively.






Figure 2 | Physiological mechanisms of phosphorus utilization regulated by hormones, enzymes and microorganisms. dotted lines inside the box indicate negative regulation, while arrows indicate positive regulation. Aux, Auxin; Eth, Ethylene; SLs, Strigolactones; ABA, Abscisic acid; PGPB, Plant Growth-Promoting Bacteria.






3 Genetic regulators influencing PUE



3.1 Decoding phosphate signaling pathways in plants

Plant P signaling pathways are crucial for growth and respond to changing environmental conditions. The PHO, PHT1, MYB62, WRKY75, and SPX pathways play key roles in sensing and responding to P availability (Figure 1).



3.1.1 PHO pathway: regulation of Pi-responsive genes and increased phosphate uptake

The PHO pathway is a crucial signaling pathway in plants it allows the plants to sense and respond to changes in P availability, the PHO pathway ensures optimal growth and survival. This pathway controls P uptake through a complex signaling cascade. The central component of PHO pathway is the PHO1 protein, which facilitates the transfer of Pi from roots to shoots. Studies have highlighted the crucial functions of specific isoforms of PHO1, such as OsPHO1;2 in rice (Ma et al., 2017) and ZmPHO1;2 in maize (Ma et al., 2021), in Pi redistribution and homeostasis within seeds (Vogiatzaki et al., 2017). Another important protein in the PHO pathway is PHO2, which acts as a transcription factor and regulates the expression of multiple genes involved in P uptake and homeostasis. PHO2 is an E2 ubiquitin conjugase that controls phosphorus starvation-responsive genes in plants. It is post-transcriptionally regulated by miRNAs like miR399, while its downstream targets include Phosphate transporters (PTs), RNase activity, acid phosphatase, and alterations in lipid composition (Figure 1), all of which contribute to managing P homeostasis in plants (Prathap et al., 2022). The pathway also includes important regulatory layers involving kinases and phosphatases. For instance, the Pho80/85/81 kinase complex is inactivated by the regulatory subunit Pho81 when P becomes limiting (Schneider et al., 1994; Austin and Mayer, 2020). The kinase subunit Pho85 phosphorylates the transcription factor Pho4, promoting its cytosolic localization and inhibiting the expression of genes controlled by the PHO pathway (Figure 1). Moreover, the PHO pathway is intricately regulated at both the transcriptional and post-transcriptional levels, with key regulatory factors such as PHO2 and miRNAs (Prathap et al., 2022). For example, in hexaploid wheat, three homologous PHO2 genes—TaPHO2-A1, -B1, and -D1—have been identified, all containing miR399-binding sites. Knockout of these genes results in increased leaf P concentrations, with TaPHO2-D1 showing the most significant impact on plant growth. Notably, disabling TaPHO2-A1 enhances P uptake and grain yield under Low-P conditions without adversely affecting yields in high P environments (Ouyang et al., 2016), This evidence demonstrated the potential of targeting these genes to improve wheat yields while reducing reliance on fertilizers. Environmental influences, including sulfate availability and sugar levels, also play a significant role in modulating the activity of the PHO pathway. Additionally, the complexity of this pathway is further illustrated by protein-protein interactions (PPIs) that occur within the PHO pathway. For example, in rice the PROTEIN PHOSPHATASE 95 (OsPP95), dephosphorylates OsPHT1;2 and OsPHT1;8 in an antagonistically manner with respect to OsCK2, this interaction helps to regulate the phosphorylation status and trafficking of these transporters. OsPHO2 mediates the degradation of OsPP95 under Pi-sufficient conditions (Yang et al., 2020). OsCK2 affects the stability of OsPHO2 through phosphorylation, thereby influencing Pi homeostasis through its target protein OsPHO1 (Dai et al., 2022). In Arabidopsis, PHO2 directly interacts with PHT1;1 at the endoplasmic reticulum (ER) membrane, controlling its ubiquitination and subsequent degradation (Figure 1), corroborating its role in regulating Pi uptake (Huang et al., 2013).

Recent advances have revealed that the pathway is interconnected with various nutritional and hormonal signaling cascades, including strigolactones (SLs) and brassinosteroids (BR), enhancing the plant’s ability to adapt to varying nutrient conditions (Yang et al., 2023; Puga et al., 2024). Notably, these crosstalk mechanisms facilitate the balance between growth and nutrient acquisition, reinforcing that the PHO pathway is not merely a linear response system but rather an integral node linking plant developmental processes with nutrient signaling. Thus, the PHO pathway exemplifies a sophisticated network that manages Pi homeostasis through an elaborate integration of signaling inputs, enabling plants to adapt effectively to Pi scarcity and ensuring their survival and productivity in varying environmental conditions.




3.1.2 PHT1 pathway: high-affinity phosphate transporters and membrane localization

The PHT1 pathway is also a crucial mechanism in plants for the uptake of Pi from the soil, which is essential for various cellular processes such as energy metabolism and nucleic acid synthesis (Table 1).


Table 1 | Functional characterization of PHT genes.



The pathway primarily involves high-affinity PHT1, which are integral membrane proteins responsible for the uptake and transport of Pi across cell membranes (Chien et al., 2022).

The PHT1 transporters are found in the plasma membrane of root cells (specifically in the root hair and the epidermal cells of the root) (Wang et al., 2021c). The PHT pathway begins with the detection of Pi levels in the soil by root cells. This sensing mechanism activates a cascade of responses, including the activation of PHRs, which upregulate the transcription of PHT1 transporters, such as PHT1;1, enhancing Pi uptake (Ayadi et al., 2015). Additionally, PHRs increase the expression of microRNA827 (miR827), which targets and degrades NLA, a ubiquitin E3 ligase that negatively regulates PHT1. To further optimize Pi acquisition, the PHT pathway promotes the development of lateral roots and root hairs, effectively increasing the root surface area and enhancing the plant’s ability to forage for Pi (Fang et al., 2024). While the specific targeting signals for PHT1 transporters remain an active area of research, it is known that their correct localization to the plasma membrane is critical for their function in Pi uptake. The N-terminal region of PHT1 transporters contains important determinants for their trafficking and plasma membrane targeting (Bayle et al., 2011). Although the precise motifs or sequences involved may vary among PHT1 transporter isoforms and plant species, it is understood that these targeting signals facilitate their appropriate placement in the plasma membrane. Recent research has also revealed the involvement of intracellular vesicle trafficking in the membrane localization of PHT1 transporters. It has been proposed that the transporters are initially synthesized in ER and subsequently targeted to the Golgi apparatus, where they undergo post-translational modifications (Victor Roch et al., 2019). These transporters exhibit a high affinity for Pi, enabling them to scavenge even trace amounts of Pi in the soil solution. For example, in millets, the expression of PHT1;2 and PHT1;3 genes significantly increase under Low-P conditions. This elevation in transporter activity plays a vital role in PUE and ultimately contributes to improved crop yields in nutrient-poor soils (Maharajan et al., 2019). Despite the recognized importance of various PHT1 family members, there is still a significant gap in understanding their specific functions and regulatory mechanisms. For example, studies on ryegrass have shown that LpPHT1;4 functions as a high-affinity transporter activated by P starvation, while LpPHT1;1 is a low-affinity transporter with limited sensitivity to P availability (Parra-Almuna et al., 2020). This distinction raises important questions about leveraging high-affinity PHT1 transporters in breeding programs to enhance P uptake, as well as the strategies needed to improve the responsiveness of low-affinity transporters in P-deficient environments. These findings highlight an urgent need to manipulate these transporter genes in crop species, particularly in low-input farming systems facing P scarcity. Research on maize has identified ZmPHT1;1 as a key candidate gene for improving PUE through genome-wide association studies (GWAS) (Li et al., 2021). This not only points to the potential for targeted breeding strategies but also emphasizes the need for extensive genomic research across various crops.

It is evident that PHF1 is involved in intracellular trafficking of multiple PHT1 family proteins, for example, Mutations in the PHF1 locus result in a severe decrease in Pi influx, as the mutant allele leads to an abnormal accumulation of PHT1;1, PHT1;2 and PHT1;4 in the ER (Figure 1). Similar targeting defects have been observed in rice, where a mutant of OsPHF1 affects several members of the PHT1 family. These include the low affinity Pi transporter OsPT2 and the high affinity Pi transporter OsPT8 (Chen et al., 2015). Recent studies have revealed the significant role of OsPHT1;3 in Pi absorption, root-to-shoot translocation, and remobilization within the plant, particularly under extremely low Pi conditions (Chang et al., 2019). Moreover, it was discovered that OsPHT1;3 physically interacts with OsPHT1;2, suggesting a potential cooperative mechanism in Pi transport. Similar findings have been documented for Arabidopsis PHT1;1 and PHT1;4 proteins, highlighting their ability to form both homomeric and heteromeric complexes (Fontenot et al., 2015). Although the precise biological significance of these interactions remains largely unknown, these findings strongly indicate the possibility of PHT1 proteins forming oligomeric structures in both monocots and dicots. Moreover, recent studies in rice, identify that WRKY21 and WRKY108 have been found to activate the expression of OsPHT1;1 under Pi-sufficient conditions to promote Pi accumulation (Zhang et al., 2021a).

The PHT1 pathway is well-documented for its essential role in high-affinity Pi uptake, other PHT transporter families such as PHT2, PHT3, PHT4, and PHT5 also play significant roles in maintaining Pi homeostasis in plants (Victor Roch et al., 2019). The PHT2 family has been implicated in the regulation of Pi levels under varying environmental conditions. In poplar (Populus trichocarpa), PtPHT2;1 predominantly expresses in roots, cambium-phloem, mature petioles, and dormant buds, while PtPHT2;2 is mainly expressed in roots and leaves under Low-P conditions (Zhang et al., 2016). These expression patterns indicate their potential as markers for high PUE genotypes. In wheat, knockdown of the TaPHT2;1 transporter caused a significant reduction in Pi accumulation, regardless of Pi availability (Guo et al., 2013). Notably, TaPHT2;1 enhances Pi concentration in chloroplasts, facilitating Pi transfer from the cytosol (Guo et al., 2013, Victor Roch, Maharajan et al., 2019). Similarly, overexpressing OsPHT2;1 in rice led to increased biomass and elevated leaf Pi levels (Shi ShuLin et al., 2013). However, characterization of the PHT2 family in plants beyond poplar, including Arabidopsis, remains limited. while PHT3 transporters are known to facilitate Pi transport across membranes in different tissues, particularly in the mitochondria, where PHT3;1 plays a critical role in maintaining Pi homeostasis essential for ATP synthesis and redox balance (Jia et al., 2015). The widespread expression of PHT3;1 across various tissues underscores its significance in supporting mitochondrial functions, especially in root cells, whereas the more restricted expression patterns of PHT3;2 and PHT3;3 in green and reproductive tissues indicate a specialized role in plant development (Jia et al., 2015). The PHT4 and PHT5 transporter families exhibit distinct physiological roles that are crucial for enhancing PUE in plants and adapting to Low-Pi conditions. PHT4 transporters, such as PHT4;1, are primarily involved in the remobilization of Pi during plant development. They facilitate Pi transport in thylakoid membranes, which is essential for ATP synthesis, helping maintain adequate internal Pi levels during periods of high demand, particularly during photosynthesis (Wang et al., 2014a; Karlsson et al., 2015). Conversely, the PHT5 family, localized mainly in vacuoles, plays a critical role in accumulating and regulating intracellular Pi levels. Under Low-P conditions, these transporters, like PHT5;1, prevent Pi depletion by facilitating the uptake from vacuolar stores (Liu et al., 2016; Victor Roch et al., 2019). Disrupting PHT5;1 in plants leads to a noticeable decrease in total Pi content (Liu et al., 2015). By functioning in concert, these transporter families enable plants to optimize PUE, ultimately improving resilience to Low-P conditions and paving the way for the development of P-efficient crops that can reduce dependence on Pi fertilizers (Table 1).




3.1.3 MYB62 and WRKY75 pathways: transcription factors involved in Pi homeostasis and stress response

MYB62 is a member of the MYB transcription factor family, specifically belonging to the MYB-R2R3 subfamily. It is predominantly localized in the nucleus, indicating its role in transcriptional regulation (Abdullah et al., 2023). Specifically, MYB62 controls the expression of PTs like PHT1;1, PHT1;4, and PHT1;8 in plant roots. Furthermore, MYB62 modulates the expression of genes involved in intracellular P transport and redistribution, enabling appropriate allocation of P in various plant tissues (Figure 1). Notably, MYB62 not only activates genes associated with P acquisition and mobilization but also influences the expression of phosphatases, including PAPs and ribonucleases (Abdullah et al., 2023). These phosphatases release P from organic compounds, promoting its recycling for plant utilization. Additionally, MYB62 regulates P homeostasis through its modulation of microRNAs, specifically affecting the expression of miR399 and miR827, which target specific transcripts such as PHO2 and IPS1 (Figure 1) (Yang and Finnegan, 2010). The MYB62 pathway plays a critical role in regulating Pi homeostasis and stress responses across various crops, although its mechanisms and interactions vary among species. In Arabidopsis overexpression of MYB62 in plants leads to a gibberellin-deficient (GA-deficient) phenotype, as transcript levels of GA biosynthetic genes and PSI genes decrease in MYB62-overexpressing plants (Devaiah et al., 2009). Furthermore, MYB62 is induced in P-limited leaves and suppresses the expression of shoot PSI genes, including SOC1 (Figure 1) which encodes a crucial molecular regulator of flowering time in plants. SOC1 acts as a central integrator of flowering signals by promoting floral transition in response to environmental cues, thus linking nutrient status to reproductive development. This suppression of SCO1 by MYB62 highlights its critical role in integrating Pi-starvation responses with GA-signaling, potentially influencing not only root and shoot development but also the timing of flowering under nutrient-limiting conditions. Consequently, the interaction between MYB62 and SCO1 presents a fascinating avenue for understanding how plants adapt their growth and reproductive strategies in response to fluctuating nutrient availability (Borges Osorio, 2018).

Unlike AtPHR1, AtMYB62 expression is specifically induced by Pi starvation in the leaves of young seedlings, unaffected by deficiencies in potassium, iron, or nitrogen (Yang and Finnegan, 2010; Borges Osorio, 2018). The Rapid loss of AtMYB62 transcripts upon Pi resupply, indicating its significant role in regulating Pi deficiency-related genes involved in Pi signaling, high-affinity Pi transport, and mobilization. Additionally, Overexpression of AtMYB62 under Pi-sufficient conditions induces responses similar to Pi starvation, including increased anthocyanin production, reduced primary root length, and increased root acid phosphatase activity (Yang and Finnegan, 2010). Exogenous GA partially rescues the phenotype, suggesting that MYB62 may regulate Pi starvation responses through changes in GA concentration. In rice, for instance, MYB62, particularly OsMYB2P-1, modulates Pi responses by regulating gene expression and root architecture under low Pi conditions (Dai et al., 2012). Similarly, in wheat, MYB62 contributes to abiotic stress tolerance (e.g., drought and salinity) and Pi uptake by regulating stress-responsive genes (e.g., TaPHT1;2 and TaPHT1;4) and other Pi-related genes such as TaIPS1 and TaSPX1. These roles are reflected in the phenotypic differences between P-efficient and P-inefficient wheat genotypes, with the former exhibiting greater root biomass and length (Zheng et al., 2020). Recent studies in maize further highlight MYB62 as a key regulator of Pi homeostasis, interacting with genes linked to root architecture, including Zm00001d002837 and Zm00001d002842, which may promote or suppress their expression under Pi-deficient conditions. Additionally, MYB62 interacts with transcription factors like ARF4, ARF7, ARF10, and bZIP11, which are crucial for root development and Pi uptake (Rajput et al., 2024), thereby extending its regulatory network to legumes, where MYB62 may also influence nodulation signaling pathways, impacting both nitrogen and Pi acquisition (Mishra et al., 2024).

