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Abstract

:

Phosphorus (P) stands as a pivotal macroelement in relation to the growth of plants. It plays a significant role in physiological processes, as components of biofilms and nucleotides, and in metabolic activities within plants. The deprivation of phosphorus detrimentally impacts the growth and developmental of plants. However, the rhizosphere’s beneficial fungi and bacteria augment the efficacy of phosphorus uptake, participate in the molecular regulation of phosphorus, stimulate physiological alterations in plants, and facilitate signal transmission. In order to give readers a better understanding of the effects and positive roles of soil beneficial fungi and bacteria in regulating plant phosphorus acquisition and transport, this present review introduces the role and influence of rhizosphere microorganisms (fungi and bacteria) in assisting plant phosphorus absorption, and summarizes the key phosphorus transporters found in their interaction with plants. Using mixed microbial populations as composite microbial fertilizers has a positive effect on plants under phosphorus-deficiency conditions. It will be conducive to a better understanding of the mutualistic relationship between fungi, bacteria, and plants to provide a way to reduce the application of phosphorus fertilizers efficiently, and to provide a research background for the development of microbiological fertilizers.
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1. Introduction


Phosphorus (P), as an essential macroelement for plants, exerts profound influence on bud growth, seed germination, rhizome fortification, and seed maturation [1]. It constitutes a vital component of plasma membranes and nucleotides, governing respiration and photosynthesis while also impacting plant productivity and yield [2]. Phosphorus is mainly derived from rocks, and its availability is further affected by climatic, biological and topographic factors [3,4]. In China, the spatial distribution of soil phosphorus content exhibits wide-ranging disparities owing to climatic variations. The effective phosphorus content in soil often falls below 6 g/cm3, with plant uptake accounting for less than 1% of this fraction [5]. Considering its low mobility, phosphorus is easily fixed by soil [6]. Excessively increasing the application of phosphate fertilizers to meet the demands of plants for phosphorus [7,8] has variable repercussions on soil, vegetation, and even microorganisms [9,10].



Empirical studies have demonstrated that prolonged phosphorus fertilizer application can instigate alterations in soil phosphorus composition in acidic environments, culminating in heightened iron levels and increased iron aluminum phosphate content. In extreme cases, this leads to phosphorus leaching [11,12]. Furthermore, the excessive application of phosphate fertilizer may exert influence on the soil microorganism community structure and thus affect biodiversity [13]. The excessive utilization of phosphorus fertilizers may also result in the accentuation of heavy metal accumulation in the soil [14], thereby imposing stress on plant growth [15]. Thus, it is imperative to curtail the immoderate use of fertilizers.



Soil is teeming with an abundance of microorganisms, owing to its rich nutrient composition [16]. This diverse ecosystem harbors a multitude of microorganisms, including bacteria, fungi, actinomycetes, protozoa, and nematodes, among others. These microorganisms, each characterized by distinct traits, enact various functions within the soil, with particular emphasis on bacteria and fungi.



Microorganisms are involved in the soil phosphorus cycle and ecological balance [17]. Within the 0.5 mm radius surrounding the plant’s root, known as the rhizosphere, microorganisms reside that wield significant influence over plant growth [18]. This intricate microcosm plays an indispensable role in the reproduction and growth of plants [19], while also contributing to the cycling of carbon, nitrogen, phosphorus, and sulfur in the soil [20]. Recent research has harnessed the interactions between microorganisms and plants to enhance plant growth, increase yield, improve physiological parameters, etc. [21,22,23]. Microorganisms also play a vital role in facilitating the uptake of both major and trace elements by plants [24], including the macroelement phosphorus. Fungi and bacteria possess different phosphate transport (PT) systems that are used for the absorption and translocation of phosphorus, encompassing phosphorus response proteins, phosphorus uptake proteins, and phosphorus transport proteins. These microorganisms exert a crucial influence on the regulation of phosphorus transport and signal transduction, notably through the direct impact of phosphate transporter family proteins such as PHT (PH1, PHT2, PHT3, PHT4, and PHT5) and PHO1, which are associated with plant phosphorus stress [25]. Furthermore, their secretions and metabolites indirectly modulate the absorption of phosphorus by plants. By harnessing the potential of fungi and bacteria, the effective utilization of phosphorus fertilizers can be significantly enhanced, and the concurrent application of fungi and bacteria can yield even more favorable outcomes [26,27,28]. The combined application of various beneficial microorganisms has a more obvious absorption effect than that of single microorganisms on plant phosphorus. There is an interaction between bacteria and fungi. The division of labor and cooperation that ensue have a better effect on element absorption [29].



Therefore, elucidating the roles and mechanisms of fungi and bacteria in the absorption of plant phosphorus is instrumental in gaining a clearer understanding of the research field and molecular activities. This comprehension will facilitate the more effective identification of novel beneficial microorganisms and the advancement of microbiological fertilizers, thereby mitigating the detrimental impacts of phosphorus stress. Furthermore, it will furnish a theoretical foundation and research context for addressing the overreliance on phosphate fertilizers.



In this paper, we mainly analyze the roles of fungi in phosphorus transporters, the effects of low-phosphorus stress on plant physiological changes, the effects on plant phosphorus transport family genes, the effect of its secretions on the absorption of plant phosphorus, its regulation of phosphorus in non-mycorrhizal plants, etc. In addition, we also analyze the role of bacteria in phosphoprotein transport; the effects of bacteria on plant growth and development under phosphorus stress, or when reducing the application of phosphate fertilizer; and the effects of acid substances in bacterial secretions on soil phosphorus. Secondly, we underscore the beneficial impacts of combinations of mixed microbial populations on plants. Finally, through an analysis of the research on phosphorus in bacteria, fungi, and microbial fertilizers published in recent years, we delineate research trends related to microorganisms, and offer recommendations and prospects for the future development of microbial fertilizers.




