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Abstract

:

Citrus, the world’s most common fruit, boasts an abundance of resources and varieties and possesses a high commodity value. Arbuscular mycorrhizal fungi (AMF) and citrus roots can form a symbiotic relationship, promoting citrus growth, improving its disease resistance, and increasing the quality of the fruits. However, the literature lacks a detailed understanding of the symbiotic citrus–AMF relationship in cultivation. In this study, we reviewed the diversity (different citrus species and habitats), stress resistance (disease, drought, saline-alkali, temperature stresses), expression of defense genes, and underlying mechanisms of symbiotic AMF in citrus. Our aim was to provide a robust reference point and offer valuable insights to guide future studies on citrus symbiotic AMF and their applications in citrus planting. This review could help to facilitate AMF applications in citrus biological control (particularly in the citrus Huanglongbing) and sustainable development.
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1. Introduction


Arbuscular mycorrhizal fungi (AMF) are a group of beneficial microorganisms that form symbiotic systems with the root systems of superior plants [1]. AMF not only promote the uptake of nutrients (N, P, K, Ca, Zn, and Cu) and water [2,3,4] but also improve the tolerance of plants to abiotic factors and their resistance to biotic factors [5,6,7,8]; thus, they promote plant growth and development. The mycelial network formed by AMF promotes the dissolution of soil mineral nutrients, improves soil structure [9], regulates root osmotic balance [10], and induces root growth and dry matter accumulation, which in turn better supports the growth and development of the plant [11].



AMF are frequently utilized in orchard production, particularly in citrus, grapes, apples, bayberries, and other fruit trees. Citrus has sparse, short, and shallow root hairs, resulting in poor absorption and use of nutrients. However, it forms a mycorrhizal structure with AMF, relying on them to absorb nutrients and minerals from the soil [12,13]. Thus, AMF inoculation has multiple effects on citrus growth and development; it promotes root hair growth, improves root morphology [14], promotes nutrient uptake and water utilization [15,16], and enhances plant stress resistance [17]. Consequently, it improves yield and fruit quality [18].



Citrus symbiotic AMF in cultivation is not well described in the literature. In this study, we comprehensively reviewed the diverse array of symbiotic AMF present in citrus. We also explored how AMF contribute to stress resistance, their influence on the expression of defense genes, and their mechanisms for promoting citrus growth. Our goal is to provide valuable references and insights, paving the way for future research on citrus–AMF symbiosis and its potential applications in citrus cultivation. Unlike other reviews, this review discusses the favorable conditions for AMF applications in citrus biological control (particularly in Huanglongbing management) and sustainable development.




2. Diversity of Symbiotic AMF Present in Citrus


The type and diversity of symbiotic AMF differ among distinct citrus species. In an arid area of northeastern Mexico, Senes-Guerrero et al. [19] reported the presence of five endemic AMF species preferentially living in the rhizosphere soil of Citrus sinensis (L.) Osbeck: Dominikia distichi, D. iranica, D. achra, Kamienskia bistrata, and Dentiscutata savannicola. Li et al. [20] identified 15 different AMF species in the root system of Citrus junossieb Sieb. ex Tanaka, with Claroideoglomus etunicatum and Funneliformis mosseae being identified as high-quality symbiotic AMF strains for citrus. Zhang Jinlian et al. [21] found that under potted conditions, the root system of Fructus aurantii could form a symbiotic relationship with 14 AMF species; among them, Redeckera fulvum, F. mosseae, and Glomus coronatum were the dominant symbiotic strains of Fructus aurantii, promoting its growth. Song et al. [22] conducted a comprehensive examination of citrus root systems in an orange orchard in Ganzhou, identifying 80 AMF species, including 44 previously known AMF species and 36 new species, with Glomus being the dominant genus. In summary, these studies collectively emphasize the dynamic interplay between AMF species and various host plants [23].