In addition to MYB62, several other MYB transcription factors are integral to P uptake and PUE in plants (Table 2). For example, AtMYB2 functions as a transcriptional activator of miR399, significantly influencing Pi starvation signaling in Arabidopsis (Baek et al., 2013a), which in turn affects root architecture under P-deficient conditions. Similarly, MdMYB2 regulates P assimilation while also impacting plant growth and flowering in Malus, thereby establishing a critical connection between P availability and developmental processes (Peng et al., 2020). Moreover, TaMYB4-7D enhances the expression of P transporter genes in wheat, thereby markedly improving P efficiency under low P conditions (Luo et al., 2024). Additionally, GmMyb73 acts as a negative regulator of Pi-deficiency tolerance in soybean (Hu et al., 2024), underscoring the diverse regulatory mechanisms by which MYB transcription factors mediate responses to P availability across various plant species (Table 2). On the flip side, the WRKY75 pathway is involved in stress response, including responses to biotic and abiotic stresses (Table 2, Figure 1) (Kurt and Filiz, 2020; Huang et al., 2022; Gao et al., 2023). Recently, Kurt et al. conducted a gene co-expression network (GCN) analysis and found that Glyma.19G094100 and Glyma.16G054400 seed genes, orthologs to Arabidopsis WRKY75, have a direct connection to P deficiency, underscoring the significance of this pathway in nutrient stress responses (Kurt and Filiz, 2020). A root hair-specific WRKY75 gene has been discovered to have significant effects on the transcriptional cross-talk among Pi starvation, phytohormones, and biotic stress signaling pathways (Baek et al., 2017). WRKY75 mutation suppresses the transcription of PSI genes, including phosphatases, Mt4/TPS1-like genes, and Pi transporters (Figure 1) (Devaiah et al., 2007).


Table 2 | Functional characterization of MYB and WRKY genes.



There are 72 WRKY gene family members in Arabidopsis thaliana, 4 members are determined to participate in responding to low P, containing AtWRKY75 (Devaiah et al., 2007), AtWRKY6 (Chen et al., 2009), AtWRKY45 (Wang et al., 2014) and AtWRKY42 (Su et al., 2015). Research has shown that AtWRKY75 (Devaiah et al., 2007) and AtWRKY45 (Wang et al., 2014) are positive TFs for P deficiency response, but AtWRKY42 (Su et al., 2015) and AtWRKY6 (Chen et al., 2009) are negative regulators of P deficiency response in Arabidopsis (Huang et al., 2022). Interestingly, WRKY75 and WRKY45 exhibit a mutual negative regulatory relationship in terms of auto-regulation. WRKY75 binds to two W box elements within the WRKY45 promoter, repressing the transcription of the WRKY45 gene (Wang et al., 2014). This finding point out the intricate nature of the interplay between WRKY transcription factors in coordinating various stress responses. Recently Gao et al. (2023) have identified the crucial roles of WRKY75 and MYB86, members of the MYB transcription factor family, in the response of wild soybean to P deficiency (Gao et al., 2023). The upregulation of WRKY75 and downregulation of MYB86 contribute to the enhanced resistance of wild soybean against low P stress (Figure 1). This regulation positively affects the expression of high affinity PTs and phosphatase genes, facilitated by WRKY75 (Kurt and Filiz, 2020). Additionally, it leads to increased anthocyanin synthesis, which plays a protective role by absorbing ultraviolet light and safeguarding chloroplast membranes from damage, thus aiding the resistance against low P stress. Furthermore, the negative regulation of MYB86 by these transcription factors helps reduce stress-induced damage (Gao et al., 2023). Beyond WRKY75, other members of the WRKY transcription factor family also play critical roles in mediating plant responses to P deficiency, highlighting the broad significance of this gene family in nutrient stress management (Table 2). For instance, recent transcriptome analyses in wheat have identified TaWRKY74 as a key factor influencing tiller development under low P stress, as it regulates hormonal pathways, particularly ABA and auxin signaling, essential for optimizing plant architecture and nutrient uptake (Li et al., 2024). Similarly, in flax, the expression of LusWRKY genes (LusWRKY7, LusWRKY22, LusWRKY48, and LusWRKY71) was significantly upregulated in response to P deficiency, suggesting that these transcription factors facilitate root adaptations to enhance P acquisition by promoting lateral root growth and altering hormone levels (Huang et al., 2022). Furthermore, studies on rice demonstrate that OsWRKY74 enhances tolerance to Pi starvation by modulating root system architecture and activating P-responsive genes, also indicating potential crosstalk with iron and nitrogen deficiency responses (Devaiah et al., 2009). The MYB62 and WRKY75 transcription factors represent vital components in the plant regulatory network governing Pi homeostasis and stress response. Their intricate interactions and roles suggest potential targets for enhancing P efficiency and stress tolerance in crops (Table 2).




3.1.4 SPX pathway: negatively regulating phosphate transport and signal transduction

The SPX pathway is essential for regulating P transport in plants. It involves the SPX domain-containing protein family, which acts as a negative regulator of Pi signaling. The SPX domain binds to small molecules, such as inositol polyphosphate signaling molecules (InsPs) and interacts with other proteins such as PHR1 to control Pi signaling in plants (Figure 1), especially in Pi-deficient cells (Jung et al., 2018).

SPX genes, such as AtSPX1 in Arabidopsis and OsSPX1 in rice, play significant roles in regulating PSI genes (Figure 1). In Arabidopsis, AtSPX1 acts as a P-dependent suppressor of AtPHR1 (Zhou et al., 2015), while in rice, OsSPX1 inhibits P uptake and P-starvation signaling through negative feedback regulation (Wang et al., 2009). The interaction between OsSPX1 and OsPHR2 also influences P concentration and PSI gene expression (Lv et al., 2014).

Legume plants, such as soya beans, also utilize SPX genes to regulate P acquisition and transport, with their expression being highly sensitive to low P conditions, for example GmSPX-RING1 affects P efficiency by negatively regulating P concentration in soybean hairy roots (Du et al., 2020). Wheat possesses TaSPX3, which is strongly induced during low P stress and downregulated upon P supply restoration. Additionally, the SPX subfamily in maize has also been found to play pivotal roles in P stress sensing and response. The SPX subfamily, especially ZmSPX4.1 and ZmSPX4.2, were significantly induced under P-deficient conditions and exhibited remarkably different expression patterns in low Pi sensitive and insensitive cultivars of maize (Kant et al., 2011).

A recent study revealed the interaction of OsSPX4 with OsbHLH6 and their participation in the phosphate-starvation response (PHR) (He et al., 2021) in rice. This MYB-like transcription factor is homologous to phosphorus starvation response 1 (PSR1), which participates in the P sensing process in Chlamydomonas reinhardtii (Bari et al., 2006). PHR1 regulates the expression of SPX genes, by binding to their promoters through the cis-element PHR1-binding sequence (P1BS; GNATATNC) (Figure 1) (Rubio et al., 2001; Bari et al., 2006). The mechanisms governing SPX protein function are not limited to modulation of P transport; they also extend to the intricate regulatory networks involving nitrogen status through nitrate-inducible (NIGT1) proteins. These NIGT1 proteins directly bind to the promoters of several SPX genes, including SPX1 and SPX4, repressing their expression and thereby integrating nitrogen signaling with Pi starvation signaling to optimize nutrient uptake PSR (Ueda et al., 2020).

Overall, the SPX pathway’s multifaceted regulatory roles affirm its significance in plant responses to varying nutrient levels, emphasizing its potential as a target for enhancing PUE in agricultural systems.





3.2 The intricate regulation of phytohormones in influencing PUE and allocation

The general responses of plants to P deficiency include a multifaceted set of strategies such as morphological, physiological changes and molecular regulation of gene expression. It has been well documented that numerous phytohormones and signalling molecules are involved in the responses to P deficiency in plants, including auxin (Wang et al., 2014b), ethylene (Zhang et al., 2020; Marro et al., 2022), nitric oxide (NO) (Zhu et al., 2016a; Zhu et al., 2017), strigolactones (Santoro et al., 2022) and abscisic acid (ABA) (Fang Zhu et al., 2018; Castro-Valdecantos et al., 2023).

Auxin plays a crucial role in regulating plant responses to P deprivation. Specifically, research has shown that auxin signaling is integral in modifying root architecture under low P conditions, particularly by promoting the growth of root hairs (Li et al., 2019). Maintaining auxin homeostasis is essential for elongating root hairs in P-deficient conditions. However, the molecular mechanisms governing root hair elongation under P stress are not well understood. The concentration of auxin in plant tissues can be controlled through both biosynthesis (TAA1) and transport (AUX1) mechanisms (Figure 2), allowing plants to adapt to different P availability by regulating their responses to nutrient stress (Bhosale et al., 2018). Additionally, a connection between auxin signaling and the response to P starvation in various plant species has been discovered. For example, in Arabidopsis, auxin has been linked to the response to P starvation, with mutants displaying reduced auxin sensitivity and altered P uptake (Huang et al., 2018). Similarly, in rice, AUXIN RESPONSE FACTOR 16 (ARF16) acts as an integrator of both auxin and P starvation signals to regulate root development and nutrient uptake. Loss of function of OsARF16 leads to decreased root growth, reduced sensitivity to auxin, and Low-P conditions (Shen et al., 2013). Additionally, ARF16 is associated with the cytokinin signaling pathway, which modulates P uptake and utilization. Cytokinin may repress the response to P starvation by increasing intracellular Pi content (Shen et al., 2014). Conversely, the mutant lacking OsARF12 shows increased P concentrations and symptoms of P toxicity, suggesting a loss of regulation over P absorption and translocation. ARF12 negatively regulates P uptake and translocation through the PHT1 gene family. The transcription of PHT1 genes is regulated by auxin through the presence of auxin-related cis-acting elements in their promoters (Baek et al., 2017). Auxin receptor TRANSPORT INHIBITOR RESPONSE1 (TIR1) and AUXIN RESPONSE FACTOR19 (ARF19) are also involved in enhancing auxin sensitivity in plants under Low-P conditions. ARF19 promotes root hair elongation by regulating the expression of genes like ROOT HAIR DEFECTIVE 6-LIKE 2 (RSL2) and ROOT HAIR DEFECTIVE 6-LIKE 4 (RSL4), which encode transcription factors that promote root hair initiation and elongation (Yi et al., 2010). Bhosale et al. (2018) demonstrate that Low-P levels increase the levels of auxin (IAA) in the root apex, facilitated by TAA1-mediated auxin synthesis and AUX1-dependent auxin transport. This increase in IAA levels induces the expression of ARF19 in the root apex, resulting in the induction of RSL2 and RSL4 in the elongation and differentiation zones, respectively, promoting root hair elongation (Bates and Lynch, 1996).

P deficiency also decreases GA and activates the DELLA-mediated signaling pathway, which impacts root hair and lateral root growth (Jia et al., 2017). Similarly, the SUMO E3 ligase SIZ1 is associated with P starvation responses and may negatively regulate auxin patterning, thus affecting root architecture under Low-P conditions. On the other hand, the cotton defense-related gene GbWRKY1 has recently been identified as a positive regulator of the P response by enhancing auxin sensitivity and driving modifications in the root system (Miura et al., 2011). Importantly, GbWRKY1 appears to function independently of both SIZ1 and PHR1 in response to P (Wang et al., 2014b). The involvement of auxin signaling through ARF12, ARF16, and ARF19 in PUE underscores the importance of understanding the mechanisms underlying nutrient uptake and utilization.

Numerous studies have shown that abscisic acid (ABA) plays a crucial role in regulating genes involved in P uptake and utilization under low-P conditions (Nagatoshi et al., 2023). ABA accumulation, perceived by PYRABACTIN RESISTANCE1/PYR1-LIKE/REGULATORY COMPONENTS OF ABA RECEPTOR (PYR/PYL/RCAR) receptors, can upregulate the expression of ABA biosynthesis genes (ABA1, NCED3, NCED6, ABA2 and AAO3) and ABA-glucosyl ester deconjugation genes (BG1 and BG2), while repressing ABA catabolism genes (CYP707A1 and CYP707A3) (Figure 2) (Zhang et al., 2022). The transcription factor ABI5 (basic leucine zipper (bZIP) transcription factor), a central player in the ABA signaling pathway, facilitates P acquisition by activating the expression of PHT1;1 and PHT1;4 (Carles et al., 2002). ABA also mediates stomatal closure, which contributes to the overall regulation of P utilization in plants (Castro-Valdecantos et al., 2023). P-starved plants show an increase in foliar ABA concentration, which regulates stomatal closure. Other hormones like Jasmonic acid (JA) and trans-zeatin (TZ) may also affect stomatal opening and ABA sensitivity in P-starved plants (Figure 2). JA has been suggested to interact synergistically with ABA to cause stomatal closure (de Ollas and Dodd, 2016). ABA accumulation in leaves is believed to be responsible for P-starvation-induced stomatal closure. ABA also influences P remobilization of root cell wall in rice independent of nitric oxide and ethylene (Fang Zhu et al., 2018). It inhibits the re-utilization of P stored in root cell walls and decreases the expression of a high-affinity Pi transporter, resulting in reduced shoot soluble P content (Fang Zhu et al., 2018). These interactions between ABA and other hormones highlight the complexity of regulating P uptake and utilization.

However, the exact mechanisms by which ABA regulates gene expression under low P conditions are not fully understood. Further studies are needed to elucidate the hormonal crosstalk involved in these responses and to explore other signaling pathways and transcription factors that may be involved, such as the mitogen-activated protein kinase cascade and ABA-responsive element binding transcription factors.

Ethylene also plays a crucial role in helping plants adapt to P starvation by regulating changes in the root system’s structure (Dubois et al., 2018). Under P-deficient conditions, plants produce more ethylene, which acts as a regulator for root system architecture (RSA) (Liu, 2021). It inhibits the extension of the principal root and stimulates the development and elongation of lateral roots. The production of ethylene is highest in adventitious roots and is inhibited by Low-P stress, redirecting carbon allocation to adventitious roots at the expense of other roots. Pectin, the major component of plant cell walls, is known to respond to P starvation, and its concentration determines a plant’s resistance to Low-P stress. Ethylene increase pectin concentrations and pectin methylesterase (PME) activity in the root cell wall under P-deficient conditions, enhancing PUE. For instance, groundnut’s root cell walls contain “contact reaction” pectin (Figure 2), allowing it to efficiently acquire soil P in P-deficient soil (Zhu et al., 2016b). Additionally, ethylene also enhances pectin concentrations in the root cell walls of rice under P-deficient conditions. SAMS1,(an enzyme involved in ethylene biosynthesis) increase pectin concentrations and PME activity in tomato under P-deficient conditions (Figure 2), suggesting that optimizing the interactions between ethylene and other metabolic pathways may enhance plant response to P stress (Wang et al., 2022).

Ethylene also promotes root hair development by influencing auxin biosynthesis and transport, regulating cell wall modifications (Stepanova et al., 2011; Song et al., 2016), and altering JA biosynthesis. Overexpression of GmETO1, a member of the ETO1 family strongly induced by Pi deficiency, significantly enhances Pi deficiency tolerance. This enhancement is achieved by increasing the proliferation and elongation of hairy roots, as well as improving Pi uptake and use-efficiency. Conversely, silencing of GmETO1 leads to opposite results (Zhang et al., 2020). Ethylene improves P acquisition by mobilizing phosphate (Po), activating acid phosphatase (APase) activity, promoting P remobilization, and inducing the transcription of PTs (Figure 2) (Zhu et al., 2016b). Fine-tuning ethylene biosynthesis or signaling is a practical approach to enhance plant P utilization without compromising desirable agronomic traits. However, directly manipulating the enzymes responsible for regulating ethylene biosynthesis (ACS and ACO) can have negative effects on traits such as plant height, fruit ripening, and senescence (Ye et al., 2018).

Strigolactones (SLs) are carotenoid-derived phytohormones primarily synthesized in plant roots in response to nitrogen and/or P deficiencies in various plant species (Marro et al., 2022). They function as signaling molecules that elicit various morphological, physiological, and biochemical responses, enabling plants to adapt to Low-P conditions (Figure 2).

Recent studies have demonstrated increased SL biosynthesis and exudation in many species under P-starved conditions. For instance, Pi-deficiency affects leaf angle and root SL production in rice. The up-regulation of SL-signaling genes, such as D3 and D14, under P deficiency (Figure 2) suggests that endogenous SLs may mediate the plant’s leaf angle sensitivity to low Pi levels (Ruan et al., 2018). Moreover, SLs significantly influence the expression of key P signaling and regulatory genes, including high-affinity P transporters and phosphorus-hydrolyzing enzymes in tomato plants (Santoro et al., 2021). Marro et al. (2021) Proposed mechanisms which suggest that SLs act on the SPX-PHR1 complex, which releases the transcriptional activator PHR1. Furthermore, Santoro et al. (2021) proved that, this interaction leads to an increase in mature miR399 levels and subsequent expression of TPSI1, a gene involved in miR399 sequestration. This process reduces the transcript levels of the PSR suppressor PHO2, activating the phosphate starvation response (PSR) pathway and inducing the expression of genes encoding PTs for enhanced P acquisition (Gamir et al., 2020; Santoro et al., 2021; Marro et al., 2022). Furthermore, SLs also exert regulatory control over other P starvation-related hormones, such as auxin, ethylene, and BR, through complex interplay (Gamir et al., 2020). Under Low-P conditions, acclimation involves the repression of ethylene biosynthesis by ACC and ACC oxidase, and the activation of auxin signaling. Additionally, SLs regulate the expression of genes involved in GA production, which is connected to BR through the positive regulator BES1 (Wang et al., 2021b). These interactions highlight the intricate network of hormone cross-talk underlying plant responses to P deficiency (Figure 2).