2. Mechanism of Fungal-Mediated Phosphorus Transport and Effects on Plant Growth


2.1. Phosphate Transporters Play a Key Role in Plant–Fungal Interactions


In recent years, there has been an increase in the number of comprehensive investigations into the molecular mechanisms governing fungal phosphorus transport. It has been revealed that the fungal phosphorus transport system plays a pivotal role in phosphorus uptake in plants, as exemplified by the involvement of Hcpt1 and Hcpt2 [30,31]. The fungal absorption of phosphate occurs via the phosphate transporter present on the external hyphae, with the acquired phosphate promptly translocated to the vacuole of arbuscular mycorrhizal fungi (AMF) [32]. GiPT expression is regulated in response to phosphate concentrations in the environment surrounding the extra-radical hyphae and is affected by the overall phosphate status of the mycorrhiza [33]. In the endophytic fungus Glomus mosseae, the expression profile of GmosPT was found to be affected by different phosphorus concentrations [34]. It was also found that the high-affinity phosphate transporter GigmPT in Gigaspora margarita is required for AMF symbiosis [35]. The RiPT7 protein, found in Rhizophagus irregularis (a type of arbuscular mycorrhizal fungi (AMF)), serves as an inorganic phosphate bidirectional transporter protein, ensconced within the fungal cell membrane. Furthermore, the inhibition of RiPT7 gene expression impedes the transcriptional activities of genes associated with phosphorus response and transport. The deactivation of RiPT7 triggers the up-regulation of genes involved in polyphosphate synthesis, thereby exerting an impact on arbuscular development and phosphate homeostasis at the symbiotic interface of AMF [36].



Mycorrhizal fungus symbiosis involves two main types of phosphorus transporters: mycorrhizal-inducible protein and mycorrhizal-specific protein [37], as shown in Table 1.



Notably, a significant arbuscular mycorrhiza (AM)-inducible phosphate (Pi) transporter, LjPT3, has been isolated from Glomus mosseae-colonized roots in Lotus japonicus [38]. The phosphate transporter PT4 has been separated from Medicago truncatula [39], an ATP-binding cassette transporter. In barley, HVPT8, an inducible phosphorus transporter, is also involved in phosphorus transport through the mycorrhizal pathway [40]. It was found that the expression of phosphate transporter down-regulated 1 (ptd1) in Petunia would seriously increase the down-regulation of inducible transporters (PhPT3, PPT4, and PPT5) in mycorrhiza [41]. There is a mycorrhizal-inducible phosphate transporter, GmPT10 (or GmPT11), in the branching domain of the peri-arbuscular membrane of soybean [42]. We summarize the phosphate transporters involved in fungal–plant symbiosis in Table 1.



Furthermore, a specific phosphate transporter, StPT4, exclusively manifests in the mycorrhizal roots of Lycopersicon esculentum, underscoring the intricate interplay between these fungi and their host plants [43]. Additionally, the Pi transporter ZmPT6 has been identified in Zea mays L., and its mutation is associated with diminished mycorrhiza formation in maize roots [44]. The mycorrhiza-inducible PhPT3 and PhPT5, expressed at low levels in nonmycorrhized roots, further accentuate the significance of mycorrhizal symbiosis in facilitating phosphorus uptake [45], and the same applies to the genes linked to polyphosphate degradation in the phosphorus-responsive signaling pathway in AMF, as depicted in Figure 1. There are also specific proteins found in grapes. The high expressions of VvPht1-1 and VvPht1-2 promote the uptake of Pi in Funneliformis mosseae, thereby improving the growth of grapes [46].





 





Table 1. Fungal phosphorus-related transporters.
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	Name
	Species
	References





	Hcpt1/Hcpt2
	Hebeloma cylindrosporum
	[30]



	GiPT
	Glomus intraradices
	[33]



	GmosPT
	Glomus mosseae
	[34]



	GigmPT
	Gigaspora margarita
	[35]



	RiPT7
	Rhizophagus irregularis
	[36]



	LjPT3
	Lotus japonicus
	[38]



	PT4
	Medicago truncatula
	[39]



	HVPT8
	Triticum aestivum
	[40]



	StPT4
	Lycopersicon esculentum
	[43]



	ZmPT6
	Zea mays
	[44]



	PhPT3/PhPT5
	Solanum lycopersicum
	[45]



	GmPT10/GmPT11
	Glysin max
	[42]



	VvPht1-1/VvPht1-2
	Funneliformis mosseae
	[46]








Under conditions of low-phosphorus stress in rice, the transcriptional regulatory factor PHR2 emerges as the linchpin orchestrating mycorrhizal phosphate uptake. Its influence extends beyond targeted signal transduction, encompassing the modulation of mycorrhizal colonization and associated genes [47]. PHR2 exerts its regulatory effects by binding to the P1BS element in the promoter, thereby bolstering the AMF-dependent Pi uptake pathway in rice (Figure 1) [48]. Moreover, PHR can directly control gene expression in about 42% of AMF, affecting arbuscular mycorrhizal development-related genes and phosphate transporters [49]. Notably, PHR targets can activate the elusive golden ester biosynthetic gene, which is critical to AMF metabolism and branching, as well as the actions of dual oxidases 7 and 8A (CCD7 and CCD8A). Furthermore, PHR2 can stimulate the expression of genes involved in nutritional exchange, including wrinkled 5A (WRI5A), PT11, CERK1, and the symbiotic receptor-like kinase (SYMRK). Intriguingly, PHR2 also plays a role in the perception of fungal signals, thereby adding another layer of complexity to its multifaceted functions [50]. The potential sugar exporter MtSWEET1b in arbuscular mycorrhizal fungi is indispensable to substance exchange in mycorrhizal fungi [51]. To facilitate enhanced phosphorus acquisition, acid enzymes play a crucial role in solubilizing inorganic phosphorus. Notably, studies have demonstrated that the introduction of fungal acid enzyme synthesis genes (ex:: phyA) into tobacco plants can augment soil phosphorus content, offering a promising means to curtail phosphate fertilizer application [52].