Different habitats affect AMF diversity in symbiotic citrus. del Mar Alguacil et al. [24] studied a semiarid orange tree orchard and found that long-term irrigation with untreated urban sewage led to lower AMF diversity in the soil compared to freshwater irrigation. This discrepancy was attributed to the inhibitory effects of pollutants present in untreated urban sewage on AMF colonization. Wang et al. [25] found more mycelia and arbuscular colonization, as well as higher spore and mycelial length densities, in citrus orchards at elevations <600 m compared to those at higher elevations (≥700 m), where species richness decreased significantly. Xi et al. [26] studied the diversity of citrus symbiotic AMF in two distinct agroecosystems in California and found that AMF abundance and diversity were higher under organic than under conventional management practices. Mullath et al. [27] reported that organic farming promotes AMF diversity in desert ecosystems in the Arabian Peninsula. Wang et al. [28] showed that the species richness of AMF in sod culture orchards was significantly higher than that in orchards under other treatments (straw mulching, herbicide treatment, and no-tillage citrus orchards). Overall, the diversity of citrus symbiotic AMF is affected by irrigation methods, elevation, desert, and agricultural management practices. Favorable environmental conditions tend to support higher AMF diversity in these habitats.




3. AMF Promotes the Mineral Nutrient Absorption of Citrus


The symbiosis of AMF with plants enhances the uptake of essential nutrients [29,30,31], including microelements. The low availability of soluble inorganic phosphorus in the soil, coupled with its poor mobility, often leads to symptoms of phosphorus deficiency in plants [32]. Inoculating Poncirus trifoliata (L.) Raf. with G. versiforme promoted phosphorus uptake and increased the phosphorus content, which, in turn, affected the transpiration rate and the opening and closing of the leaf stomata [33]. Navarro and Morte [34] showed that mixed inoculation with Rhizophagus irregularis and F. mosseae favorably affected growth and significantly improved phosphorus nutrition in Citrus macrophylla Wester. Under low-phosphorus conditions, the inoculation of Poncirus trifoliata (L.) Raf. with R. intraradices improved rhizosphere soil microbial activity, which effectively enhanced the utilization of organic phosphorus [35]. Furthermore, the inoculation of Poncirus trifoliata (L.) Raf. with R. intraradices, Diversispora epigaea, and Paraglomus occultum increased total plant biomass, total root length, surface area, and volume, as well as leaf and root nitrogen content [36].



In high-pH soils, inoculation with G. mosseae significantly promoted iron uptake in the root system of Carrizo citrange [37], improving the iron deficiency-induced yellowing [38]. Under bicarbonate stress at pH 7.0 and pH 8.0, inoculating Poncirus trifoliata (L.) Raf. with G. versiforme promotes the accumulation of chlorophyll and active iron, ameliorating the iron deficiency induced by high calcium and bicarbonate concentrations. This indicates that AMF inoculation can improve iron absorption [39]. Inoculation with G. versiforme had no significant impact on iron levels in the root system of Citrus tangerine Hort. Ex Tanaka seedlings, whether they were under normal moisture conditions or water stress. However, it did significantly increase the root content of P, Ca, Mg, Cu, and Mn [40]. Under low-efficiency P conditions, AMF inoculation may help citrus utilize organic P sources effectively by increasing microbial biomass and enzyme activity [35]. Under Mg deficiency, the concentration of chlorophyll a and chlorophyll a + b can be significantly increased by AMF inoculation of trifoliate orange, which may alleviate leaf chlorosis [41]. In low-Mg soils, citrus seedlings inoculated with G. versiforme exhibited higher levels of soil enzymes, osmoregulation, and antioxidant substances, resulting in improved seedling growth and nutrition [42]. Multiple studies indicated that the inoculation of citrus with AMF improved the N, P, K, Ca, Mg, Zn, and Mn contents in the leaves (Table 1). These nutrient levels were significantly higher than those found in the leaves of citrus not inoculated with AMF [43]. The proliferation of AMF mycelia in the soil greatly improved the ability of citrus to obtain nutrients from the soil, which improved the growth.