GA does not directly regulate P uptake from the soil to the plant. However, it plays a critical role in the development of arbuscular mycorrhizal (AM) associations in plants, which in turn enhances P uptake. GA can either inhibit or promote AM colonization and can positively interact with symbiotic responses in the host root. The balance between ABA and GA is crucial for AM formation, as a high ABA/GA ratio can reduce arbuscule abundance (Figure 2). Interestingly, certain bacteria can produce GAs, which enhance GA production in plants, further promoting AM symbiosis. On the other hand, blocking GA biosynthesis can decrease AM fungal colonization and hyphal branching in the host root, emphasizing the importance of GA in arbuscular mycorrhiza development. The intricate interactions between hormones and microorganisms in the rhizosphere warrant further research for a thorough understanding in response to P deficiency. These interactions enhance the understanding of plant physiology and have significant implications for agricultural practices aimed at improving PUE in crops.




3.3 Soil enzymes and phosphorus uptake in low-P availability environments

Soil enzymes are essential for the uptake and utilization of P by plants, especially in conditions of Low-P availability. There are numerous enzymes found in soil, including phosphatase, phytase, nuclease, amylase, and cellulase. Among them phosphatase and phytase, are important for the uptake and utilization of P by plants, particularly in conditions of low P availability. Phosphatase enzymes help convert organic forms of P into inorganic forms that plants can absorb, while phytase enzymes help break down phytic acid, a form of organic phosphorus found in plant tissues and soil, making it available for plant uptake. The other enzymes mentioned, such as nuclease, amylase, and cellulase, may have other roles in soil processes but may not directly contribute to P uptake and utilization.



3.3.1 Phosphatases enhancing PUE and inorganic phosphate fixation

Phosphatases are critical for the acquisition and utilization of Pi. Among various phosphatases, acid phosphatases (APase) play a pivotal role as they increase the bioavailability of Pi by breaking it down into a more accessible form (Zhang et al., 2010). The activity of APase is detected throughout development, and their release to the rhizosphere is a typical response of Phosphorus-deficient in higher plants (Lazali and Drevon, 2018). A study by Lu et al. (2016) identified OsPAP10c, a novel secreted APase in rice that belongs to a monocotyledon-specific subclass of Ia group PAPs and is specifically expressed in the epidermis/exodermis cell layers of roots (Lu et al., 2016). Overexpression of OsPAP10c resulted in a more than ten-fold increase in APase activity, which enhanced the plant’s efficiency in utilizing external organic P in turn.

Recently, it has been discovered that the expression of APase and phytase genes, as well as the activities of the corresponding enzymes, are positively correlated with the increases in both P use-efficiencies for N2 fixation and nodule O2 permeability in the rhizobial symbiosis in legumes (Lazali and Drevon, 2018). In soybean nodules, there is also evidence of the overexpression of numerous APase enzymes involved in Pi homeostasis, suggesting that the excretion of nodular APase may be stimulated by low P availability (Li et al., 2012). Similar findings have been identified in Brassia napus by (Zhang et al., 2010) and in various grasses such as Axonopus afnis, Paspalum notatum, and Andropogon lateralis (de Oliveira et al., 2018). These studies demonstrate the relationship between Apase activity and P remobilization in grasses with different growth rates. Particularly, higher growth rates are associated with elevated P uptake efficiency and increased remobilization of P due to higher demand, as observed in A. afnis (de Oliveira et al., 2018).

Another important subtype of APase found in plants is the Purple Acid Phosphatases (PAPs). These enzymes have a high affinity for organic phosphorus compounds, making them critical in optimizing plant growth and crop productivity, especially in soils with limited available P. The expression of PAPs and its homologues are primarily regulated at the transcriptional level by PHR1 (Sun et al., 2016; Mehra et al., 2017). Most of the PAPs have PHR1 binding sites in their promoters and are responsive to Pi deficiency (Bhadouria et al., 2017). Furthermore, plant growth regulators such as auxin, cytokinin, and ethylene have a role in regulating the expression of PAPs at the transcriptional level. For example, in rice mutants of the auxin-responsive transcription factor, osarf12, elevated the expression of 4 PAPs genes OsPAP9b, OsPAP10a, OsPAP10c, and OsPAP27a enhanced APase activity, suggesting that ARF12 influenced transcript abundance from PAP genes in P sufficient and deficient conditions (Wang et al., 2014b). Cytokinins negatively regulate the expression of PAPs, such as AtPAP17 and OsPAP10, as shown in studies where exogenous cytokinins decreased the expression of these PAPs (Fang et al., 2009). Ethylene, a component of local cellular signaling in response to Pi levels in the rhizosphere, influences the regulation of AtPAP10 expression in a Pi-dependent manner. Specifically, AtPAP10 expression, protein accumulation, and activity increase under Pi-sufficient conditions in the presence of ACC (an ethylene precursor) (Zhang et al., 2014). Apart from their primary function in Pi homeostasis, PAPs are also involved in other processes such as root growth, symbiotic association, carbon metabolism, phospholipid hydrolysis, defense response, and cellular signaling. The intricate regulatory mechanisms and versatile roles of PAPs make them essential for optimizing plant growth and crop productivity, particularly in P-deficient soils. These phosphatases utilize a ping-pong mechanism to cleave the phosphodiester bond and coordinate with metal ions to increase bioavailability. The metal ions act as a catalyst and coordinate the substrate and the enzyme active site (Gottlin et al., 1998). The roles of various phosphatases in P-acquisition are essential, particularly in P-deficient environments. The capacity of soil enzymes to enhance P-uptake in these low-availability conditions indicates that optimizing enzyme activity is a vital strategy for enhancing PUE and overall crop productivity. A more profound understanding of these enzymes’ functionalities and efficiencies could bolster breeding programs focused on developing plant varieties that can efficiently utilize soil P. As research in this field advances, the prospects for innovative agricultural practices and enhanced crop varieties grow more promising.




3.3.2 Phytate in facilitating ion-ligand complex formation to enhance PUE

Phytases are enzymes that facilitate the conversion of phytate to Pi, thereby releasing Pi and minerals in an accessible form, enhancing their absorption by plants (Sun et al., 2021). Phytate is a chemical derivative of inositol (myo-inositol hexabisphosphate) and is the most widely distributed form of P in the soil (Duong et al., 2018). For soil phytate to contribute to plant P nutrition, phosphate ester (C-O-P), phosphoanhydride (P-O-P), or phosphonate (C-P) must first be dephosphorylated through phytase-mediated hydrolysis. Desorption and solubilization are two approaches to improving phytate access (Richardson et al., 2011). Protons, organic acids, and phenolic acids can all desorbate or solubilize P in soil, with organic acids being the main solubilizer of the rarely available P (Richardson et al., 2011). Carboxylate groups found in organic acids play a multifaceted role in the mobilization of phytate. They facilitate this process by substituting Pi with a carboxylate anion, thereby promoting phytate solubility. Carboxylates further aid in phosphate anion desorption from the soil through ligand exchange mechanisms. Additionally, they contribute to the removal of P sorption sites by solubilizing iron (Fe) and aluminum (Al) through proton (H+) activity. Finally, carboxylates facilitate the dissolution of organic matter (OM) bound to P via Fe/Al-bridges, resulting in the release of Pi as part of the OM-Fe/Al-P complex (Gerke, 2010). Small quantities of Po added to the rhizosphere might act as a stimulator to phytic acid mineralization, thus improving plant P feeding. Both plant and microbial phytases play pivotal roles in the solubilization of phytate, which is a crucial step in P acquisition. In addition, transgenic plants, including maize, rice, and soybean, have been engineered to express phytase genes origin from microorganisms. This genetic modification aims to enhance plant P accumulation and promote increased biomass production, thus contributing to improved agricultural yields and sustainable crop growth (Puppala, 2018; Singh et al., 2020). It was found that the plants had significantly higher grain yields and P accumulation in their tissues, in transgenic maize expressing a fungal phytase gene (Xu et al., 2018). In the last decade, the genes involved in the synthesis of microbial phytases having a high affinity toward phytate have been utilized to produce transgenic plants. Phytase genes from bacteria, fungi, and yeasts such as Bacillus subtilis, Selenomonas ruminantium, Escherichia coli, Aspergillus ficuum, Aspergillus niger, and Thermomyces lanuginosus have been used to develop transgenic plants. The most studied A. niger enzyme has been successfully expressed in Arabidopsis, tobacco, wheat, maize, soybeans, alfalfa, and rapeseed (Valeeva et al., 2018). Several studies back up the advantages brought forth by transgenic types, such as the high expression of a PHY US417-related gene in Arabidopsis that led to increased growth and Po content without inducing inorganic phosphorus starvation-triggered (PSI) genes. Enhanced biomass and Pi were seen in plants co-cultured with ePHY overexpression when the PSI gene was suppressed (Belgaroui et al., 2016).

To fully understand how plants, acquire and utilize P, it is important to consider the various enzymes involved in this process. In addition to the well-studied acid phosphatases, purple acid phosphatases, and phytases, another enzyme called nucleases also play a role in releasing Po. Nucleases play a crucial role in the acquisition and utilization of P by plants. They break down nucleic acids, such as DNA and RNA, which are present in plant residues and soil organic matter. As they degrade nucleic acids, nucleases can hydrolyze phosphomonoesters and phosphodiester bonds, releasing Po that can be absorbed by plants (Solhtalab et al., 2022). This characteristic sets nuclease apart from other enzymes involved in P nutrition because they can release P sources other than soluble Po. Although the full significance of nucleases in plant P nutrition is still not clear, they may be more active in certain soil conditions, such as acidic soils with Low-P availability.






4 Interplay between rhizosphere microorganisms and factors influencing phosphorus efficiency in plant roots

Since, P is not only a fundamental macronutrient for plants, but its limited availability in soils poses significant challenges for agricultural productivity, especially under Low-P conditions. This subsection explores the specific factors influencing PUE in plant roots, including root morphology, genetic traits, and the vital roles played by rhizosphere microorganisms such as arbuscular mycorrhizal fungi (AMF), phosphate-solubilizing bacteria (PSB), and plant growth-promoting bacteria (PGPB) (Figure 3).




Figure 3 | The key components affecting PUE in plants. The central concept, (PUE in Plants), is influenced by three primary factors: (Genetic Factors), which encompass the traits that enhance Pi-uptake and utilization; (Root Morphology), which refers to the structural adaptations of roots that facilitate P absorption; and (Rhizosphere Microorganisms), highlighting the role of microbial communities in enhancing nutrient availability.





4.1 Root morphological adaptations to low-P conditions

The adaptation of plant root morphology to low P conditions is strongly influenced by crop genotypes and regulated by both plant regulators and inherent genetic factors. P acquisition in different crop genotypes relies on the development of an extensive root system that grows in multiple directions until it encounters areas with available P. The growth pattern of the primary root (radicle) plays a crucial role in shaping the overall root morphological structure as it represents the initial point of root growth. This growth pattern is determined by the genetics of the specific crop, which control the processes of cell proliferation and differentiation within the primary root’s meristematic cells (Sánchez-Calderón et al., 2006; Desvoyes et al., 2021). Under low P conditions, plants respond by undergoing various changes in root morphology (Figure 3). For example, common beans experience inhibition of root secondary growth and the formation of more root cortical aerenchyma, along with a reduction in lateral root numbers and an increase in primary root formation and whole root depth. Similarly, maize exhibits an increase in primary root formation and whole root depth (Li et al., 2012). Rice, on the other hand, shows a reduction in lateral root length (Vejchasarn et al., 2016), while sugarcane exhibits a shallower root distribution. Conversely, soybean and Arabidopsis show an increase in primary root length, number of lateral roots, and root hair density (Bello, 2021). Additionally, these plants also form root clusters, which can alter the root structure and result in reduced plant growth and an increased root-to-shoot ratio (Strock et al., 2018). These changes in root morphology have been found to enhance plant efficiency under low P conditions.

A recent study found that root hairs play a significant role in acquiring P by increasing the proximity between soil P pools and the root surface (Chen et al., 2021; Liu, 2021). This is particularly important for seedlings that rely on root uptake when stored P in seeds is depleted under low P soil conditions. It also results in less disturbance to root growth compared to the shoot, leading to an increased root-to-shoot ratio.




4.2 Microbial interactions and P availability

The synergistic association between plant roots and rhizosphere microorganisms, particularly AMF, is pivotal for enhancing P uptake (Huo et al., 2022). These fungi are endomycorrhizal organisms that penetrate the cell walls of roots and connect with the plasmalemma, allowing the plants to access P pools beyond the reach of roots. Fungi extend their hyphae into the inner cortex of roots, providing a highly efficient interface for signaling and nutrient exchange (Figure 2). This symbiosis not only improves nutrient absorption but also stimulates root growth by increasing lateral root length and overall root biomass, especially under P-deficient conditions.

Moreover, AMF release glomalin, a glycoprotein that facilitates the uptake of nutrients like P and iron that are often hard to dissolve (Smith and Read, 2010). Recent research conducted by Zhang et al. (2019) demonstrated that Zenia insignis seedlings inoculated with three AMF species, Funneliformis mosseae, Rhizoglomus intraradices, and Diversispora versiformis, significantly enhanced their growth and drought tolerance (Zhang et al., 2019). Although the association between AMF and plants is generally beneficial for plant growth, it is not always advantageous due to the parasitic nature of the fungi, which can incur carbon costs for the plants. Nevertheless, research has shown that 70-90% of plant species, including ferns, bryophytes, flowering plants, and most agricultural crops, are capable of forming interdependent connections with AMF (Sinha and Tandon, 2020).

Additionally PSB and PGPB (Gupta et al., 2021) or Plant growth-promoting rhizobacteria (PGPR) (Chea et al., 2021) also play a crucial role in the biogeochemical cycling of organic and inorganic P in the rhizosphere. These P solubilizing bacteria enhance P availability for plants by secreting organic acids, siderophores, exopolysaccharides that solubilize insoluble P compounds (Figure 3). They produce enzymes like phytases that break down organic P, releasing inorganic forms for plant uptake. Furthermore, PSB form biofilms around roots, improving moisture retention and root health.

Meanwhile, PGPB produce phytohormones (e.g., indole-3-acetic acid, or IAA) that stimulate root growth and lateral root formation (Figure 3). Studies indicate that PGPB or PGPR enhance organic P availability, particularly inositol phosphates, and improve plants’ access to P (Menéndez and Paço, 2020). for example, under P deficiency, PGPR have been shown to significantly improve root and shoot biomass, root length, and surface area by 32-45% in potatoes (Unno et al., 2005, Richardson and Simpson, 2011; Hyder et al., 2023). Many PGPR can also produce secondary metabolites and phytohormones that can stimulate the hormonal pathways of plants involved in root development. These positive effects of PGPR have been reported in pea and other vegetable crops (Jiang et al., 2012).

Various bacterial genera, such as Bacillus, Burkholderia, Enterobacter, Pseudomonas, Serratia, and Staphylococcus, produce phytase enzymes that break down phytate and release P for plant uptake (Figure 3). However, the effectiveness of rhizobacteria in solubilizing P can vary depending on soil types, nutrient concentrations, and crop types. It’s important to note that the synergy between different bacterial species and nutrient interactions in the soil can enhance P solubilization and mineralization efficiency.




4.3 Mechanisms of action: enzymatic and genetic interactions

Plants under P deficiency respond by, secreting organic acids, (mainly citrate, malate and oxalate), into the rhizosphere, to enhance the availability of inorganic P in the soil (Pang et al., 2015) (Figure 3). The quantity and quality of root exudates can vary under different environmental stress conditions. In a P-deficient environment, plants produce and secrete more organic acids, which helps destabilize organic matter and promote the cycling of organic P and P into the soil solutions (Tiziani et al., 2020). Crop genotypes that exhibit a higher ability to exude organic acids in response to low soil P availability can enhance plant-available P and improve PUE in growing plants.