[image: Agriculture 14 00358 g001] 





Figure 1. Phosphorus transport in extraradical mycelium (ERM) and intraradical mycelium (IRM) under low-phosphorus stress in arbuscular mycorrhiza. In ERM, phosphorus is transported to vacuoles through the transporters PT1, PT3 [53], PT5, and PT6 on the mycelium cell membrane. In the vacuole, inorganic Pi is polymerized into polyphosphate (polyP) [54] by the transporter chaperone (VTC) [55], and then reaches the IRM region through the hyphal channel. Within the IRM, AMF exopolyphosphatases Ppx1 and Ppn1 can precipitate polyP into inorganic Pi [56]. The transport protein PT7 on the endophyte mycelium cell is transported outside the cell membrane, and then the transport protein PT4 exports the inorganic Pi to the plant’s cell. The transporters PT1, PT2, and PT7 in the cell membrane of endophytic hyphae can obtain phosphate from plant cells to provide nutrients for hyphae (Drawing tools: FigDraw 2.0). 
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2.2. Fungi Affect Plant Physiological Traits and Reduce Phosphorus Fertilizer Application


In recent years, the scientific community has dedicated significant attention to the nuanced field of AMF, recognizing their pivotal role in shaping soil ecosystems and influencing a myriad of soil ecological functions. Research findings underscore the pivotal role of AMF in facilitating plants’ access to as much as 80% of inorganic phosphorus through a specialized “mycorrhizal phosphate uptake” (MPU) pathway, beside complementing the direct phosphorus uptake by the plants’ own root epidermal cortical cells [57]. This symbiotic relationship not only augments nutrient absorption in plants, but also exerts profound effects on their growth and development [58,59,60,61]. The examination of the symbiotic interaction between the fungus Botrytis cinerea goes and the economic crop cotton has unveiled the consequential impact of Botrytis cinerea goes on cotton growth, fiber maturation, and yield, along with augmentations in the phosphorus contents in the roots, stems, and leaves of the plant. Notably, the fungus elicits the up-regulation of phosphorus-related genes by modulating phosphorus transporter proteins under conditions of limited phosphorus availability [62]. Furthermore, compelling evidence has demonstrated the capacity of AMF to substantially enhance cassava yield in the absence of phosphorus fertilizer, production exceeds 50% of traditional fertilizers used by farmers. Explicitly, under conditions of reduced phosphorus fertilizer application, fungal mycelium has been shown to enhance the efficiency of phosphate fertilizers [63]. Notably, a discernible correlation has been established between fungi and the quantity of phosphorus fertilizer applied [64]. In the intricate dance between plants and microorganisms, the root morphology of plants changes to meet their nutritional needs. Some studies have found that even in the absence of phosphorus fertilizers, the extent of hyphal coverage on the root surface can expand up to 30 mm, indicative of a 15-fold increase in the phosphorus absorption range facilitated by hyphal networks [65]. However, it is noteworthy that endophytic fungi do not develop a highly branched mycelial structure, and their phosphate utilization efficiency is intricately intertwined with Trp-derived metabolite pathways [66].



Inoculation with Gigaspora margarita in the absence of phosphorus fertilization has been found to significantly enhance mint dry matter yield and elevate the levels of nitrogen, phosphorus, and potassium therein. But, under judicious phosphorus fertilization, there is a remarkable 89% increase in the aboveground biomass and essential oil content of mint, concomitant with enhanced fungal colonization [67]. The role of fungi in diverse phosphorus fertilizer treatments has proven effective in modulating the overall nutrient status of the soil, while also exerting positive influences on rooting depth, root volume, root dry weight, and root weight density, in addition to impacting aboveground plant biometrics [68,69]. Furthermore, the involvement of fungi has been observed to stimulate lateral root development in plants under phosphorus stress [70]. It is worth noting that the uptake of phosphorus by plants is intricately linked to alterations in root morphology [71], with the root system architecture (RSA) playing a pivotal role in the acquisition of these resources from the soil [72,73,74], thereby dictating a plant’s capacity to access phosphate, the primary form of phosphorus uptake by plants [75].



However, the effect is related to the C3 and C4 categories of plants. Some studies suggest that C4 plants undergo stronger interactions with AMF, and this can increase leaf phosphorus content [76]. C4 plants show a more active and effective response to AMF, which may be related to the higher demand for nutrient absorption and photosynthetic rate in C4 plants [77]. In addition to being related to plant species, the symbiosis of mycorrhizal fungi is related to a potential microbial system [78], which not only results in the accumulation of macroelements, but also in the enhancement of micronutrients. The presence of mycorrhiza allows the remodeling of microbial communities in the inner layer of the root, such as Actinomyces. Therefore, the host also actively regulates the role of the microbial community [79].




2.3. Fungi Are Involved in Plant Phosphorus Signal Transduction and Hormone Synthesis


Fungi influence plant phosphorus signaling. This is foremost seen in the plant’s own phosphorus transport system, and it was found that under fungal inoculation, fungi effectively activate four phosphorus transport proteins, CoPHO1-3 in the root system of Camellia oleifera, as well as CoPHO1-1, CoPHO1-3, and CoPHT1 in the leaves, thereby increasing phosphorus content in the roots [69]. The over-expression of the pht1.8 and pht1.6 genes in the PHT family of proteins has also been found in cereal crops (Hordeum vulgare, Zea mays) [80]. Under conditions of low-phosphorus stress, the up-regulation of three genes of SlPHT1 (SlPT3, SlPT4, and SlPT5) has been analyzed via the tomato transcriptome, with alterations seen in the expression of PHT family genes [81]. However, not all PHT family proteins were significantly up-regulated; PHT1-1 was significantly up-regulated in roots after EMR formation, but PHT1-3 and PHT1-4 showed down-regulation in roots [82].



In addition to directly affecting plant phosphorus signal transduction, hormone synthesis is also involved in the perception and operation of phosphorus signal transduction. Hormone levels affect the absorption of phosphorus, affect the development of root structure and the production of lateral root primordium [83,84], and stimulate lateral root development [85]. Plant hormones mediate root growth in response to phosphorus stress [86]. Endophytic fungi inoculation also significantly increases the concentration of indoleacetic acid, indole butyric acid, trans-zeatin, dihydrozeatin, and isopentenyl adenine in leaves and roots, but F. mosseae and S. indica were shown to generate relatively greater effects on leaves and roots, respectively [87]. Endophytic fungi were found to be involved in the production of several phytohormones in blueberry, including jasmonic acid, indoleacetic acid, abscisic acid, gibberellin and salicylic acid, while indole-3-acetic acid amide synthetase, which encodes a key enzyme for the synthesis of IAA, was significantly up-regulated under colonization by both fungi [88].