4. Effects of AMF on the Growth of Citrus Roots


The mycorrhizal structure formed by AMF and the roots of the fruit trees offers several advantages. It extends the range of nutrient uptake by the roots, improves their ability to adsorb nutrients, and facilitates nutrient transfer, promoting the growth, yield, and quality of the fruit trees [50,51]. Inoculating Poncirus trifoliata (L.) Raf. with R. irregularis significantly increased lateral root quantity and biomass, elevated the content of glucose and fructose in taproots and that of sucrose in lateral roots, and promoted the growth of seedlings, but reduced the root–shoot ratio [52]. Additionally, AMF can induce citrus roots to secrete more organic small-molecule phenolic acids, modify the microbial environment around citrus roots [53], reduce the root damage-induced secretion of endogenous hormones, and promote root injury repair [54].



Inoculation with Paraglomus occultum significantly improved the root traits in polyamine-treated Citrus tangerine Hort. ex Tanaka but had no significant effect on the root configuration of non-mycorrhizal orange seedlings [55]. The inoculation of Poncirus trifoliata (L.) Raf. with F. mosseae significantly increased the total root length and elevated the concentrations of indoleacetic and indolebutyric acids in the root system [56]. The simultaneous inoculation of Poncirus trifoliata (L.) Raf. with AMF and plant growth-promoting rhizobacteria significantly increased the root biomass [57]. Nitric oxide, an important regulator of root growth and development, when applied exogenously (as sodium nitropropyl treatment), significantly enhanced the mycorrhizal effects [58]. In summary, AMF increased root growth and repaired root damage in citrus seedlings to varying degrees, which ultimately promoted plant growth. The interactions between AMF, rhizosphere growth-promoting bacteria, polyamines, and nitric oxide significantly enhance the mycorrhizal effects on plants, leading to improved citrus yield and quality.




5. Effect and Mechanism of AMF on Citrus Disease Resistance


AMF inoculation improves citrus resistance to biotic stress by promoting the expression of various proteins associated with disease resistance [59]. Citrus Huanglongbing (HLB) is a devastating disease affecting citrus production [26] and causing significant economic loss worldwide. Candidatus Liberibacter asiaticus (CLas) infestation affects the AMF community structure by altering species composition, relative abundance [22], citrus rhizosphere secretions, and rhizosphere environmental conditions [60]. During HLB stress, citrus inoculation with AMF reduced the content of CLas and malondialdehyde (MDA) in the leaves, significantly enhanced peroxide (POD) activity in the leaves, and increased the proline (Pro) content, superoxide dismutase (SOD) activity, and catalase (CAT) content in both the leaves and roots [61] (Figure 1).



In the context of disease resistance screening, Quan Dawan et al. [62] found that periwinkles inoculated with Acaulospora scrobiculata, Glomeromycota sp2, and Glomeromycota sp7 displayed a significant increase resistance to citrus HLB. Citrus roots often face various phytophthora infestations, which can lead to root rot, stem dieback, and fruit brown rot [13]. When trifoliate orange becomes infected with bipolaris leaf spot, the inoculation of F. mosseae helps to regulate the expression of the plant defense genes, offering protection against pathogenic bacteria [63]. Moreover, the inoculation of Poncirus trifoliata with Paraglomus occultum significantly reduced the symptoms triggered by canker pathogens and enhanced the resistance to these pathogens by increasing the accumulation of signaling substrates [64]. F. mosseae induces calmodulin-mediated signaling pathways to activate disease-resistant genes, proteins, and compounds that provide an early warning of Phytophthora parasitica infection and improve the tolerance of trifoliate orange to root rot [65]. Common mycorrhizal networks transfer salicylic acid signals from the infected seedling to neighboring healthy seedlings to activate defense responses and provide protection to neighboring plants against citrus canker infection [66]. In conclusion, after citrus is affected by HLB, bipolaris leaf spot, root rot, or canker, AMF inoculation can alleviate the stress of disease on citrus growth and enhance citrus resistance to these diseases.