In terms of nutrient uptake, plants exhibit an increased efficiency through high-affinity Pi/H+ symporters (belong to the PHT1 gene family) (Figure 3), associated with plasma membranes, which facilitate the uptake of rhizospheric P (Gu et al., 2016). Additionally, plants also induce enzymes that scavenge and recycle Pi, such as acid phosphatase that hydrolyzes Pi from Pi–monoesters, nuclease that degrades extracellular DNA and RNA, and phosphodiesterase that liberates Pi from nucleic acids (Gaume et al., 2001).




4.4 Integration of microbial and genetic approaches for improved P efficiency

Exploring the interactions between microbial communities, such as AMF and PSB like Flavobacterium C2, along with the inherent genetic variations across different crop genotypes, is essential for optimizing PUE in Low-P environments. Previous studies show that maize plants inoculated with AMF have improved root development and P-uptake compared to non-mycorrhizal plants (Etesami, 2020). In a similar vein, Flavobacterium C2 enhances P availability through the production of organic acids, such as citric and malic acids, which can lower rhizosphere pH and increase the solubility of mineral P (Liu et al., 2024).

This highlights how beneficial microorganisms can play a vital role alongside genetic traits tailored to improve P acquisition. By integrating insights from both genetics and microbial ecology, agricultural practices can be significantly enhanced to improve crop resilience and productivity. Focusing on breeding programs that enhance root traits—like increased root hair density or deeper rooting systems—while also applying beneficial microbes like C2 provides critical pathways to enhance P-uptake. Additionally, C2’s ability to produce IAA may further stimulate root growth, supporting plants in P-deficient soils. This comprehensive strategy not only optimizes plant growth but also encourages sustainable agricultural practices that are crucial for addressing global food security challenges.





5 Impact of phosphorus on respiratory metabolism and ATP production under low-P conditions

Plant respiratory metabolism breaks down glucose and other organic molecules to produce energy in the form of ATP. P plays a crucial role in this process by synthesizing and activating key molecules involved in respiratory metabolism, including ATP. This involves a series of enzymatic reactions in the mitochondria, starting with the breakdown of glucose via glycolysis and subsequent oxidation in the tricarboxylic acid cycle. The final stage, oxidative phosphorylation, occurs in the electron transport chain, where P is used to synthesize ATP from ADP and Pi (Deshpande and Mohiuddin, 2020). During long-term Pi stress, the decline in adenylate and Pi content restricts the activity of several enzymes involved in classical glycolysis and mitochondrial respiration that depend on ATP, ADP, and/or Pi. However, the cytosolic level of inorganic pyrophosphate (PPi) remains relatively stable. PPi, a byproduct of biosynthetic reactions, plays a crucial role in enhancing cellular processes’ energetic efficiency (Dissanayaka et al., 2021). Interestingly, PPi-dependent reactions are utilized by anaerobic microorganisms and plant cells to yield ATP and recycle Pi. This suggests that the upregulation of PPi-dependent enzymes in -Pi plant cells may play a significant role in respiration and Pi recycling during Pi stress. It connects the importance of P not only in ATP production but also in overall metabolic adaptation under Pi limitations.




6 Epigenetic modulation of phosphorus acquisition and utilization

Epigenetic modifications, including DNA methylation and histone modifications, miRNA, and LncRNA, play a crucial role in regulating various plant processes, including the uptake and utilization of P. By influencing gene expression, these modifications impact nutrient acquisition and metabolism (Li et al., 2021). Notably, the addition of a methyl group to DNA molecules can either enhance or suppress key genes involved in P pathways, ultimately affecting a plant’s ability to efficiently acquire and utilize P. For instance, in Arabidopsis, DNA methylation levels increase in response to Pi deficiency, leading to changes in root growth and density of root hairs under Pi-replete conditions. This suggests that regulatory components involved in the P starvation response, such as SPX2 and miR827, experience differential methylation (Yong-Villalobos et al., 2015). Moreover, DNA methylation selectively modulates Pi signaling through important cis-elements like P1BS, WRKY, and MYB motifs (Yong-Villalobos et al., 2016). The identification of specific regulatory components like SPX2 and miR827 reveals potential targets for genetic intervention. Manipulating their expression could enhance plants’ adaptive responses to P deficiency, thereby fostering more sustainable agricultural practices and improving crop yields in P-limited soils. In maize and rice, the response to P deficiency in terms of DNA methylation may differ (Li et al., 2021). For instance, in maize, Low-P conditions have only a minor effect on global DNA methylation levels. In contrast, long-term P deficiency in rice leads to gradual changes in gene expression and DNA methylation patterns, which persist even after P supply is restored (Secco et al., 2015).

Recently Gladman et al. (2022) found that sorghum responds to Low-P conditions by showing a decrease in global DNA 5-methylcytosine and H3K4 and H3K27 trimethylation levels. Interestingly, they discovered that H3K4me3 peaks and DNA hypomethylated regions contain regulatory motifs for various developmental and nutrient-responsive transcription factors, including SHORTROOT (SHR), SCARECROW (SCR), and ROOTLESS CONCERNING CROWN and SEMINAL ROOTS (RTCS). Additionally, these regions exhibit distinct expression patterns among different root tissues, such as the primary root apex, elongation zone, and lateral root apex (Gladman et al., 2022). The response to DNA methylation under P deficiency, as well as the specific genes involved, can vary across different species (Gladman et al., 2022).

Histone modifications have a pivotal role in regulating gene expression associated with P metabolism. These modifications impact the accessibility of genes to regulatory proteins and transcription factors. Acetylation of histones, in particular, promotes gene expression by relaxing chromatin structure and facilitating the binding of activating proteins. One gene involved in histone acetylation, AtGCN5, plays diverse roles in plant development and stress response (Xing et al., 2015; Zheng et al., 2019). Mutation of AtGCN5 affects P accumulation and impairs the activation of genes like At4 and AtWRKY6 under low-P conditions (Wang et al., 2019). In addition to acetylation, methylation is another important histone modification that influences gene expression in P metabolism. Methylation at specific loci can recruit activating proteins or modify chromatin structure, thereby favoring gene transcription. This modification can promote the expression of P metabolism-related genes by facilitating the binding of transcription factors or remodeling the chromatin architecture. For instance, in Arabidopsis, the ALFN protein encoded by AtAL6 plays a role in root hair elongation under low-P conditions (Chandrika et al., 2013). AtAL6 recognizes H3K4me3, a specific form of histone methylation, through its Plant Homeo Domain (PHD) finger. By recognizing H3K4me3, AtAL6 promotes the transcription of AtETC1, a gene involved in root growth, and activates downstream targets such as AtNPC4, AtSQD2, and AtPS2 (Taverna et al., 2006; Wei et al., 2017). This ultimately leads to root hair elongation in response to P deficiency. Therefore, histone methylation, particularly the recognition of specific methyl marks by proteins like AtAL6, is crucial for regulating the expression of P metabolism-related genes (Chandrika et al., 2013).

Conversely, histone modifications can also act as repressive signals. Methylation of histones at specific lysine residues, like H3K9, is often associated with gene silencing. In the case of P metabolism-related genes, methylation at repressive loci can recruit proteins that inhibit gene expression or induce a more compact chromatin structure, thereby preventing the access of activating proteins. Similarly, the deacetylation of histones is linked to gene repression. Deacetylated histones result in a condensed chromatin structure, which is typically associated with gene silencing. Deacetylation at the promoter regions of P metabolism-related genes can suppress their expression by limiting the accessibility of transcription factors and other activating proteins. In addition to histone modifications and DNA methylation, there are some other epigenetic regulations such as substitution of histone variant H2A.Z, nucleosome remodeling, and chromatin accessibility, which can also modulate gene expression (Zovkic et al., 2014).

Furthermore, Post-transcriptional regulation by miRNAs and LncRNAs adds an epigenetic control layer to gene expression. These non-coding RNAs bind to mRNA, leading to degradation or translation inhibition. They have a significant impact on plant gene regulation, generating phasiRNAs that influence plant development, physiology, and stress response (Meng et al., 2021). In maize, miR399 regulates ZmPHO2 expression, maintaining P homeostasis by targeting it for degradation and controlling genes involved in P uptake and utilization (Du et al., 2018). While Two lncRNAs, At4 and IPS1, are induced by Pi starvation in Arabidopsis. These lncRNAs have orthologous counterparts in Medicago (Mt4) and tomato (TPS1) (Shin et al., 2006). Mutations in At4 lead to problems in Pi redistribution between the root and shoot under deficient conditions. The members of the At4/IPS1 gene family contain a conserved motif that is partially complementary to miR399. However, a central mismatch prevents cleavage of the transcript by miR399 (Huang et al., 2013). As a result, the binding of At4/IPS1 lncRNAs acts as a decoy, reducing miR399 activity and consequently upregulating its target transcript, PHO2. PHO2 encodes the ubiquitin-conjugating enzyme UBC24, which mediates the degradation of several high-affinity PHT1 and the PHO1 protein involved in Pi loading in the xylem (Huang et al., 2013). Recently Yuan et al. (2016), used a genome-wide sequencing approach to identify lncRNAs responsive to P starvation in Arabidopsis. They predicted 1212 novel lncRNAs, including 78 poly(A)- lncRNAs, some of which were associated with genes involved in Pi starvation-related processes. Furthermore, they identified 104 lncRNAs as potential targets of PHR1 and 16 lncRNAs as potential targets of miR399, both important regulators of plant Pi homeostasis (Yuan et al., 2016). Similarly, Zhang et al. (2021a) conducted RNA sequencing on soybean roots of different genotypes with varying P tolerance. They identified 4,166 novel lncRNAs, of which 525 were differentially expressed under different P levels. These differentially expressed lncRNAs were found to be associated with various Pi-related biological processes based on GO and KEGG analysis (Zhang et al., 2021b). Additional Computational analysis of Arabidopsis and rice genomes revealed numerous potential lncRNAs that mimic miRNA targets. The role of miR160 and miR166 target mimics in Arabidopsis development was confirmed. This suggests that lncRNAs have a general regulatory mechanism for controlling miRNA activity in plants (Wu et al., 2013).

Recent studies have also implicated circular RNAs (CircRNAs) in the epigenetic regulation of P metabolism. CircRNAs, a type of non-coding RNA, are formed through a head-to-tail splicing process, resulting in a covalently closed loop structure. Emerging evidence suggests that CircRNAs can modulate various plant processes, including P acquisition and utilization (Pan et al., 2018). For instance, novel_circ_000013, novel_circ_000349, novel_circ_000351, and novel_circ_000277 have been found to interact with multiple miRNAs (Lv et al., 2020). One mechanism by which CircRNAs regulate P metabolism is through their role as miRNA sponges. CircRNAs bind to miRNAs, preventing their interaction with target mRNAs and effectively sequestering them (Zhou et al., 2020). This sequestration of miRNAs by CircRNAs, where miR399, miR319, miR156 and miR159 were sponged, lead to the upregulation of key genes involved in P pathways. Additionally, CircRNAs directly interact with proteins and influence their activity, thereby impacting P acquisition and utilization (Lv et al., 2020). However, further research is needed to fully understand the specific mechanisms by which CircRNAs function in the context of P metabolism and their potential roles in plant adaptation to P deficiency.




7 Conclusion and future perspectives

Improving crop PUE is critical for minimizing P fertilizer use, protecting the environment from eutrophication, and conserving global P mineral resources (Bello, 2021). Historical analyses show that global PUE has significantly improved, rising from 44% in the 1980s to approximately 66% in 2019, despite an increase in P fertilizer usage. This improvement highlights the urgent need to address challenges posed by P pollution and diminishing rock reserves.

Recent studies, including GWAS by Rajamanickam et al. (2024), identified 14 PUE traits in wheat, revealing substantial SNP associations and significant advancements in understanding P transport through the candidate gene TaPHT1;9 (Rajamanickam et al., 2024). Moreover, functional studies on CRISPR-edited mutants in transgenic rice demonstrated notable increases in grain yield, biomass, P concentration, and overall PUE under Low-P conditions (Chen et al., 2024). It is evident that plants can reprogram their gene expression in response to P deficiency—engaging various regulatory pathways, particularly involving TFs such as WRKY. For instance, transgenic soybeans overexpressing GmWRKY46 have shown improved root development, enhancing plant growth and P uptake (Li et al., 2021a). Additionally, genetic contributions to low P tolerance, such as those from the Gm6PGDH1 gene, indicate pathways to enhance PUE further (Li et al., 2021b). Other P signaling pathways PHO, MYB62 and SPX pathway also occupy a very important position in the P signaling network, which is tightly related to P uptake, transport, storage and homeostasis. Further exploration of their involvement in epigenetic regulation of P can provide valuable insights (Figure 1). The analysis of Arabidopsis PHO1 (AtPHO1) with its EXS domain alongside SPX (Ribot et al., 2008) offers a potential illustration of how these pathways may contribute to the interplay between P, enzymes, and phytohormone signaling pathways to improve PUE.

The interplay between plant roots and rhizosphere microorganisms is vital for enhancing PUE in Low-P environments. For example, the fungi Funneliformis mosseae play a significant role in improving P content and promoting growth in rice through systemic gene expression changes (Campo and San Segundo, 2020). Moving forward, future research should focus on integrating microbial and genetic approaches to enhance PUE. Identifying key genetic traits that facilitate beneficial microbial interactions and exploring multi-strain microbial inoculations could further optimize P availability. Ultimately, harnessing these microbial relationships can lead to more sustainable agricultural practices, reducing reliance on chemical fertilizers while improving soil health and crop resilience.

Advancements in PUE research are expected to significantly influence plant physiology and breeding strategies. However, a limited understanding of the genetic basis underlying PUE continues to hinder the development of P-efficient cultivars (van de Wiel et al., 2016).

Recent advancements in crop genomics, including SNP marker development and pan-genome assemblies, have made identifying genomic regions associated with PUE more efficient. Resources like genomic selection and prediction methods can facilitate the creation of progenies with improved PUE. The implementation of speed breeding protocols will further streamline breeding timelines for mapping populations. Furthermore, high-throughput phenotyping innovations are crucial for advancing our understanding of root morphology and architecture in relation to P availability. Techniques such as 3D laser scanning and digital imaging facilitate robust assessments of root traits in variable environments (Fang et al., 2009). Additionally, integrating modern technologies like machine learning and genome editing can markedly improve breeding strategies.

In conclusion, a multifaceted approach that incorporates genetic, molecular, physiological, and epigenetic strategies is essential for developing crops capable of thriving in Low-P conditions. Such advancements will be instrumental in addressing global food security challenges in the face of climate change and resource depletion.





Author contributions

SZ: Conceptualization, Writing – original draft, Writing – review & editing. RG: Writing – review & editing. YL: Writing – review & editing. YZ: Funding acquisition, Supervision, Writing – review & editing, Conceptualization.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The research was supported by the Foundation for the Key Research and Development Program of Heilongjiang Province in China (SC2022ZX02C0202).