2.4. Fungal Secretions Contribute to the Transport of Phosphorus


Fungal secretions also play an important role in phosphorus uptake and transport. AMF release hyphal compounds into the soil, which can coordinate the colonization of the hyphal coil by various microorganisms. The composition of the hyphal coil is closely related to the rhizosphere environment and the soil. Nutrient cycling in the hyphal coil is influenced by changes in the microbiome [89,90], and changes in microbial functions lead to changes in organic nutrient cycling, which causes the hyphal coil to become a unique and important functional area in the ecosystem [91]. Then, fungi can also secrete organic acids and acid phosphatase to dissolve the fixed phosphates in the soil, thus increasing the inorganic phosphorus in the soil, which is beneficial to the absorption and utilization of plants [92]. Aspergillus and Penicillium are typical phosphate-solubilizing fungi [93]. Even under low-phosphorus conditions, mycelium was found to secrete more phosphatase than under high-phosphorus conditions, but this was not related to the phosphorus concentration in the plant, and was instead closely linked to the phosphorus content inside and outside the mycelium [94].



Fungi can also stimulate phosphorus-solubilizing bacteria (PSB) to produce phytic acid using the fructose secreted by mycelium as a signal, which indirectly provides a convenient medium for PSB. This improves the effectiveness of soil phosphorus by indirectly promoting its absorption by plants [95].




2.5. Phosphorus Transport and Uptake by Fungi Is Not limited to Mycorrhizal Plants


Previous studies on fungi have explored the relationship between symbiosis, growth promotion, and disease resistance on the basis of mycorrhizal plants, such as soybeans [96,97], wheat [98], corn [99], potatoes [100], and tomatoes [101]. At present, some correlation analyses have also been performed between non-mycorrhizal plants and fungi in relation to phosphorus absorption.



Fifteen endophytic fungi were detected in the model plant Arabidopsis thaliana under natural phosphorus deficiency conditions, among which fungi such as the Pleuromycetes were found to have positive effects on efficient phosphorus absorption and the synthesis of carbon hydrates under conditions of low-phosphorus stress [102]. In the Microthlaspi species of the cruciferae family, endophytic fungi are mainly saprophytic and facultative endophytic fungi, and the distribution of root microbial communities is driven by the ecological niche and environmental factors of the fungi [103]. The presence of these specific microbial communities is more adaptable to the environment of plants, and greatly improves element absorption [104,105]. In Brassica plants, studies have found a correlation between the types of Brassica plants and endophytic microbiota. The strain Colletotrichum tofieldiae can transfer phosphorus to the host under low-phosphorus stress, leading to phosphorus translocation, and stimulating the expression of phosphorus transport proteins PHT1.2 and PHT1.3, which colonize in the roots at high levels, thereby increasing the bud biomass of non-mycorrhizal plants (Brassica napus L.) and improving the phosphorus and magnesium uptake in rapeseed following inoculation in low-phosphorus environments [106]. In addition to the important role of endophytic fungi in phosphorus absorption, external hyphae can utilize external phosphorus nutrition to achieve phosphorus transfer, thereby improving the growth of non-mycorrhizal plants (spruce) and affecting the host’s translocation and absorption of other elements (N, P, and Mg) [107].





3. Bacteria-Mediated Phosphorus Transport System and Its Effects on Plant Growth


3.1. Phosphate Transporters Play an Important Role in the Interaction between Bacteria and Plants


Apart from fungi, which are crucial for plant growth, the rhizosphere of plants in soil contains a high-density bacterium called Plant-Growth-Promoting Bacteria (PGPB), which stimulates plant growth and boosts crop output. They are of great significance in improving the availability of phosphorus in soil, increasing the efficiency of phosphorus absorption and utilization by plants, and promoting the cycle of phosphorus in soil. As a result, research on PGPR applications has important theoretical and practical implications for the comprehensive utilization of resources and environmental protection.



The investigation of the regulatory mechanisms and signal transduction pathways governing bacterial phosphorus transport, as well as their collaborative interactions with plants in order to enhance phosphorus uptake, has emerged as a prominent research focus in the field of microbiology. Bacteria possess a comprehensive phosphorus transport system (Pt), consisting of PstS as a substrate-binding protein, PstC and PstA as transmembrane proteins, PstB as a phosphate-specific transporter, and PhoU, which is implicated in phosphate accumulation, bacterial pathogenesis, antibiotic production, bacterial persistence, and sensitivity to various stresses [108]. However, not all bacterial strains have the PhoU, and this protein is notably absent in Bacillus subtilis. In addition, the Pi signal transduction network in this bacterium incorporates a positive feedback loop between the PhoP–PhoR and ResD–ResE two-component systems [109]. Furthermore, the phosphate (Pho) regulator plays a pivotal role in maintaining phosphate homeostasis [110], a process governed by the PhoR/PhoB two-component regulatory system, in which PhoR, functioning as a membrane-signaling histidine kinase, is capable of interacting with proteins of the ABC-type phosphate-specific transport (Pst) system and PhoU, thereby exerting a crucial influence on bacterial phosphorus transport, which is vital for sustaining their metabolic activities and promoting plant growth [111]. Moreover, bacterial phosphorus transport proteins such as phoD, phoA, YP6, and phoC have been demonstrated to facilitate nutrient uptake by plants [112]. There is also a kind of symbiotic bacteria that can invade the interiors of plant tissues and lead to the local enlargement of plant roots. These are defined as Rhizobium, which are closely related to the absorption of nitrogen in plants, but also play an important role in the transport of phosphorus [113,114,115]. There is an important phosphorus transporter protein, PT7, in soybean nodules, which is located on the plasma membrane of the outer skin layer and participates in rhizosphere-to-nodule uptake and phosphorus translocation. The overexpression of this gene can effectively improve nodule development and nitrogenase activity, thereby effectively increasing soybean yield [116].