6. AMF Induces the Expression of Citrus Defense Genes


AMF can promote the synthesis of secondary metabolites by regulating the expression of defense genes; therefore, they affect plant growth and fruit quality. Thus, 12 mycorrhizal signal receptor protein Lysin Motif Receptor-like Kinases (LYK) genes were identified in the genome of Poncirus trifoliata (L.) Raf. [67]. The expression of PtrLYK2 in the roots of Poncirus trifoliata (L.) Raf. was induced by mycorrhizal infection, with the expression level being the highest at the early stage of mycorrhizal infection. These results suggest that PtrLYK2 plays a critical role in early signal recognition within the context of citrus mycorrhizal symbiosis [67]. Exonuclease70I (EXO70I) might be involved in the extension and branching of mycelia or the transport and transfer of nutrients in mycorrhizal symbiosis [68]. In Citrus sinensis (L.) Osbeck cv. Valencia inoculated with AMF, the levels of expression of calcineurin B-like protein 1—interacting protein kinase 1 (CsCBL1-CsCIPK1), CsCBL1-CsCIPK3, CsCBL1-CsCIPK6, and CsCBL1-CsCIPK9 were significantly and positively correlated with drought and AMF response [69]. Additionally, the inoculation of citrus with AMF can alleviate water deficiency and improve nutrient transport efficiency by upregulating or downregulating the expression of relevant genes. It is also critical for signal recognition and nitrate transport (Table 2).




7. Effect of AMF Inoculation on the Response of Citrus to Abiotic Stress


7.1. AMF Improves Drought Tolerance in Citrus


Under drought stress, AMF inoculation can promote water uptake by plants [15,75], alleviate physiological drought, and modulate the ionic balance within plants, reducing the damage to the plasma membrane and enzymes [76]. Moreover, it can directly or indirectly boost photosynthetic efficiency, mitigate the inhibitory effects of drought, minimize damage to plant growth, and ultimately fortify plant resilience to drought [77,78].



Under water stress conditions, the inoculation of Poncirus trifoliata (L.) Raf. with F. mosseae promotes growth, improves the leaf water status [79], and reduces the salicylic acid content in the leaves [80]. Furthermore, the dependence of Citrus junos Sieb. ex Tanaka seedlings on mycorrhizae increased as the drought stress intensified, peaking under severe drought conditions [77]. Under water stress, the inoculation of Poncirus trifoliata (L.) Raf. with F. mosseae lowers leaf temperature [81] and thereby reduces leaf water evaporation. AMF colonization affects soil moisture retention via glomalin’s effect on water-stable aggregates, indirectly promoting Poncirus trifoliata growth under drought stress [82]. Mycorrhizas can regulate polyamine metabolism and enhance the drought tolerance of trifoliate orange [83]. Additionally, it regulates osmotic capacity and improves antioxidant enzyme activity [84] and thereby improves the drought tolerance in citrus. Inoculation with AMF improved water use efficiency in citrus by increasing soil porosity and water retention capacity. Thus, it affects water metabolism, increases soluble carbohydrate levels in root cells, reduces cellular osmotic potential, and improves citrus drought tolerance and recovery following drought stress by promoting photosynthesis (Table 3).