Acknowledgments

We are thankful to Javaria Tabusam for helping throughout the manuscript work and also in designing the graphical illustrations.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Abdullah, S. N. A., Ariffin, N., Hatta, M. A. M., and Kemat, N. B. (2023). Molecular Regulation for Maintenance of Plant Phosphate Homeostasis in Crop Plants as Basis for Precision Genome Engineering. doi: 10.20944/preprints202306.0686.v1

 Abdullah, S. N. A., Ariffin, N., Hatta, M. A. M., and Kemat, N. J. P. (2024). Opportunity for genome engineering to enhance phosphate homeostasis in crops. Physiol. Mol. Biol. Plants 30, 1055–1070. doi: 10.1007/s12298-024-01479-w

 Aslam, M. M., Waseem, M., Weifeng, X., and ul Qamar, M. T. (2022). Identification and expression analysis of phosphate transporter (PHT) gene family in Lupinus albus cluster root under phosphorus stress. Int. J. Biol. Macromolecules 205, 772–781. doi: 10.1016/j.ijbiomac.2022.03.085

 Austin, S., and Mayer, A. (2020). Phosphate homeostasis– a vital metabolic equilibrium maintained through the INPHORS signaling pathway. Front. Microbiol. 11, 1367. doi: 10.3389/fmicb.2020.01367

 Ayadi, A., David, P., Arrighi, J.-F., Chiarenza, S., Thibaud, M.-C., Nussaume, L., et al. (2015). Reducing the genetic redundancy of Arabidopsis PHOSPHATE TRANSPORTER1 transporters to study phosphate uptake and signaling. Plant Physiol. 167, 1511–1526. doi: 10.1104/pp.114.252338

 Baek, D., Chun, H. J., Yun, D.-J., and Kim, M. C. (2017). Cross-talk between phosphate starvation and other environmental stress signaling pathways in plants. Molecules Cell 40, 697. doi: 10.14348/molcells.2017.0192

 Baek, D., Kim, M. C., Chun, H. J., Kang, S., Park, H. C., Shin, G., et al. (2013a). Regulation of miR399f transcription by AtMYB2 affects phosphate starvation responses in Arabidopsis. Plant Physiol. 161, 362–373. doi: 10.1104/pp.112.205922

 Baek, D., Park, H. C., Kim, M. C., and Yun, D.-J. (2013b). The role of Arabidopsis MYB2 in miR399f-mediated phosphate-starvation response. Plant Signaling Behav. 8, 362–373. doi: 10.4161/psb.23488

 Baker, A., Ceasar, S. A., Palmer, A. J., Paterson, J. B., Qi, W., Muench, S. P., et al. (2015). Replace, reuse, recycle: improving the sustainable use of phosphorus by plants. J. Exp. Bot. 66, 3523–3540. doi: 10.1093/jxb/erv210

 Bari, R., Datt Pant, B., Stitt, M., and Scheible, W.-R. (2006). PHO2, microRNA399, and PHR1 define a phosphate-signaling pathway in plants. Plant Physiol. 141, 988–999. doi: 10.1104/pp.106.079707

 Bates, T., and Lynch, J. J. P. (1996). Stimulation of root hair elongation in Arabidopsis thaliana by low phosphorus availability. Plant Cell Environ. 19, 529–538. doi: 10.1111/j.1365-3040.1996.tb00386.x

 Bayle, V., Arrighi, J.-F., Creff, A., Nespoulous, C., Vialaret, J., Rossignol, M., et al. (2011). Arabidopsis thaliana high-affinity phosphate transporters exhibit multiple levels of posttranslational regulation. Plant Cell 23, 1523–1535. doi: 10.1105/tpc.110.081067

 Belgaroui, N., Berthomieu, P., Rouached, H., and Hanin, M. (2016). The secretion of the bacterial phytase PHY-US 417 by Arabidopsis roots reveals its potential for increasing phosphate acquisition and biomass production during co-growth. Plant Biotechnol. J. 14, 1914–1924. doi: 10.1111/pbi.2016.14.issue-9

 Bello, S. K. (2021). An overview of the morphological, genetic and metabolic mechanisms regulating phosphorus efficiency via root traits in soybean. J. Soil Sci. Plant Nutr. 21, 1013–1029. doi: 10.1007/s42729-021-00418-y

 Bhadouria, J., Singh, A. P., Mehra, P., Verma, L., Srivastawa, R., Parida, S. K., et al. (2017). Identification of purple acid phosphatases in chickpea and potential roles of CaPAP7 in seed phytate accumulation. Sci. Rep. 7, 11012. doi: 10.1038/s41598-017-11490-9

 Bhosale, R., Giri, J., Pandey, B. K., Giehl, R. F., Hartmann, A., Traini, R., et al. (2018). A mechanistic framework for auxin dependent Arabidopsis root hair elongation to low external phosphate. Nat. Commun. 9, 1409. doi: 10.1038/s41467-018-03851-3

 Borges Osorio, M. (2018). The role of SPX4 protein in the regulation of phosphorus nutrition in Arabidopsis Thaliana, La Trobe. Doctoral dissertation, La Trobe.

 Campo, S., and San Segundo, B. (2020). Systemic induction of phosphatidylinositol-based signaling in leaves of arbuscular mycorrhizal rice plants. Sci. Rep. 10, 15896. doi: 10.1038/s41598-020-72985-6

 Carles, C., Bies-Etheve, N., Aspart, L., Léon-Kloosterziel, K. M., Koornneef, M., Echeverria, M., et al. (2002). Regulation of Arabidopsis thaliana Em genes: role of ABI5. Plant J. 30, 373–383. doi: 10.1046/j.1365-313X.2002.01295.x

 Castro-Valdecantos, P., Martínez-Melgarejo, P. A., Pérez-Alfocea, F., Tian, J., and Dodd, I. C. (2023). Stem girdling enhances ABA-induced stomatal closure of phosphorus-deprived soybean plants. Environ. Exp. Bot. 208, 105266. doi: 10.1016/j.envexpbot.2023.105266

 Chandrika, N. N. P., Sundaravelpandian, K., and Schmidt, W. (2013). A PHD in histone language: on the role of histone methylation in plant responses to phosphate deficiency. Plant Signaling 8, e24381. doi: 10.4161/psb.24381

 Chang, M. X., Gu, M., Xia, Y. W., Dai, X. L., Dai, C. R., Zhang, J., et al. (2019). OsPHT1; 3 mediates uptake, translocation, and remobilization of phosphate under extremely low phosphate regimes. Plant Physiol. 179, 656–670. doi: 10.1104/pp.18.01097

 Chea, L., Pfeiffer, B., Schneider, D., Daniel, R., Pawelzik, E., and Naumann, M. (2021). Morphological and metabolite responses of potatoes under various phosphorus levels and their amelioration by plant growth-promoting rhizobacteria. Int. J. Mol. Sci. 22, 5162. doi: 10.3390/ijms22105162

 Chen, Y.-F., Li, L.-Q., Xu, Q., Kong, Y.-H., Wang, H., and Wu, W.-H. (2009). The WRKY6 transcription factor modulates PHOSPHATE1 expression in response to low Pi stress in Arabidopsis. Plant Cell 21, 3554–3566. doi: 10.1105/tpc.108.064980

 Chen, Z., Song, J., Li, X., Arango, J., Cardoso, J. A., Rao, I., et al. (2021). Physiological responses and transcriptomic changes reveal the mechanisms underlying adaptation of Stylosanthes guianensis to phosphorus deficiency. BMC Plant Biol. 21, 1–15. doi: 10.1186/s12870-021-03249-2

 Chen, Z., Wang, J., Dong, D., Lou, C., Zhang, Y., Wang, Y., et al. (2024). Comparative analysis of TaPHT1; 9 function using CRISPR-edited mutants, ectopic transgenic plants and their wild types under soil conditions. Plant Soil, 1–12. doi: 10.1007/s11104-024-06855-9

 Chen, J., Wang, Y., Wang, F., Yang, J., Gao, M., Li, C., et al. (2015). The rice CK2 kinase regulates trafficking of phosphate transporters in response to phosphate levels. Plant Cell 27, 711–723. doi: 10.1105/tpc.114.135335

 Chien, P.-S., Chao, Y.-T., Chou, C.-H., Hsu, Y.-Y., Chiang, S.-F., Tung, C.-W., et al. (2022). Phosphate transporter PHT1; 1 is a key determinant of phosphorus acquisition in Arabidopsis natural accessions. Plant Physiol. 190, 682–697. doi: 10.1093/plphys/kiac250

 Dai, C., Dai, X., Qu, H., Men, Q., Liu, J., Yu, L., et al. (2022). The rice phosphate transporter OsPHT1; 7 plays a dual role in phosphorus redistribution and anther development. Plant Physiol. 188, 2272–2288. doi: 10.1093/plphys/kiac030

 Dai, X., Wang, Y., Yang, A., and Zhang, W.-H. (2012). OsMYB2P-1, an R2R3 MYB transcription factor, is involved in the regulation of phosphate-starvation responses and root architecture in rice. Plant Physiol. 159, 169–183. doi: 10.1104/pp.112.194217

 Dai, X., Wang, Y., and Zhang, W.-H. (2016). OsWRKY74, a WRKY transcription factor, modulates tolerance to phosphate starvation in rice. J. Exp. Bot. 67, 947–960. doi: 10.1093/jxb/erv515

 de Oliveira, L. B., Marques, A. C. R., de Quadros, F. L. F., Farias, J. G., Piccin, R., Brunetto, G., et al. (2018). Phosphorus allocation and phosphatase activity in grasses with different growth rates. Oecologia 186, 633–643. doi: 10.1007/s00442-018-4059-9

 de Ollas, C., and Dodd, I. C. (2016). Physiological impacts of ABA–JA interactions under water-limitation. Plant Mol. Biol. 91, 641–650. doi: 10.1007/s11103-016-0503-6

 Deshpande, O. A., and Mohiuddin, S. S. (2020). Biochemistry, oxidative phosphorylation. StatPearls Publishing.

 Desvoyes, B., Echevarría, C., and Gutierrez, C. (2021). A perspective on cell proliferation kinetics in the root apical meristem. J. Exp. Bot. 72, 6708–6715. doi: 10.1093/jxb/erab303

 Devaiah, B. N., Karthikeyan, A. S., and Raghothama, K. G. (2007). WRKY75 transcription factor is a modulator of phosphate acquisition and root development in Arabidopsis. Plant Physiol. 143, 1789–1801. doi: 10.1104/pp.106.093971

 Devaiah, B. N., Madhuvanthi, R., Karthikeyan, A. S., and Raghothama, K. G. (2009). Phosphate starvation responses and gibberellic acid biosynthesis are regulated by the MYB62 transcription factor in Arabidopsis. Mol. Plant 2, 43–58. doi: 10.1093/mp/ssn081

 Dissanayaka, D., Ghahremani, M., Siebers, M., Wasaki, J., and Plaxton, W. C. (2021). Recent insights into the metabolic adaptations of phosphorus-deprived plants. J. Exp. Bot. 72, 199–223. doi: 10.1093/jxb/eraa482

 Du, W., Ning, L., Liu, Y., Zhang, S., Yang, Y., Wang, Q., et al. (2020). Identification of loci and candidate gene GmSPX-RING1 responsible for phosphorus efficiency in soybean via genome-wide association analysis. BMC Genomics 21, 1–16. doi: 10.1186/s12864-020-07143-3

 Du, Q., Wang, K., Zou, C., Xu, C., and Li, W.-X. (2018). The PILNCR1-miR399 regulatory module is important for low phosphate tolerance in maize. Plant Physiol. 177, 1743–1753. doi: 10.1104/pp.18.00034

 Dubois, M., Van den Broeck, L., and Inzé, D. (2018). The pivotal role of ethylene in plant growth. Trends Plant Sci. 23, 311–323. doi: 10.1016/j.tplants.2018.01.003

 Duong, Q. H., Lapsley, K. G., and Pegg, R. B. (2018). Inositol phosphates: health implications, methods of analysis, and occurrence in plant foods. J. Food Bioactives 1, 41–55-41–55. doi: 10.31665/JFB.2018.1126

 El Ifa, W., Belgaroui, N., Sayahi, N., Ghazala, I., and Hanin, M. (2024). Phytase-producing rhizobacteria enhance barley growth and phosphate nutrition. Front. Sustain. Food Syst. 8, 1432599. doi: 10.3389/fsufs.2024.1432599

 Etesami, H. (2020). Enhanced phosphorus fertilizer use efficiency with microorganisms. Nutrient dynamics Sustain. Crop production, 215–245. doi: 10.1007/978-981-13-8660-2_8

 Fan, C., Wang, X., Hu, R., Wang, Y., Xiao, C., Jiang, Y., et al. (2013). The pattern of Phosphate transporter 1 genes evolutionary divergence in Glycine max L. BMC Plant Biol. 13, 1–16. doi: 10.1186/1471-2229-13-48

 Fang, Z., Shao, C., Meng, Y., Wu, P., and Chen, M. (2009). Phosphate signaling in Arabidopsis and Oryza sativa. Plant Sci. 176, 170–180. doi: 10.1016/j.plantsci.2008.09.007

 Fang, S., Yan, X., and Liao, H. (2009). 3D reconstruction and dynamic modeling of root architecture in situ and its application to crop phosphorus research. Plant J. 60, 1096–1108. doi: 10.1111/j.1365-313X.2009.04009.x

 Fang, X., Yang, D., Deng, L., Zhang, Y., Lin, Z., Zhou, J., et al. (2024). Phosphorus uptake, transport, and signaling in woody and model plants. Forestry Res. 4, e017. doi: 10.48130/forres-0024-0014

 Fang Zhu, X., Sheng Zhao, X., Wu, Q., and Fang Shen, R. (2018). Abscisic acid is involved in root cell wall phosphorus remobilization independent of nitric oxide and ethylene in rice (Oryza sativa). Ann. Bot. 121, 1361–1368. doi: 10.1093/aob/mcy034

 Fontenot, E. B., Ditusa, S. F., Kato, N., Olivier, D. M., Dale, R., Lin, W. Y., et al. (2015). Increased phosphate transport of A rabidopsis thaliana P ht1; 1 by site-directed mutagenesis of tyrosine 312 may be attributed to the disruption of homomeric interactions. Plant Cell Environ. 38, 2012–2022. doi: 10.1111/pce.v38.10

 Gamir, J., Torres-Vera, R., Rial, C., Berrio, E., de Souza Campos, P. M., Varela, R. M., et al. (2020). Exogenous strigolactones impact metabolic profiles and phosphate starvation signalling in roots. Plant Cell Environ. 43, 1655–1668. doi: 10.1111/pce.13760

 Gao, S., Guo, R., Liu, Z., Hu, Y., Guo, J., Sun, M., et al. (2023). Integration of the transcriptome and metabolome reveals the mechanism of resistance to low phosphorus in wild soybean seedling leaves. Plant Physiol. Biochem. 194, 406–417. doi: 10.1016/j.plaphy.2022.11.038

 Gaume, A., Mächler, F., De León, C., Narro, L., and Frossard, E. (2001). Low-P tolerance by maize (Zea mays L.) genotypes: significance of root growth, and organic acids and acid phosphatase root exudation. Plant Soil 228, 253–264. doi: 10.1023/A:1004824019289

 Gerke, J. (2010). Humic (organic matter)-Al (Fe)-phosphate complexes: an underestimated phosphate form in soils and source of plant-available phosphate. Soil Sci. 175, 417–425. doi: 10.1097/SS.0b013e3181f1b4dd

 Gladman, N., Hufnagel, B., Regulski, M., Liu, Z., Wang, X., Chougule, K., et al. (2022). Sorghum root epigenetic landscape during limiting phosphorus conditions. Plant Direct 6, e393. doi: 10.1002/pld3.v6.5

 Gottlin, E. B., Rudolph, A. E., Zhao, Y., Matthews, H. R., and Dixon, J. E. (1998). Catalytic mechanism of the phospholipase D superfamily proceeds via a covalent phosphohistidine intermediate. Proc. Natl. Acad. Sci. 95, 9202–9207. doi: 10.1073/pnas.95.16.9202

 Gu, M., Chen, A., Sun, S., and Xu, G. (2016). Complex regulation of plant phosphate transporters and the gap between molecular mechanisms and practical application: what is missing? Mol. Plant 9, 396–416. doi: 10.1016/j.molp.2015.12.012

 Gu, M., Zhang, J., Li, H., Meng, D., Li, R., Dai, X., et al. (2017). Maintenance of phosphate homeostasis and root development are coordinately regulated by MYB1, an R2R3-type MYB transcription factor in rice. J. Exp. Bot. 68, 3603–3615. doi: 10.1093/jxb/erx174

 Guo, B., Irigoyen, S., Fowler, T. B., and Versaw, W. (2008). Differential expression and phylogenetic analysis suggest specialization of plastid-localized members of the PHT4 phosphate transporter family for photosynthetic and heterotrophic tissues. Plant Signaling Behav. 3, 784–790. doi: 10.4161/psb.3.10.6666

 Guo, C., Zhao, X., Liu, X., Zhang, L., Gu, J., Li, X., et al. (2013). Function of wheat phosphate transporter gene TaPHT2; 1 in Pi translocation and plant growth regulation under replete and limited Pi supply conditions. Planta 237, 1163–1178. doi: 10.1007/s00425-012-1836-2

 Gupta, S., Stirk, W. A., Plačková, L., Kulkarni, M. G., Doležal, K., and Van Staden, J. (2021). Interactive effects of plant growth-promoting rhizobacteria and a seaweed extract on the growth and physiology of Allium cepa L.(onion). J. Plant Physiol. 262, 153437. doi: 10.1016/j.jplph.2021.153437

 Han, B., Wang, C., Wu, T., Yan, J., Jiang, A., Liu, Y., et al. (2022). Identification of vacuolar phosphate influx transporters in Brassica napus. Plant Cell Environ. 45, 3338–3353. doi: 10.1111/pce.v45.11

 Han, Y., White, P. J., and Cheng, L. (2022). Mechanisms for improving phosphorus utilization efficiency in plants. Ann. Bot. 129, 247–258. doi: 10.1093/aob/mcab145