PT7 is a Pi transporter protein localized at the plasma membrane of the outer cortex and FZ of the nodules, which participates in Pi uptake from the rhizosphere to nodules and the further translocation of Pi to FZ. Most importantly, the overexpression of GmPT7 was shown to improve nodule development and nitrogenase activity, leading to a significant increase in soybean yield in the field. There is also a nodule high-affinity phosphate (Pi) transporter gene, GmPT5, whose expression was found to be elevated in response to low-phosphorus levels. GmPT5 controls Pi’s movement from roots to nodules. It is critical for maintaining Pi homeostasis in nodules, and regulating soybean nodulation and growth performance [117]. Some studies have also found that vacuolar transporters (VPTs), mutants vpt2 and vpt3, significantly reduce the numbers of nodules and nitrogenase activity under different phosphate conditions. VPT2 and VPT3 may regulate phosphorus adaptation and Rhizobium legume symbiosis by regulating long-distance Pi transport [118]. Additionally, in Medicago truncatula, the phosphate transporter gene MtPT6 was found to be expressed in shoots, roots, and nodules, and responded to low-phosphate stress. Moreover, MtPT6 could improve phosphate acquisition in transgenic Arabidopsis [119]. We summarized the phosphate transporters that play an important role in the interaction between bacteria and plants, shown in Table 2.



In plant phosphorus transport, PHT transporters maintain the homeostasis and transport of phosphorus in cells, as well as signal transduction [120]. Low-phosphorus stress induces phosphate starvation response 1 (PHR1) [121,122], which can directly induce the expression of PHT1, thereby promoting plant phosphorus acquisition [123]. The results suggest that nodule initiation and growth may both be controlled by PHR–PHT1 modules. Silencing the gene GmPHT1;11 will reduce the numbers and sizes of nodules. The overexpression of PHR1 affects nodulation [124]. This indicates that the growth of Rhizobium will also be regulated by plant genes, and the role of phosphorus for both bacteria and plants is the same. It has also been found that GmPHR1 in soybean rhizomes is a rhizoma-specific transcription factor, different from the typical PHR1 in plants, because GmPHR1 has a short N-terminus before its MYB-CC structural domain and is highly susceptible to being infected by Rhizobium. The overexpression of the GmPHR1 and GmPHR16 genes affects the development of root hairs [125]. Furthermore, under conditions of Pi starvation, GmPHR1 can bind to the promoter sequence and activate the expression of GmPAP12 to maintain the homeostasis of P and N [126]. This is an important key to nodulation, root growth, nutrient uptake, and improved soybean yield. It also plays an important role in phosphorus uptake and the regulation of homeostasis.




3.2. Bacteria Convert Soil Phosphorus, Which Helps Plants to Effectively Uptake Phosphorus


Soil phosphorus is mainly composed of inorganic insoluble phosphorus. This is because the main part of soil phosphorus is tightly adsorbed in mineral particles, combined with organic matter, or precipitated as insoluble salts, and only very little phosphorus is available for plant use in soils and bedrock [127,128]. With phosphorus fertilizer inputs, soil erosion aggravates the global soil phosphorus deficiency [129,130,131,132]. While microorganisms play an important role in the solubility of insoluble phosphorus in soils, the phosphorus cycle also plays an important role, and is a potential driving factor of agricultural and environmental engineering [133].



There are a series of bacteria in the soil that have the ability to dissolve inorganic phosphates, such as dicalcium phosphate, tricalcium phosphate, and phosphate. These bacteria are considered “phosphorus-solubilizing bacteria” (PSB). While providing phosphorus to plants, they enhance the solubility of phosphorus, increase the content of inorganic phosphorus in the soil, reduce phosphorus fixation, and effectively increase phosphorus content. They include Bacillus, Pseudomonas [134], Rhizobium [135], and Burkholderia [136]. Acids are effective in dissolving insoluble chelates in the soil [137,138], and these bacteria increase phosphorus effectiveness and drive phosphorus cycling through their own secretions and metabolites [139], as shown in Figure 2.



They increase the efficiency of phosphorus utilization by secreting phytic acid, acid phosphatase [140], etc. PSB can not only promote the plant’s uptake of phosphorus, but also increase crop yield and reduce the required application of phosphorus fertilizer. An efficient type of PSB isolated from soil strain JP233 dissolved insoluble P into soluble forms, and the molybdate reactive phosphorus (MRP) content reached 258.07 mg/L in an NBRIP medium containing 5 g/L Ca3(PO4)2 within 48 h [141]. Organic acids can also dissolve insoluble phosphorus compounds (calcium, iron, and aluminum phosphates) in the soil [142]. The oxalic and malic acids produced by PSB16 (Bacillus sp.) are capable of obtaining phosphate from phosphate rock (PR) to promote aerobic rice growth [143]. The tricarboxylic acid cycle (TCA cycle) is the main pathway leading to the production of acids, which is the core energy source and a prerequisite for the synthesis of biological compounds in living organisms [144,145,146]. The TCA cycle is also present in bacteria, and the acids secreted by it can efficiently dissolve insoluble phosphorus. It was found that the TCA cycle pathway-related genes of the PSB strain Pseudomonas W134 were up-regulated, and they produced more organic acids in the presence of different phosphorus treatments, as well as under low-phosphorus stress. A transcriptome study revealed that PSB W134’s TCA cycle pathway-related genes were up-regulated, producing more organic acids, and that low-phosphorus stress resulted in significantly higher quantities of formic acid, ascorbic acid, acetic acid, citric acid, and succinic acid [147]. The researchers also identified the presence of the glucose dehydrogenase enzyme and its promoter region of Serratia sp. S119, a gene coding the biosynthesis pathway of gluconic acid. It is also a major member of the group that dissolves insoluble phosphorus in soil [148,149]. Some studies have also found an interaction between AFM and PSB. Under in vitro cultivation or soil conditions, arbuscular mycorrhizal hyphae transfer PSB to the vicinity of insoluble phosphorus patches. Secreting acids enhance organic phosphorus mineralization on the part of PSB. PBS move in a thick water film formed around fungal hyphae [150]. In conclusion, bacteria play an important role in helping plants to indirectly translocate phosphorus and mineralize phosphorus sources for soil phosphorus cycling and regulation, which will aid in reducing phosphorus fertilizer application, with significant prospects and implications.