 He, Q., Lu, H., Guo, H., Wang, Y., Zhao, P., Li, Y., et al. (2021). OsbHLH6 interacts with OsSPX4 and regulates the phosphate starvation response in rice. Plant J. 105, 649–667. doi: 10.1111/tpj.v105.3

 Hu, D., Cui, R., Wang, K., Yang, Y., Wang, R., Zhu, H., et al. (2024). The Myb73–GDPD2–GA2ox1 transcriptional regulatory module confers phosphate deficiency tolerance in soybean. Plant Cell 36, 2176–2200. doi: 10.1093/plcell/koae041

 Huang, T.-K., Han, C.-L., Lin, S.-I., Chen, Y.-J., Tsai, Y.-C., Chen, Y.-R., et al. (2013). Identification of downstream components of ubiquitin-conjugating enzyme PHOSPHATE2 by quantitative membrane proteomics in Arabidopsis roots. Plant Cell 25, 4044–4060. doi: 10.1105/tpc.113.115998

 Huang, W., Jiang, W., Yao, Y., Song, X., Yuan, H., Ren, C., et al. (2022). The effects of phosphorus deficiency on the morpho-physiology and expression of LusWRKYs in Linum usitatissimum l. Pak. J. Bot. 54, 95–103. doi: 10.30848/PJB2022-1(26)

 Huang, K.-L., Ma, G.-J., Zhang, M.-L., Xiong, H., Wu, H., Zhao, C.-Z., et al. (2018). The ARF7 and ARF19 transcription factors positively regulate PHOSPHATE STARVATION RESPONSE1 in Arabidopsis roots. Plant Physiol. 178, 413–427. doi: 10.1104/pp.17.01713

 Huo, W.-g., Chai, X.-f., Wang, X.-h., Batchelor, W. D., Kafle, A., and Gu, F. (2022). Indigenous arbuscular mycorrhizal fungi play a role in phosphorus depletion in organic manure amended high fertility soil. J. Integr. Agric. 21, 3051–3066. doi: 10.1016/j.jia.2022.07.045

 Hyder, S., Rizvi, Z. F., d.-los-Santos-Villalobos, S., Santoyo, G., Gondal, A., Khalid, N., et al. (2023). Applications of plant growth-promoting rhizobacteria for increasing crop production and resilience. J. Plant Nutr. 46, 2551–2580. doi: 10.1080/01904167.2022.2160742

 Jia, F., Wan, X., Zhu, W., Sun, D., Zheng, C., Liu, P., et al. (2015). Overexpression of mitochondrial phosphate transporter 3 severely hampers plant development through regulating mitochondrial function in Arabidopsis. PloS One 10, e0129717. doi: 10.1371/journal.pone.0129717

 Jia, H., Zhang, S., Wang, L., Yang, Y., Zhang, H., Cui, H., et al. (2017). OsPht1; 8, a phosphate transporter, is involved in auxin and phosphate starvation response in rice. J. Exp. Bot. 68, 5057–5068. doi: 10.1093/jxb/erx317

 Jiang, F., Chen, L., Belimov, A. A., Shaposhnikov, A. I., Gong, F., Meng, X., et al. (2012). Multiple impacts of the plant growth-promoting rhizobacterium Variovorax paradoxus 5C-2 on nutrient and ABA relations of Pisum sativum. J. Exp. Bot. 63, 6421–6430. doi: 10.1093/jxb/ers301

 Jung, J.-Y., Ried, M. K., Hothorn, M., and Poirier, Y. (2018). Control of plant phosphate homeostasis by inositol pyrophosphates and the SPX domain. Curr. Opin. Biotechnol. 49, 156–162. doi: 10.1016/j.copbio.2017.08.012

 Kant, S., Peng, M., and Rothstein, S. J. (2011). Genetic regulation by NLA and microRNA827 for maintaining nitrate-dependent phosphate homeostasis in Arabidopsis. PloS Genet. 7, e1002021. doi: 10.1371/journal.pgen.1002021

 Karlsson, P. M., Herdean, A., Adolfsson, L., Beebo, A., Nziengui, H., Irigoyen, S., et al. (2015). The Arabidopsis thylakoid transporter PHT 4; 1 influences phosphate availability for ATP synthesis and plant growth. Plant J. 84, 99–110. doi: 10.1111/tpj.2015.84.issue-1

 Kurt, F., and Filiz, E. (2020). Biological network analyses of WRKY transcription factor family in soybean (Glycine max) under low phosphorus treatment. J. Crop Sci. Biotechnol. 23, 127–136. doi: 10.1007/s12892-019-0102-0

 Lazali, M., and Drevon, J. J. (2018). Role of acid phosphatase in the tolerance of the rhizobial symbiosis with legumes to phosphorus deficiency. Symbiosis 76, 221–228. doi: 10.1007/s13199-018-0552-5

 Li, C., Gui, S., Yang, T., Walk, T., Wang, X., and Liao, H. (2012). Identification of soybean purple acid phosphatase genes and their expression responses to phosphorus availability and symbiosis. Ann. Bot. 109, 275–285. doi: 10.1093/aob/mcr246

 Li, A., Hu, B., and Chu, C. (2021). Epigenetic regulation of nitrogen and phosphorus responses in plants. J. Plant Physiol. 258, 153363. doi: 10.1016/j.jplph.2021.153363

 Li, C., Li, K., Liu, X., Ruan, H., Zheng, M., Yu, Z., et al. (2021a). Transcription factor GmWRKY46 enhanced phosphate starvation tolerance and root development in transgenic plants. Front. Plant Sci. 12, 700651. doi: 10.3389/fpls.2021.700651

 Li, C., Li, K., Zheng, M., Liu, X., Ding, X., Gai, J., et al. (2021b). Gm6PGDH1, a cytosolic 6-phosphogluconate dehydrogenase, enhanced tolerance to phosphate starvation by improving root system development and modifying the antioxidant system in soybean. Front. Plant Sci. 12, 704983. doi: 10.3389/fpls.2021.704983

 Li, D., Wang, H., Wang, M., Li, G., Chen, Z., Leiser, W. L., et al. (2021). Genetic dissection of phosphorus use efficiency in a maize association population under two P levels in the field. Int. J. Mol. Sci. 22, 9311. doi: 10.3390/ijms22179311

 Li, Y., Wang, X., Zhang, H., Wang, S., Ye, X., Shi, L., et al. (2019). Molecular identification of the phosphate transporter family 1 (PHT1) genes and their expression profiles in response to phosphorus deprivation and other abiotic stresses in Brassica napus. PloS One 14, e0220374. doi: 10.1371/journal.pone.0220374

 Li, Z., Xu, C., Li, K., Yan, S., Qu, X., and Zhang, J. (2012). Phosphate starvation of maize inhibits lateral root formation and alters gene expression in the lateral root primordium zone. BMC Plant Biol. 12, 1–17. doi: 10.1186/1471-2229-12-89

 Li, X.-z., Zhang, X.-t., Bie, X.-m., Zhang, J., Jiang, D.-j., Tang, H., et al. (2024). Transcriptome analysis of axillary buds in low phosphorus stress and functional analysis of TaWRKY74 s in wheat. BMC Plant Biol. 24, 1. doi: 10.1186/s12870-023-04695-w

 Lin, H.-J., Gao, J., Zhang, Z.-M., Shen, Y.-O., Lan, H., Liu, L., et al. (2013). Transcriptional responses of maize seedling root to phosphorus starvation. Mol. Biol. Rep. 40, 5359–5379. doi: 10.1007/s11033-013-2636-x

 Liu, D. (2021). Root developmental responses to phosphorus nutrition. J. Integr. Plant Biol. 63, 1065–1090. doi: 10.1111/jipb.13090

 Liu, C., Bai, Z., Luo, Y., Zhang, Y., Wang, Y., Liu, H., et al. (2024). Multiomics dissection of Brassica napus L. lateral roots and endophytes interactions under phosphorus starvation. Nat. Commun. 15, 9732. doi: 10.1038/s41467-024-54112-5

 Liu, T.-Y., Huang, T.-K., Yang, S.-Y., Hong, Y.-T., Huang, S.-M., Wang, F.-N., et al. (2016). Identification of plant vacuolar transporters mediating phosphate storage. Nat. Commun. 7, 11095. doi: 10.1038/ncomms11095

 Liu, J., Yang, L., Luan, M., Wang, Y., Zhang, C., Zhang, B., et al. (2015). A vacuolar phosphate transporter essential for phosphate homeostasis in Arabidopsis. Proc. Natl. Acad. Sci. 112, E6571–E6578. doi: 10.1073/pnas.151459811

 López-Bucio, J., Hernández-Abreu, E., Sánchez-Calderón, L., Nieto-Jacobo, M. F., Simpson, J., and Herrera-Estrella, L. (2002). Phosphate availability alters architecture and causes changes in hormone sensitivity in the Arabidopsis root system. Plant Physiol. 129, 244–256. doi: 10.1104/pp.010934

 Lu, L., Qiu, W., Gao, W., Tyerman, S. D., Shou, H., and Wang, C. (2016). OsPAP10c, a novel secreted acid phosphatase in rice, plays an important role in the utilization of external organic phosphorus. Plant Cell Environ. 39, 2247–2259. doi: 10.1111/pce.v39.10

 Luan, M., and Lan, W. (2019). Escape routes for vacuolar phosphate. Nat. Plants 5, 9–10. doi: 10.1038/s41477-018-0343-2

 Luo, D., Usman, M., Pang, F., Zhang, W., Qin, Y., Li, Q., et al. (2024). Comparative transcriptomic and physiological analyses unravel wheat source root adaptation to phosphorous deficiency. Sci. Rep. 14, 11050. doi: 10.1038/s41598-024-61767-z

 Lv, L., Yu, K., Lü, H., Zhang, X., Liu, X., Sun, C., et al. (2020). Transcriptome-wide identification of novel circular RNAs in soybean in response to low-phosphorus stress. PloS One 15, e0227243. doi: 10.1371/journal.pone.0227243

 Lv, Q., Zhong, Y., Wang, Y., Wang, Z., Zhang, L., Shi, J., et al. (2014). SPX4 negatively regulates phosphate signaling and homeostasis through its interaction with PHR2 in rice. Plant Cell 26, 1586–1597. doi: 10.1105/tpc.114.123208

 Ma, B., Zhang, L., Gao, Q., Wang, J., Li, X., Wang, H., et al. (2021). A plasma membrane transporter coordinates phosphate reallocation and grain filling in cereals. Nat. Genet. 53, 906–915. doi: 10.1038/s41588-021-00855-6

 Ma, L., Zhang, D., Miao, Q., Yang, J., Xuan, Y., and Hu, Y. (2017). Essential role of sugar transporter OsSWEET11 during the early stage of rice grain filling. Plant Cell Physiol. 58, 863–873. doi: 10.1093/pcp/pcx040

 Maharajan, T., Ceasar, S. A., Krishna, T. P. A., and Ignacimuthu, S. (2019). Phosphate supply influenced the growth, yield and expression of PHT1 family phosphate transporters in seven millets. Planta 250, 1433–1448. doi: 10.1007/s00425-019-03237-9

 Malhotra, H., Vandana,, Sharma, S., and Pandey, R. (2018). Phosphorus nutrition: plant growth in response to deficiency and excess. Plant nutrients abiotic Stress tolerance, 171–190. doi: 10.1007/978-981-10-9044-8_7

 Marro, N., Lidoy, J., Chico, M.Á, Rial, C., García, J., Varela, R. M., et al. (2022). Strigolactones: New players in the nitrogen–phosphorus signalling interplay. Plant Cell Environ. 45, 512–527. doi: 10.1111/pce.14212

 Marro, N., Lidoy, J., Chico, M.Á, Rial, C., García, J., Varela, R. M., et al. (2021). Strigolactones: new players in the nitrogen-phosphorus signalling interplay. Plant Cell Environ. 1–6. doi: 10.1111/pce.14212

 Mehra, P., Pandey, B. K., and Giri, J. (2017). Improvement in phosphate acquisition and utilization by a secretory purple acid phosphatase (OsPAP21b) in rice. Plant Biotechnol. J. 15, 1054–1067. doi: 10.1111/pbi.2017.15.issue-8

 Mehra, P., Pandey, B. K., Verma, L., and Giri, J. (2019). A novel glycerophosphodiester phosphodiesterase improves phosphate deficiency tolerance in rice. Plant Cell Environ. 42, 1167–1179. doi: 10.1111/pce.13459

 Menéndez, E., and Paço, A. (2020). Is the application of plant probiotic bacterial consortia always beneficial for plants? Exploring synergies between rhizobial and non-rhizobial bacteria and their effects on agro-economically valuable crops. Life 10, 24. doi: 10.3390/life10030024

 Meng, X., Li, A., Yu, B., and Li, S. (2021). Interplay between miRNAs and lncRNAs: Mode of action and biological roles in plant development and stress adaptation. Comput. Struct. Biotechnol. J. 19, 2567–2574. doi: 10.1016/j.csbj.2021.04.062

 Mishra, S., Levengood, H., Fan, J., and Zhang, C. (2024). Plants under stress: exploring physiological and molecular responses to nitrogen and phosphorus deficiency. Plants 13, 3144. doi: 10.3390/plants13223144

 Miura, K., Lee, J., Gong, Q., Ma, S., Jin, J. B., Yoo, C. Y., et al. (2011). SIZ1 regulation of phosphate starvation-induced root architecture remodeling involves the control of auxin accumulation. Plant Physiol. 155, 1000–1012. doi: 10.1104/pp.110.165191

 Nagatoshi, Y., Ikazaki, K., Kobayashi, Y., Mizuno, N., Sugita, R., Takebayashi, Y., et al. (2023). Phosphate starvation response precedes abscisic acid response under progressive mild drought in plants. Nat. Commun. 14, 5047. doi: 10.1038/s41467-023-40773-1

 Olukayode, T., Chen, J., Zhao, Y., Quan, C., Kochian, L. V., and Ham, B.-K. (2023). Phloem-mobile MYB44 negatively regulates expression of phosphate transporter 1 in Arabidopsis roots. Plants 12, 3617. doi: 10.3390/plants12203617

 Ouyang, X., Hong, X., Zhao, X., Zhang, W., He, X., Ma, W., et al. (2016). Knock out of the PHOSPHATE 2 gene TaPHO2-A1 improves phosphorus uptake and grain yield under low phosphorus conditions in common wheat. Sci. Rep. 6, 29850. doi: 10.1038/srep29850

 Pan, T., Sun, X., Liu, Y., Li, H., Deng, G., Lin, H., et al. (2018). Heat stress alters genome-wide profiles of circular RNAs in Arabidopsis. Plant Mol. Biol. 96, 217–229. doi: 10.1007/s11103-017-0684-7

 Pang, J., Bansal, R., Zhao, H., Bohuon, E., Lambers, H., Ryan, M. H., et al. (2018). The carboxylate-releasing phosphorus-mobilizing strategy can be proxied by foliar manganese concentration in a large set of chickpea germplasm under low phosphorus supply. New Phytol. 219, 518–529. doi: 10.1111/nph.2018.219.issue-2

 Pang, J., Yang, J., Lambers, H., Tibbett, M., Siddique, K. H., and Ryan, M. H. (2015). Physiological and morphological adaptations of herbaceous perennial legumes allow differential access to sources of varyingly soluble phosphate. Physiologia Plantarum 154, 511–525. doi: 10.1111/ppl.2015.154.issue-4

 Parra-Almuna, L., Pontigo, S., Larama, G., Cumming, J. R., Pérez-Tienda, J., Ferrol, N., et al. (2020). Expression analysis and functional characterization of two PHT1 family phosphate transporters in ryegrass. Planta 251, 1–12. doi: 10.1007/s00425-019-03313-0

 Peng, Z., Tian, J., Luo, R., Kang, Y., Lu, Y., Hu, Y., et al. (2020). MiR399d and epigenetic modification comodulate anthocyanin accumulation in Malus leaves suffering from phosphorus deficiency. Plant Cell Environ. 43, 1148–1159. doi: 10.1111/pce.13697

 Poirier, Y., Thoma, S., Somerville, C., and Schiefelbein, J. (1991). Mutant of Arabidopsis deficient in xylem loading of phosphate. Plant Physiol. 97, 1087–1093. doi: 10.1104/pp.97.3.1087

 Prathap, V., Kumar, A., Maheshwari, C., and Tyagi, A. (2022). Phosphorus homeostasis: Acquisition, sensing, and long-distance signaling in plants. Mol. Biol. Rep. 49, 8071–8086. doi: 10.1007/s11033-022-07354-9

 Puga, M. I., Poza-Carrión, C., Martinez-Hevia, I., Perez-Liens, L., and Paz-Ares, J. (2024). Recent advances in research on phosphate starvation signaling in plants. J. Plant Res. 137, 1–16. doi: 10.1007/s10265-024-01545-0

 Puppala, K. R. (2018). Studies on Phytase Producing Yeasts and its application in Food and Agriculture. PhD Thesis. Pune, India: CSIR-National Chemical Laboratory.

 Rajamanickam, V., Sevanthi, A. M., Swarbreck, S. M., Gudi, S., Singh, N., Singh, V. K., et al. (2024). High-throughput root phenotyping and association analysis identified potential genomic regions for phosphorus use efficiency in wheat (Triticum aestivum L.). Planta 260, 142. doi: 10.1007/s00425-024-04577-x

 Rajput, P., Urfan, M., Sharma, S., Hakla, H. R., Nandan, B., Das, R., et al. (2024). Natural variation in root traits identifies significant SNPs and candidate genes for phosphate deficiency tolerance in Zea mays L. Physiologia Plantarum 176, e14396. doi: 10.1111/ppl.v176.3

 Ren, F., Zhao, C.-Z., Liu, C.-S., Huang, K.-L., Guo, Q.-Q., Chang, L.-L., et al. (2014). A Brassica napus PHT1 phosphate transporter, BnPht1; 4, promotes phosphate uptake and affects roots architecture of transgenic Arabidopsis. Plant Mol. Biol. 86, 595–607. doi: 10.1007/s11103-014-0249-y

 Ribot, C., Wang, Y., and Poirier, Y. J. P. (2008). Expression analyses of three members of the AtPHO1 family reveal differential interactions between signaling pathways involved in phosphate deficiency and the responses to auxin, cytokinin, and abscisic acid. Planta 227, 1025–1036. doi: 10.1007/s00425-007-0677-x

 Richardson, A. E., Lynch, J. P., Ryan, P. R., Delhaize, E., Smith, F. A., Smith, S. E., et al. (2011). Plant and microbial strategies to improve the phosphorus efficiency of agriculture. Plant Soil 349, 121–156. doi: 10.1007/s11104-011-0950-4

 Richardson, A. E., and Simpson, R. J. (2011). Soil microorganisms mediating phosphorus availability: phosphorus plant physiology. Plant Physiol. 156, 989–996. doi: 10.1104/pp.111.175448

 Roychowdhury, A., Srivastava, R., Akash, G., Zehirov, G., Mishev, K., and Kumar, R. (2023). Metabolic footprints in phosphate-starved plants. Physiol. Mol. Biol. Plants 29, 755–767. doi: 10.1007/s12298-023-01319-3

 Ruan, W., Guo, M., Xu, L., Wang, X., Zhao, H., Wang, J., et al. (2018). An SPX-RLI1 module regulates leaf inclination in response to phosphate availability in rice. Plant Cell 30, 853–870. doi: 10.1105/tpc.17.00738

 Rubio, V., Linhares, F., Solano, R., Martín, A. C., Iglesias, J., Leyva, A., et al. (2001). A conserved MYB transcription factor involved in phosphate starvation signaling both in vascular plants and in unicellular algae. Genes Dev. 15, 2122–2133. doi: 10.1101/gad.204401

 Sánchez-Calderón, L., López-Bucio, J., Chacón-López, A., Gutiérrez-Ortega, A., Hernández-Abreu, E., and Herrera-Estrella, L. (2006). Characterization of low phosphorus insensitive mutants reveals a crosstalk between low phosphorus-induced determinate root development and the activation of genes involved in the adaptation of Arabidopsis to phosphorus deficiency. Plant Physiol. 140, 879–889. doi: 10.1104/pp.105.073825

 Santoro, V., Schiavon, M., Visentin, I., Constán-Aguilar, C., Cardinale, F., and Celi, L. (2021). Strigolactones affect phosphorus acquisition strategies in tomato plants. Plant Cell Environ. 44, 3628–3642. doi: 10.1111/pce.v44.11

 Santoro, V., Schiavon, M., Visentin, I., Martin, M., Said-Pullicino, D., Cardinale, F., et al. (2022). Tomato plant responses induced by sparingly available inorganic and organic phosphorus forms are modulated by strigolactones. Plant Soil 474, 355–372. doi: 10.1007/s11104-022-05337-0

 Schneider, K. R., Smith, R. L., and O’Shea, E. K. (1994). Phosphate-regulated inactivation of the kinase PHO80-PHO85 by the CDK inhibitor PHO81. Science 266, 122–126. doi: 10.1126/science.7939631

 Secco, D., Wang, C., Shou, H., Schultz, M. D., Chiarenza, S., Nussaume, L., et al. (2015). Stress induced gene expression drives transient DNA methylation changes at adjacent repetitive elements. elife 4, e09343. doi: 10.7554/eLife.09343.035

 Shee, R., Shee, D., Sahid, S., Paul, S., and Datta, R. (2022). Glutathione induces Arabidopsis PHT1; 5 gene via WRKY75 transcription factor to regulate phosphate homeostasis. bioRxiv: 2022.2011. 2003.515049. 2022–11. doi: 10.1101/2022.11.03.515049

 Shen, C., Wang, S., Zhang, S., Xu, Y., Qian, Q., Qi, Y., et al. (2013). OsARF16, a transcription factor, is required for auxin and phosphate starvation response in rice (Oryza sativa L.). Plant Cell Environ. 36, 607–620. doi: 10.1111/pce.2013.36.issue-3

 Shen, C., Yue, R., Yang, Y., Zhang, L., Sun, T., Tie, S., et al. (2014). OsARF16 is involved in cytokinin-mediated inhibition of phosphate transport and phosphate signaling in rice (Oryza sativa L.). PLoS One 9. doi: 10.1371/journal.pone.0112906

 Shin, H., Shin, H. S., Chen, R., and Harrison, M. J. (2006). Loss of At4 function impacts phosphate distribution between the roots and the shoots during phosphate starvation. Plant J. 45, 712–726. doi: 10.1111/j.1365-313X.2005.02629.x

 Shi ShuLin, S. S., Wang DanFeng, W. D., Yan Yan, Y. Y., Zhang Fang, Z. F., Wang HuaDun, W. H., Gu Mian, G. M., et al. (2013). Function of phosphate transporter OsPHT2; 1 in improving phosphate utilization in rice. Chin. J. Rice Sci. 27, 457. doi: 10.3969/j.issn.1001-7216.2013.05.002

 Shukla, V., Kaur, M., Aggarwal, S., Bhati, K. K., Kaur, J., Mantri, S., et al. (2016). Tissue specific transcript profiling of wheat phosphate transporter genes and its association with phosphate allocation in grains. Sci. Rep. 6, 39293. doi: 10.1038/srep39293

 Singh, B., Boukhris, I., Kumar, V., Yadav, A. N., Farhat-Khemakhem, A., Kumar, A., et al. (2020). Contribution of microbial phytases to the improvement of plant growth and nutrition: a review. Pedosphere 30, 295–313. doi: 10.1016/S1002-0160(20)60010-8

 Sinha, D., and Tandon, P. K. (2020). Biological interventions towards management of essential elements in crop plants. Sustain. Solutions Elemental Deficiency Excess Crop Plants, 209–258. doi: 10.1007/978-981-15-8636-1_9

 Smith, S. E., and Read, D. J. (2010). Mycorrhizal symbiosis. 3rd ed. (London: Academic press).

 Solhtalab, M., Moller, S. R., Gu, A. Z., Jaisi, D., and Aristilde, L. (2022). Selectivity in enzymatic phosphorus recycling from biopolymers: isotope effect, reactivity kinetics, and molecular docking with fungal and plant phosphatases. Environ. Sci. Technol. 56, 16441–16452. doi: 10.1021/acs.est.2c04948

 Song, L., Yu, H., Dong, J., Che, X., Jiao, Y., and Liu, D. (2016). The molecular mechanism of ethylene-mediated root hair development induced by phosphate starvation. PloS Genet. 12, e1006194. doi: 10.1371/journal.pgen.1006194

 Srivastava, R., Sirohi, P., Chauhan, H., and Kumar, R. (2021). The enhanced phosphorus use efficiency in phosphate-deficient and mycorrhiza-inoculated barley seedlings involves activation of different sets of PHT1 transporters in roots. Planta 254, 1–17. doi: 10.1007/s00425-021-03687-0

 Stepanova, A. N., Yun, J., Robles, L. M., Novak, O., He, W., Guo, H., et al. (2011). The Arabidopsis YUCCA1 flavin monooxygenase functions in the indole-3-pyruvic acid branch of auxin biosynthesis. Plant Cell 23, 3961–3973. doi: 10.1105/tpc.111.088047

 Strock, C. F., Morrow de la Riva, L., and Lynch, J. P. (2018). Reduction in root secondary growth as a strategy for phosphorus acquisition. Plant Physiol. 176, 691–703. doi: 10.1104/pp.17.01583

 Su, T., Xu, Q., Zhang, F.-C., Chen, Y., Li, L.-Q., Wu, W.-H., et al. (2015). WRKY42 modulates phosphate homeostasis through regulating phosphate translocation and acquisition in Arabidopsis. Plant Physiol. 167, 1579–1591. doi: 10.1104/pp.114.253799

 Sun, B., Gao, Y., and Lynch, J. P. (2018). Large crown root number improves topsoil foraging and phosphorus acquisition. Plant Physiol. 177, 90–104. doi: 10.1104/pp.18.00234

 Sun, S., Gu, M., Cao, Y., Huang, X., Zhang, X., Ai, P., et al. (2012). A constitutive expressed phosphate transporter, OsPht1; 1, modulates phosphate uptake and translocation in phosphate-replete rice. Plant Physiol. 159, 1571–1581. doi: 10.1104/pp.112.196345

 Sun, M., He, Z., and Jaisi, D. P. (2021). Role of metal complexation on the solubility and enzymatic hydrolysis of phytate. PLoS One 16, e0255787. doi: 10.1371/journal.pone.0255787

 Sun, L., Song, L., Zhang, Y., Zheng, Z., and Liu, D. (2016). Arabidopsis PHL2 and PHR1 act redundantly as the key components of the central regulatory system controlling transcriptional responses to phosphate starvation. Plant Physiol. 170, 499–514. doi: 10.1104/pp.15.01336

 Taverna, S. D., Ilin, S., Rogers, R. S., Tanny, J. C., Lavender, H., Li, H., et al. (2006). Yng1 PHD finger binding to H3 trimethylated at K4 promotes NuA3 HAT activity at K14 of H3 and transcription at a subset of targeted ORFs. Mol. Cell 24, 785–796. doi: 10.1016/j.molcel.2006.10.026

 Tiziani, R., Pii, Y., Celletti, S., Cesco, S., and Mimmo, T. (2020). Phosphorus deficiency changes carbon isotope fractionation and triggers exudate reacquisition in tomato plants. Sci. Rep. 10, 15970. doi: 10.1038/s41598-020-72904-9

 Ueda, Y., Kiba, T., and Yanagisawa, S. (2020). Nitrate-inducible NIGT1 proteins modulate phosphate uptake and starvation signalling via transcriptional regulation of SPX genes. Plant J. 102, 448–466. doi: 10.1111/tpj.14637

 Unno, Y., Okubo, K., Wasaki, J., Shinano, T., and Osaki, M. (2005). Plant growth promotion abilities and microscale bacterial dynamics in the rhizosphere of Lupin analysed by phytate utilization ability. Environ. Microbiol. 7, 396–404. doi: 10.1111/j.1462-2920.2004.00701.x

 Valeeva, L. R., Nyamsuren, C., Sharipova, M. R., and Shakirov, E. V. (2018). Heterologous expression of secreted bacterial BPP and HAP phytases in plants stimulates Arabidopsis thaliana growth on phytate. Front. Plant Sci. 9, 186. doi: 10.3389/fpls.2018.00186

 van de Wiel, C. C., van der Linden, C. G., and Scholten, O. E. (2016). Improving phosphorus use efficiency in agriculture: opportunities for breeding. Euphytica 207, 1–22. doi: 10.1007/s10681-015-1572-3

 Vejchasarn, P., Lynch, J. P., and Brown, K. M. (2016). Genetic variability in phosphorus responses of rice root phenotypes. Rice 9, 1–16. doi: 10.1186/s12284-016-0102-9

 Versaw, W. K., and Garcia, L. R. (2017). Intracellular transport and compartmentation of phosphate in plants. Curr. Opin. Plant Biol. 39, 25–30. doi: 10.1016/j.pbi.2017.04.015

 Victor Roch, G., Maharajan, T., Ceasar, S. A., and Ignacimuthu, S. (2019). The role of PHT1 family transporters in the acquisition and redistribution of phosphorus in plants. Crit. Rev. Plant Sci. 38, 171–198. doi: 10.1080/07352689.2019.1645402

 Vogiatzaki, E., Baroux, C., Jung, J.-Y., and Poirier, Y. (2017). PHO1 exports phosphate from the chalazal seed coat to the embryo in developing Arabidopsis seeds. Curr. Biol. 27, 2893–2900.e2893. doi: 10.1016/j.cub.2017.08.026

 Wang, Y., Chen, Y. F., and Wu, W. H. (2021a). Potassium and phosphorus transport and signaling in plants. J. Integr. Plant Biol. 63, 34–52. doi: 10.1111/jipb.13053

 Wang, Y., Duran, H. G. S., van Haarst, J. C., Schijlen, E. G., Ruyter-Spira, C., Medema, M. H., et al. (2021b). The role of strigolactones in P deficiency induced transcriptional changes in tomato roots. BMC Plant Biol. 21, 1–21. doi: 10.1186/s12870-021-03124-0

 Wang, B., Gao, Z., Shi, Q., and Gong, B. (2022). SAMS1 stimulates tomato root growth and P availability via activating polyamines and ethylene synergetic signaling under low-P condition. Environ. Exp. Bot. 197, 104844. doi: 10.1016/j.envexpbot.2022.104844

 Wang, P., Li, G., Li, G., Yuan, S., Wang, C., Xie, Y., et al. (2021). TaPHT1; 9-4B and its transcriptional regulator TaMYB4-7D contribute to phosphate uptake and plant growth in bread wheat. New Phytol. 231, 1968–1983. doi: 10.1111/nph.v231.5

 Wang, Y., Wang, F., Lu, H., Liu, Y., and Mao, C. (2021c). Phosphate uptake and transport in plants: an elaborate regulatory system. Plant Cell Physiol. 62, 564–572. doi: 10.1093/pcp/pcab011

 Wang, T., Xing, J., Liu, Z., Zheng, M., Yao, Y., Hu, Z., et al. (2019). Histone acetyltransferase GCN5-mediated regulation of long non-coding RNA At4 contributes to phosphate starvation response in Arabidopsis. J. Exp. Bot. 70, 6337–6348. doi: 10.1093/jxb/erz359

 Wang, H., Xu, Q., Kong, Y.-H., Chen, Y., Duan, J.-Y., Wu, W.-H., et al. (2014). Arabidopsis WRKY45 transcription factor activates PHOSPHATE TRANSPORTER1; 1 expression in response to phosphate starvation. Plant Physiol. 164, 2020–2029. doi: 10.1104/pp.113.235077

 Wang, C., Ying, S., Huang, H., Li, K., Wu, P., and Shou, H. (2009). Involvement of OsSPX1 in phosphate homeostasis in rice. Plant J. 57, 895–904. doi: 10.1111/j.1365-313X.2008.03734.x

 Wang, G., Zhang, C., Battle, S., and Lu, H. (2014a). The phosphate transporter PHT4; 1 is a salicylic acid regulator likely controlled by the circadian clock protein CCA1. Front. Plant Sci. 5, 701. doi: 10.3389/fpls.2014.00701

 Wang, S., Zhang, S., Sun, C., Xu, Y., Chen, Y., Yu, C., et al. (2014b). Auxin response factor (Os ARF 12), a novel regulator for phosphate homeostasis in rice (Oryza sativa). New Phytol. 201, 91–103. doi: 10.1111/nph.2013.201.issue-1

 Wei, W., Tao, J.-J., Chen, H.-W., Li, Q.-T., Zhang, W.-K., Ma, B., et al. (2017). A histone code reader and a transcriptional activator interact to regulate genes for salt tolerance. Plant Physiol. 175, 1304–1320. doi: 10.1104/pp.16.01764