3.3. Beneficial Bacteria Regulate Plants’ Growth and Development and Reduce Phosphorus Fertilizer Application


PSB provide nutrients for plants, improve soil nutrient balance, and enhance green development. They are also considered the most environmentally friendly biotechnology that can be used to provide nutrients for plants [151]. In the 1990s, researchers discovered phosphorus-solubilizing microorganisms (PSM) and isolated some bacteria. With greater in-depth research on microorganisms, more and more studies have reported their important effects on soil phosphorus. Rafael [152] found that, under phosphate-restricted growth conditions, some bacteria replace their membrane phospholipids with phosphorus-deficient lipids. Under restricted phosphate conditions, in Sinorhizobium melilotii, membrane phospholipids provide a source of metabolizable inorganic phosphates that can be used to synthesize other essential phosphorus-containing biomolecules [153]. This enables it to satisfy its own phosphorus transport and plant phosphorus uptake.



Inoculating Rhizobium into regular soybeans was found to increase the number of pods, fresh weight, and dry weight of soybeans, and these effects have been well validated in field experiments, making a beneficial contribution to reducing fertilization and associated carbon. In [154], the combination of a phosphorus fertilizer at different gradients with PSB was more effective in promoting the tillering number and grain weight, and enhancing the yield of wheat, than using phosphorus fertilizer alone. The addition of PSB can effectively reduce the requirements for phosphorus fertilizer. Under low-phosphorus conditions, it affected the length, surface area, diameter and intracellular phosphatase activity of wheat roots, effects that are significantly correlated with better phosphorus absorption [155]. PSB can effectively increase the content of available phosphorus in soil, and promote the yield of peanut grain and the biomass of the bud [156]. PSB can provide plants with the required nutrients even at phosphorus levels ranging from 0.1 to 10 μm [157]. On the contrary, the excessive use of phosphate fertilizer can reduce the activity of these enzymes, which can alleviate the oxidative response of plants under stress [158].




3.4. Colonization of Bacterial Communities in Plants Is influenced by Phosphorus


Phosphorus not only affects plant growth, but also affects the community structure of bacteria. In the non-mycorrhizal plant Arabidopsis thaliana L., Burkholderia was specifically enriched in plant tissue under P activation, and different phosphorus concentration states affect the enrichment and colonization of the bacterial community [159]. Auxin is an important factor in phosphorus regulation [160]. PSB can also help Solanaceae resist pathogens after being soaked in bacterial fertilizers, such as reducing Fusarium oxysporum [161], Aspergillus, Penicillium [162], and Botrytis cinerea by 48% [163], as well as Macropomina phaseolina [164] and Pseudomonas aeruginosa [165], and this may be related to the discovery of antibiotic-resistance genes in PSB [166]. Studies have shown that under low-phosphorus stress, bacteria are more sensitive to phosphorus enrichment and recruitment than fungi [167]. Under low-phosphorus stress, the bacterial community diversity of rice (Oryza sativa L.) was significantly higher than that of fungi, but when the phosphorus level was sufficient, the diversity of fungi was higher than that of bacteria [168]. This shows that under different phosphorus gradients, fungi and bacteria display a clear division of labor, with their own respective dominant positions.




3.5. Bacterial Hormones Indirectly Affect Phosphorus Uptake by Plants


These PSB can not only dissolve phosphorus, but also produce various hormones (gibberellin [169,170], auxin [171], and cytokinin [172]) that stimulate plant growth, affect plant hormone synthesis and signal transduction, and improve crop productivity [173]. There are close links between hormone signaling and phosphorus absorption and transport [174,175]. Two bacterial strains isolated from rhizosheath (Chryseobacterium culicis and Paenibacillus polymyxa) were found to affect rhizosheath development, which appeared to be directly related to the ability of Flavobacterium sp. and Chryseobacterium culicis to produce growth hormones, while barley root sheaths inoculated with auxin-mutant strains were significantly stunted [176]. Studies have shown that the metabolic synthesis of growth hormones in plants is affected by the concentration of growth hormone in the soil, which appears to be linked to the bacterial production of the hormone [177]. There is no simple material exchange between plants and the auxin-producing bacteria. The study found that the auxin-secreting bacterium B. velezensis triggers an immune response in Arabidopsis. The auxin secreted by bacteria can reduce the amount of reactive oxygen species produced by the plant immune response. The production of reactive oxygen species in plants can induce an increase in auxin and improve root colonization [178].





4. Effect of a Combination of Mixed Microbial Populations on Plant Phosphorus Acquisition


4.1. Co-Application of Fungi and Bacteria Improves Crop Yields and Reduces Phosphorus Fertilizer


At present, research on soil microorganisms is no longer limited to the effects and impacts of single microorganisms on plants. Studies have shown that interactions between multiple strains are more beneficial to plants. There is a cooperative relationship between fungi and bacteria [179,180,181]. In field experiments, the effects of the interaction between AMF and PSB were significantly different compared to those derived using a single fertilizer, promoting the photosynthetic rate, leaf area, plant height, and inulin content of sunflowers. There is a significant positive correlation between the presence of PSB and the colonization of AMF [182]. Two types of microorganisms are responsible for different functions: PSB is responsible for dissolving phosphate, and AMF is responsible for transporting and helping plants absorb nutrients [183]. PSB and AMF play different roles in the intercropping of corn and soybeans. The application of arbuscular fungi and intercropping modes can effectively improve phosphorus absorption efficiency and greatly increase corn yield. However, the co-inoculation of AMF and PGPB significantly increases soil phosphorus migration [184]. The Pseudomonas and AMF isolated from onions significantly increase the weight of wheat grains in phosphorus-deficient soil compared to a single inoculation. Different combinations of fungi have different effects, and during the interaction, phosphorus is taken up from the outside. AMF and endophytic bacteria not only improve the quality of fruit, but also increase the amounts of trace elements in navel oranges. The activity of soil total phosphatase is positively correlated with the amount of bacteria present, which depends upon the proportions of different strains and combinations [185].



Moreover, an exchange of elements occurs between fungi and bacteria, and AMF releases a large amount of C into the environment, triggering the growth and activity of PSB. In return, PSB enhance the mineralization of organic phosphorus and increase the phosphorus availability of AMF. When the soil’s available phosphorus content is low, PSB compete with AMF for P, and this activity is not stimulated by fungi. When phosphorus is added to increase the soil’s available phosphorus, PSB promote the growth of AMF hyphae, and PSB activity is stimulated by fungi [186]. In short, fungi and bacteria are beneficial for use as composite microbial fertilizers to increase agricultural production, providing a better, more sustainable approach to field management [187].




4.2. Co-Application of Two or More Bacteria Is Effective for Plant Phosphorus Uptake


In addition to the significant effects of fungi and bacteria, the use of multiple bacteria also reflects their potential values. The mixed application of Pseudomonas and Panococcus can promote the leaf stem length, leaf number, stem number, and dry weight of mint. Although both chemical and organic phosphorus fertilizers can increase the photosynthesis of peppermint, the addition of biological agents not only increases the protein content, but also increases the contents of various antioxidant enzymes, such as catalase, ascorbate peroxidase, and superoxide dismutase [188]. Bacteria isolated from Abies fabri (Mast.), even a mixed bacterial fertilizer diluted 60 times (the basic concentration was 3 × 108 CFU/mL), has a better effect on promoting the fresh weight and plant height of Abies fabri (Mast.) seedlings than a single bacterial agent. At the same time, it also increased the contents of total nitrogen, total phosphorus, and potassium in leaves, and increased the contents of acid phosphatase and urease in the soil [189]. Two types of purple nonsulfur bacteria (PNSB) from Artemisia annua L. [190] have been validated for use in low-acidic saline soil. They can not only dissolve insoluble phosphorus (AL-P, Ca-P) and effectively reduce salt toxicity, but they also reduce the requirements of phosphorus fertilizer application by 50% [191]. Bacillus thuringiensis used Ca(PO), FePO, and AlPO as the sole P resource, and this significantly increased water-soluble phosphate concentrations, which reached 555.84 mg/L. This promoted plant growth and reduced shoot Pb concentrations when the plant was grown in artificially Pb-contaminated soil [192]. Mixed bacterial fertilizers also have a significant effect on fruit. Using the mixed bacteria of Bacillus subtilis increased the anthocyanin content in the flesh of blood orange, improved the acidity in the juice, and enhanced the taste of the fruit, and has contributed to the growth of the agricultural economy. At the same time, it also helped farmers reduce the use of chemical fertilizers by half [193]. In addition to mixed microbial agents, the use of different composts and combinations of mixed microbial populations also improved the soil microbial community’s structure, increased the phosphorus content of sugarcane buds, and increased the contents of nitrogen and potassium [194].



From the above research, we can infer the superiority of a combination of multi-microbes, implying that it is necessary to develop more combinations of mixed microbial populations. Delving into the molecular mechanisms underlying these relationships and conducting research spanning from the macrocosmic to the microcosmic will be essential. This holds great potential in relation to enhancing our understanding of the network dynamics and compositional structure, the functional expression, and other relevant facets, of these complex ecosystems.





5. Conclusions


Under phosphorus stress, during the symbiotic development of fungi and plants, high-efficiency phosphorus transporters such as PT1, PT3, PT8, PT5, PT6, and PT7 help plants take up phosphorus (Figure 1) and induce the phosphorus transcription factor PHR to regulate downstream PHT family proteins. In addition, the effects of the inoculation of beneficial fungi on plant physiological traits, such as plant stem diameter, leaf and root development, and yield, under phosphorus stress have been elucidated. Furthermore, we have proposed that the inoculation of fungi can increase the absorption of phosphorus by plants, thereby reducing the amount of phosphate fertilizer required. We also discussed how the inoculation of fungi results in the stimulation of hormones and genes that regulate plant phosphorus, including PHO1 and PHT family proteins. We also found that inoculation with fungi had an effect on plant hormone synthesis, and hormones had an important connection to phosphorus transport. We also found that the organic acid and phosphatase in the secretions of fungi are beneficial to the absorption of phosphorus by plants. We also expanded our understanding of the roles and impacts of fungi on plant phosphorus uptake in relation to non-mycorrhizal plants. All of this fully illustrates the importance of beneficial fungi in plant phosphorus acquisition and the mechanisms by which they work.



In summarizing the mechanisms of bacteria involved in plant phosphorus acquisition, we first introduced the same bacteria’s own comprehensive phosphorus transport system (Pt), which is essential in helping bacteria to transport phosphorus. In addition, we found that PT7, PT2, PT3, PT6, and PT5 (Table 2) are important proteins involved in phosphorus uptake and acquisition. At the same time, we found that the inoculation of bacteria will affect the transcription factor PHR, which seems to be related to the colonization and symbiosis of bacteria in roots. Secondly, we elaborated on the transfer and dissolution roles of bacterial secretions in relation to soil phosphorus, such as phytic acid, malic acid, citric acid, and lactic acid (Figure 2). In addition, we also found that the hormones secreted by bacteria can indirectly promote the transport of phosphorus by plants, and can be utilized and transformed by plants. These include auxin and ethylene. Through the elaboration of the effects of bacterial inoculation on the plant roots’ surface area, grain size, pod number, bud, tillering number, etc., we showed that beneficial bacteria can also affect plant growth and phosphorus absorption, and reduce the amount of phosphate fertilizer used. Soil phosphorus content has an important influence on the composition of the bacterial community. Under different phosphorus concentrations, the community divisions of bacteria and fungi are different, but each play an important role.