 Wei, X., Xu, X., Fu, Y., Yang, X., Wu, L., Tian, P., et al. (2023). Effects of soybean phosphate transporter gene GmPHT2 on Pi transport and plant growth under limited Pi supply condition. Int. J. Mol. Sci. 24, 11115. doi: 10.3390/ijms241311115

 Wu, H.-J., Wang, Z.-M., Wang, M., and Wang, X.-J. (2013). Widespread long noncoding RNAs as endogenous target mimics for microRNAs in plants. Plant Physiol. 161, 1875–1884. doi: 10.1104/pp.113.215962

 Xing, J., Wang, T., Liu, Z., Xu, J., Yao, Y., Hu, Z., et al. (2015). GENERAL CONTROL NONREPRESSED PROTEIN5-mediated histone acetylation of FERRIC REDUCTASE DEFECTIVE3 contributes to iron homeostasis in Arabidopsis. Plant Physiol. 168, 1309–1320. doi: 10.1104/pp.15.00397

 Xu, X. H., Guo, Y., Sun, H., Li, F., Yang, S., Gao, R., et al. (2018). Effects of phytase transgenic maize on the physiological and biochemical responses and the gut microflora functional diversity of Ostrinia furnacalis. Sci. Rep. 8, 4413. doi: 10.1038/s41598-018-22223-x

 Yang, X. J., and Finnegan, P. M. (2010). Regulation of phosphate starvation responses in higher plants. Ann. Bot. 105, 513–526. doi: 10.1093/aob/mcq015

 Yang, X., Hu, Q., Zhao, Y., Chen, Y., Li, C., He, J., et al. (2024). Identification of GmPT proteins and investigation of their expressions in response to abiotic stress in soybean. Planta 259, 76. doi: 10.1007/s00425-024-04348-8

 Yang, Y.-Y., Ren, Y.-R., Zheng, P.-F., Qu, F.-J., Song, L.-Q., You, C.-X., et al. (2020). Functional identification of apple MdMYB2 gene in phosphate-starvation response. J. Plant Physiol. 244, 153089. doi: 10.1016/j.jplph.2019.153089

 Yang, M., Sakruaba, Y., Ishikawa, T., Ohtsuki, N., Kawai-Yamada, M., and Yanagisawa, S. (2023). Chloroplastic Sec14-like proteins modulate growth and phosphate deficiency responses in Arabidopsis and rice. Plant Physiol. 192, 3030–3048. doi: 10.1093/plphys/kiad212

 Yang, Z., Yang, J., Wang, Y., Wang, F., Mao, W., He, Q., et al. (2020). PROTEIN PHOSPHATASE95 regulates phosphate homeostasis by affecting phosphate transporter trafficking in rice. Plant Cell 32, 740–757. doi: 10.1105/tpc.19.00685

 Ye, X., Fu, M., Liu, Y., An, D., Zheng, X., Tan, B., et al. (2018). Expression of grape ACS1 in tomato decreases ethylene and alters the balance between auxin and ethylene during shoot and root formation. J. Plant Physiol. 226, 154–162. doi: 10.1016/j.jplph.2018.04.015

 Yi, K., Menand, B., Bell, E., and Dolan, L. (2010). A basic helix-loop-helix transcription factor controls cell growth and size in root hairs. Nat. Genet. 42, 264–267. doi: 10.1038/ng.529

 Yong-Villalobos, L., Cervantes-Pérez, S. A., Gutiérrez-Alanis, D., Gonzáles-Morales, S., Martínez, O., and Herrera-Estrella, L. (2016). Phosphate starvation induces DNA methylation in the vicinity of cis-acting elements known to regulate the expression of phosphate–responsive genes. Plant Signaling 11, e1173300. doi: 10.1080/15592324.2016.1173300

 Yong-Villalobos, L., González-Morales, S. I., Wrobel, K., Gutiérrez-Alanis, D., Cervantes-Peréz, S. A., Hayano-Kanashiro, C., et al. (2015). Methylome analysis reveals an important role for epigenetic changes in the regulation of the Arabidopsis response to phosphate starvation. Proc. Natl. Acad. Sci. 112, E7293–E7302. doi: 10.1073/pnas.1522301112

 Yuan, J., Zhang, Y., Dong, J., Sun, Y., Lim, B. L., Liu, D., et al. (2016). Systematic characterization of novel lncRNAs responding to phosphate starvation in Arabidopsis thaliana. BMC Genomics 17, 1–16. doi: 10.1186/s12864-016-2929-2

 Zak, D., Kronvang, B., Carstensen, M. V., Hoffmann, C. C., Kjeldgaard, A., Larsen, S. E., et al. (2018). Nitrogen and phosphorus removal from agricultural runoff in integrated buffer zones. Environ. Sci. Technol. 52, 6508–6517. doi: 10.1021/acs.est.8b01036

 Zhang, W., Fang, D., Dong, K., Hu, F., Ye, Z., and Cao, J. (2023a). Insights into the environmental factors shaping lateral root development. Physiologia Plantarum 175, e13878. doi: 10.1111/ppl.v175.2

 Zhang, J., Gu, M., Liang, R., Shi, X., Chen, L., Hu, X., et al. (2021a). OsWRKY21 and OsWRKY108 function redundantly to promote phosphate accumulation through maintaining the constitutive expression of OsPHT1; 1 under phosphate-replete conditions. New Phytol. 229, 1598–1614. doi: 10.1111/nph.v229.3

 Zhang, H., Huang, Y., Ye, X., and Xu, F. (2010). Analysis of the contribution of acid phosphatase to P efficiency in Brassica napus under low phosphorus conditions. Sci. China Life Sci. 53, 709–717. doi: 10.1007/s11427-010-4008-2

 Zhang, Y., Li, T. T., Wang, L. F., Guo, J. X., Lu, K. K., Song, R. F., et al. (2022). Abscisic acid facilitates phosphate acquisition through the transcription factor ABA INSENSITIVE5 in Arabidopsis. Plant J. 111, 269–281. doi: 10.1111/tpj.15791

 Zhang, Z., Li, Z., Wang, W., Jiang, Z., Guo, L., Wang, X., et al. (2021). Modulation of nitrate-induced phosphate response by the MYB transcription factor RLI1/HINGE1 in the nucleus. Mol. Plant 14, 517–529. doi: 10.1016/j.molp.2020.12.005

 Zhang, Z., Liao, H., and Lucas, W. (2014). Molecular mechanisms underlying phosphate sensing, signaling, and adaptation in plants. J. Integr. Plant Biol. 56, 192–220. doi: 10.1111/jipb.12163

 Zhang, C., Meng, S., Li, M., and Zhao, Z. (2016). Genomic identification and expression analysis of the phosphate transporter gene family in poplar. Front. Plant Sci. 7, 1398. doi: 10.3389/fpls.2016.01398

 Zhang, W., Meng, Q., Liu, W., Qin, P., Li, B., and Xu, G. (2023b). Overexpressing Ugp1 promotes phosphate uptake and accumulation in rice (Oryza sativa). Physiol. Mol. Biol. Plants 29, 1409–1421. doi: 10.1007/s12298-023-01368-8

 Zhang, H., Uddin, M. S., Zou, C., Xie, C., Xu, Y., and Li, W. X. (2014). Meta-analysis and candidate gene mining of low-phosphorus tolerance in maize. J. Integr. Plant Biol. 56, 262–270. doi: 10.1111/jipb.12168

 Zhang, F., Wu, X.-N., Zhou, H.-M., Wang, D.-F., Jiang, T.-T., Sun, Y.-F., et al. (2014). Overexpression of rice phosphate transporter gene OsPT6 enhances phosphate uptake and accumulation in transgenic rice plants. Plant Soil 384, 259–270. doi: 10.1007/s11104-014-2168-8

 Zhang, J., Xu, H., Yang, Y., Zhang, X., Huang, Z., and Zhang, D. (2021b). Genome-wide analysis of long non-coding RNAs (lncRNAs) in two contrasting soybean genotypes subjected to phosphate starvation. BMC Genomics 22, 433. doi: 10.1186/s12864-021-07750-8

 Zhang, H., Yang, Y., Sun, C., Liu, X., Lv, L., Hu, Z., et al. (2020). Up-regulating GmETO1 improves phosphorus uptake and use efficiency by promoting root growth in soybean. Plant Cell Environ. 43, 2080–2094. doi: 10.1111/pce.13816

 Zhang, Z., Zhang, J., Xu, G., Zhou, L., and Li, Y. (2019). Arbuscular mycorrhizal fungi improve the growth and drought tolerance of Zenia insignis seedlings under drought stress. New Forests 50, 593–604. doi: 10.1007/s11056-018-9681-1

 Zheng, M., Liu, X., Lin, J., Liu, X., Wang, Z., Xin, M., et al. (2019). Histone acetyltransferase GCN 5 contributes to cell wall integrity and salt stress tolerance by altering the expression of cellulose synthesis genes. Plant J. 97, 587–602. doi: 10.1111/tpj.14144

 Zheng, X., Liu, C., Qiao, L., Zhao, J., Han, R., Wang, X., et al. (2020). The MYB transcription factor TaPHR3-A1 is involved in phosphate signaling and governs yield-related traits in bread wheat. J. Exp. Bot. 71, 5808–5822. doi: 10.1093/jxb/eraa355

 Zhou, W.-Y., Cai, Z.-R., Liu, J., Wang, D.-S., Ju, H.-Q., and Xu, R.-H. (2020). Circular RNA: metabolism, functions and interactions with proteins. Mol. Cancer 19, 1–19. doi: 10.1186/s12943-020-01286-3

 Zhou, Z., Wang, Z., Lv, Q., Shi, J., Zhong, Y., Wu, P., et al. (2015). SPX proteins regulate Pi homeostasis and signaling in different subcellular level. Plant Signaling 10, e1061163. doi: 10.1080/15592324.2015.1061163

 Zhou, X., Zha, M., Huang, J., Li, L., Imran, M., and Zhang, C. (2017). StMYB44 negatively regulates phosphate transport by suppressing expression of PHOSPHATE1 in potato. J. Exp. Bot. 68, 1265–1281. doi: 10.1093/jxb/erx026

 Zhu, C. Q., Zhu, X. F., Hu, A. Y., Wang, C., Wang, B., Dong, X. Y., et al. (2016a). Differential effects of nitrogen forms on cell wall phosphorus remobilization are mediated by nitric oxide, pectin content, and phosphate transporter expression. Plant Physiol. 171, 1407–1417. doi: 10.1104/pp.16.00176

 Zhu, X. F., Zhu, C. Q., Wang, C., Dong, X. Y., and Shen, R. F. (2017). Nitric oxide acts upstream of ethylene in cell wall phosphorus reutilization in phosphorus-deficient rice. J. Exp. Bot. 68, 753–760. doi: 10.1093/jxb/erw480

 Zhu, X. F., Zhu, C. Q., Zhao, X. S., Zheng, S. J., and Shen, R. F. (2016b). Ethylene is involved in root phosphorus remobilization in rice (Oryza sativa) by regulating cell-wall pectin and enhancing phosphate translocation to shoots. Ann. Bot. 118, 645–653. doi: 10.1093/aob/mcw044

 Zovkic, I. B., Paulukaitis, B. S., Day, J. J., Etikala, D. M., and Sweatt, J. D. (2014). Histone H2A. Z subunit exchange controls consolidation of recent and remote memory. Nature 515, 582–586. doi: 10.1038/nature13707




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Zulfiqar, Gu, Liu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        From genes to traits: maximizing phosphorus utilization efficiency in crop plants

      

        		

          1 Introduction

        



        		

          2 Phosphorus homeostasis in plants: mechanisms of uptake, transport, and storage

        



        		

          3 Genetic regulators influencing PUE

        

          		

            3.1 Decoding phosphate signaling pathways in plants

          

            		

              3.1.1 PHO pathway: regulation of Pi-responsive genes and increased phosphate uptake

            



            		

              3.1.2 PHT1 pathway: high-affinity phosphate transporters and membrane localization

            



            		

              3.1.3 MYB62 and WRKY75 pathways: transcription factors involved in Pi homeostasis and stress response

            



            		

              3.1.4 SPX pathway: negatively regulating phosphate transport and signal transduction

            



          



          



          		

            3.2 The intricate regulation of phytohormones in influencing PUE and allocation

          



          		

            3.3 Soil enzymes and phosphorus uptake in low-P availability environments

          

            		

              3.3.1 Phosphatases enhancing PUE and inorganic phosphate fixation

            



            		

              3.3.2 Phytate in facilitating ion-ligand complex formation to enhance PUE

            



          



          



        



        



        		

          4 Interplay between rhizosphere microorganisms and factors influencing phosphorus efficiency in plant roots

        

          		

            4.1 Root morphological adaptations to low-P conditions

          



          		

            4.2 Microbial interactions and P availability

          



          		

            4.3 Mechanisms of action: enzymatic and genetic interactions

          



          		

            4.4 Integration of microbial and genetic approaches for improved P efficiency

          



        



        



        		

          5 Impact of phosphorus on respiratory metabolism and ATP production under low-P conditions

        



        		

          6 Epigenetic modulation of phosphorus acquisition and utilization

        



        		

          7 Conclusion and future perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls.2025.1527547_cover.jpg
& frontiers | Frontiers in Plant science

From genes to traits: maximizing
phosphorus utilization efficiency in crop
plants





OEBPS/Images/fpls-16-1527547-g002.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
s
jottrrien

g

WY Famy

Gmassconion
i s

[———

Tomrn e

Sepune i -

eptne i -
oy

Sepive gl
ity
[rr—

e

s ot (TR

p———

et

[eraepr—

T

Ty

[T T—

R atr
iy e

[—

e e

[ ————
Pt e b

e ————
G Spuing g s ok st
Peecomi i ey

Neptn s oG b il
et P dn e ok s

i b oo g oo .
b romrmpysvvert el iR

It by st s e nd
i ety s et v,

o —
kg e et e g

P T ————

[ p—————
iy s T 2 PR e

D ey —
ey oo

e emp—
g o i

T —————
ik o e i

e ey g

[

[ —

[T ——
i iy

[ ————
oo it

R e s s e

T ———————
v

[ ——T—————
o IO 1 ATL e e i A
[ pe—

et et et b -
v s,

[ES——————

g, TR s o e
e o

o i b

g e e i
o oo i,

e i % s,

e —

Fapre—r)
e et o

s g s e s
e ey

[T —

e —r—
gy

e —
it

[y s—
Pt e ot i

[ —
e ————

S ——

e ——
gl e

[ yerw—
e i i

o——
TR e ot s

[reyeen—

e
R KT 1L OO 1R
ostiih ety

e

e,

e

e,

ey

At

e

g

Cormen)

e
(oot

S

[T

e

W





OEBPS/Images/fpls-16-1527547-g001.jpg





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1527547-g003.jpg
Bacteril genera

P Gx #F

Acirae
A Malate

 Oxatate.

(e domn Ji5

)

(31 Phytase enzymes

®
0
®

AR
N_

=

)
AMF

=
e e
o -
e R
et 1B, D% 20 A
A S L o
or of®
Organic acids. ® 7S T
Sy T Peotess pytobarmanes GAR)
piton L35\
i il s o vk

PsB






OEBPS/Images/table1.jpg
o

[

i

Vi g

pretig

Pt

e

e

Psion

o

sy
e

D e——
it tn
i

T e r———————
i e e a2 e
i it e L T S
ko o TP ot g b
i prmon o e vt y o s

P gt i o o e vl G i
[
INPTLSEshoces e o it AT b e e

i TS b e B AN o s LS
o et o e i A ol o

T T pe——
e e s e e

Ut U g gt s e st b
o oo e sgiog Otopeon o s s
54 vt i et e o T g

e 7T e e g o s s ke

prnin ol e P o i ot i Sy |
i b Nk o o

s P b s s AN g i

e i 8 . e

DT AT —r—
i

o e e 4 s i s

e e L ndios G2 ke sty M

[ ———
Sondog i 4T

[ T ————
g A7 e

T —————T T —
it

e 1 ped s, TS T i
A TS e b g

L S S S—
oy

[T Yo T ——e——]
Mt e T s e k.

St KTTCR
e
e iy i
S sty

TRty
ot

[re——

Quane e
g TR i
b

prept=yerey

Ouapin

[rem—
oo el
G ek g KT
PR i ik

[ —
sttty

oo pr—
Serer g i

st

ey
ot

o,

o,

e

.

o

[rovReerm