Finally, we found that using the compound microbial fertilizer as a biological fertilizer is more effective than using a single microbial inoculation. They jointly promote plant photosynthesis and yield, and stimulate soil phosphorus transfer, thereby reducing the amount of phosphorus fertilizer used. Bacteria and fungi can not only exchange elements, but also increase the availability of phosphorus in soil. Fungi can enhance the uptake of phosphorus by plants, and bacteria can also effectively increase the activity of fungi. Therefore, we analyzed the results of inoculation experiments performed on a variety of mixed microorganisms and concluded that the use of mixed microorganisms shows advantages related to the development and role of mutual relations. The two microorganisms can help plants to absorb phosphorus more efficiently.




6. Application Prospects of Composite Microbiological Fertilizer and Suggestions


By searching on the Web of Science (WOS) database, we found 1200 high-frequency articles with the keywords phosphorus, bacteria, fungi, growth-promoting bacteria, PGPR, and microbial inoculants, and then used the VOS viewer software (1.6.19.0) to perform a cluster analysis (Figure 3). We found that the research on phosphorus, bacterial fertilizer, biological bacteria, and growth-promoting bacteria has been popular in recent years, which has certain application and development prospects. The research on phosphorus is more focused on phosphorus fertilizers, phosphorus availability, bio-bacterial fertilizers, yield increase, phosphorus transport and absorption, gene regulation and expression, phosphorus and IAA synthesis, and the association with beneficial strains.



In addition to being associated with nutrients, microorganisms can decompose organic matter to increase humus content [195], mineralize the soil, and reduce pesticide and pollution in the soil through the secretion of enzymes and the development of special degradation pathways, thus maintaining a healthy balance of the soil. Microorganisms provide the necessary nutrients, amino acids [196], and carbohydrates [197] for plants. The various antibiotics secreted [198], as well as alkaloids [199], iron carriers [200], lipopeptides [201], fatty acids [202], and hydrogen cyanide substances [203], effectively kill pathogenic and harmful bacteria. Fungi and bacteria in the soil work together to help plants absorb nutrients. In different living environments, there are different examples of biocoenosis, with organisms working together and complementing each other. Plants provide microorganisms with the required growth conditions and nutrients, such as sugars [204], phenolic acid [205], carbohydrates, photosynthesis products, amino acid metabolites [206], flavonoids [207], vitamins [208], and plant hormones [209]. These have been closely studied in experiments and in the field; they provide nutrients for plants, help plants resist pathogens and pests, improve soil structure and provide plants with a greater ability to survive, thereby promoting plant growth.



In order to ensure the effectiveness of microbial agents and their convenience of use, with a longer shelf life and greater effectiveness in actual use, the development of good microbial agents is necessary [210]. To date, there have been studies on microbial wrapping agent materials seeking to elucidate the effects and applications of microbial fertilizers. Using modified calcium alginate capsules [211] and poly(butylene succinate) (PBSU)/starch-based composites as biodegradable bacterial encapsulation matrix materials to wrap bacteria, the bacterial fertilizer formed had slow-release properties and increase the duration of bacterial fertilizers’ efficacy [212]. This also decreases the use of a large number of chemical fertilizers by farmers, reduces the environmental impacts caused by the excessive application of chemical fertilizers, reduces carbon dioxide emissions to a certain extent, and contributes to green and sustainable development with carbohydrate-active enzymes [213].



Applying these beneficial microorganisms as biological agents to the field contributes to the concept of “green sustainable development”, and provides a feasible solution to carbon peaking and carbon neutralization. As previously suggested, the composite strain surpassed its single-strain counterpart in efficacy. The advantageous microorganisms not only enhance plant phosphorus absorption, but also confer resistance against pests and diseases. Furthermore, the developed encapsulation agents augment their effectiveness, reduce application duration, and reduce expenditure. Therefore, the cultivation of additional strain combinations and novel strains, alongside the investigation of bacterial encapsulation agents, holds great promise. Moreover, the elucidation of the mechanism by which bacteria facilitate plant growth and bolster disease resistance warrants further scrutiny. For instance, the literature is notably sparse on the subject of rhizobial phosphorus transporters. The burgeoning research interest in microbial studies, as evidenced by the aforementioned research hotspots, signifies that there remains wide scope for enhancing beneficial microorganisms.



In recent years, substantial strides have been made in the research into and development of microbial fertilizers. However, their uptake among farmers has been limited, with their usage falling well short of that of traditional fertilizers due to a lack of awareness. Addressing this disparity necessitates a two-pronged approach. Firstly, emphasizing the economic benefits of microbial fertilizers through large-scale experiments and demonstrations is imperative. Secondly, concerted efforts to underscore the ecological and societal advantages of adopting microbial fertilizers through robust policy promotions and guidance are essential. Furthermore, bolstering the fundamental theoretical research on microbial fertilizers, encompassing aspects such as microbial fertilizer mechanisms, the identification of superior microbial strains, and the development of multifunctional microbial fertilizers, is indispensable for fostering the continuous advancement of the microbial fertilizer industry and catalyzing the sustainable evolution of agriculture.



Microorganisms, though diminutive, wield considerable influence over the global market and agricultural practices, holding new economic prospects. In the context of pandemic-induced economic volatility, an unwavering commitment to scientific advancement will open new vistas in the microbial market. Embracing microbial agents as an environmentally friendly avenue is pivotal in curtailing the use of chemical fertilizers, enhancing food quality and nutritional value, rejuvenating soil health, and contributing to the nation’s sustainable development goals. This proactive approach aligns with national policies, and signifies a pivotal stride towards achieving verdant ecological progress. As the agricultural biological agent sector is still in its nascent form, there is ample potential for advancement, with the promise of transforming “clear waters and lush mountains” into tangible “gold and silver mountains”.
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Figure 2. Decomposition of insoluble phosphorus by secretion of acids. PSB dissolves soil phosphorus chelates with the secretion of various acids—lactic acid, gluconic acid, citric acid, mal