7.2. AMF Improves the Tolerance of Citrus to Salt and Alkali


Citrus is highly susceptible to yellowing, wilting, and shedding in alkaline soils with iron and zinc deficiencies, which are important factors hindering citrus development. Under salt stress, the inoculation of Poncirus trifoliata (L.) Raf. with R. intraradices increased the plant height, stem diameter, and dry matter mass. Moreover, the root content of abscisic acid, indole-3-acetic acid, and methyl jasmonate also increased [92]. Furthermore, under salt stress, mycorrhizal symbiosis increased root H+ outflow and improved the root structure of trifoliate orange seedings [93], and the salicylic acid concentration in the root was significantly higher than that of nonmycorrhizal seedlings [94]. Zhang et al. [95] showed that the better soil structure resulting from the mycorrhization of trifoliate orange seedlings provided higher leaf water potential under salt stress. Trifoliate orange inoculation with AMF under salt stress induced the production of 14 aquaporins, which increased membrane permeability and facilitated water transport [75]. Under alkaline stress, the inoculation of Citrus junos Sieb. ex Tanaka with F. mosseae improved the osmotic regulation and antioxidant capacity of the seedlings, altered the endogenous hormone levels [96], and affected the soil physicochemical properties and enzyme activities around the root [97]. The inoculation of Poncirus trifoliata (L.) Raf. with G. versiforme mitigated bicarbonate stress-induced growth inhibition [39]. In summary, the citrus root system and AMF form a symbiotic relationship that can improve the resistance of citrus to soil salinization. This not only mitigates the adverse effects of soil salinity but also ensures the preservation of fruit yield and quality.




7.3. AMF Impacts the Response of Citrus Plants to Temperature Stress


Citrus root systems inoculated with AMF can exhibit different effects in response to both high and low temperatures. Poncirus trifoliata (L.) Raf. seedlings inoculated with AMF and cultured in pots at 25 °C for 4 months showed significant improvements in plant height, stem thickness, root vigor, and the activity of protective enzymes in the leaf blades after 30 days of high-temperature stress at 40 °C [98]. Wu and Zhou [99] indicated that mycorrhizal formation had beneficial effects on the growth, photosynthesis, root morphology, and nutrient uptake of citrus seedlings grown at a moderate temperature (25 °C). Under different temperature stresses, inoculation with AMF increased the soluble sugar and soluble protein content, POD and CAT activities, and cold tolerance of Poncirus aurantii seedlings [100,101]. Zeng’s [102] research showed that AMF inoculation could significantly reduce the MDA content and plasma membrane permeability in Fructus aurantii leaves under temperature stress and increase the root activity of cumulative seedlings. In summary, mycorrhizal citrus plants exhibit higher root activity and possess a stronger antioxidant capacity than citrus plants that have not formed a symbiotic relationship with AMF. These factors collectively contribute to improved temperature stress resilience in citrus plants.





8. Application of AMF in Citrus Cultivation


AMF establish a symbiotic relationship with citrus roots, offering numerous benefits, particularly under potting conditions. However, research on AMF inoculation in the field settings remains limited. Inoculation of AMF in the field can promote mycorrhiza growth and improve the root vitality of Citrus reticulata Blanco var. Ponkan mandarin cv, which improves the fruit quality [103]. Moreover, the mixed inoculation with AMF (Diversispora versiformis, F. mosseae, and R. intraradices) produced more significant effects than the single inoculation with F. mosseae.



Interplanting Trifolium repens Linn. inoculated with AMF effectively increased the biomass of Citrus sinensis (L.) Osbeck [104]. This approach also increased citrus photosynthetic rates, improved the efficiency of carbon assimilation in photosynthesis, and enhanced citrus root growth. The content of soluble sugars and proteins in these citrus seedlings was higher than that associated with only AMF [104]. Trifolium repens Linn inoculated with rhizobacteria and AMF increased biomass production and N accumulation in Citrus sinensis (L.) Osbeck [105]; this indicates that the N in Trifolium repens Linn was transferred to citrus through common mycorrhizal networks.



In summary, in the context of citrus cultivation, it may be advantageous to simultaneously introduce AMF and Trifolium repens Linn. inoculation into citrus orchards to some extent. This practice may improve citrus yields and quality by increasing soil fertility. Importantly, it contributes to reducing the need for fertilizers and pesticides, especially herbicides, while also increasing the income of fruit farmers and promoting regional development. However, current AMF pure culture technology is still limited to the mass production of AMF spores; therefore, further research is needed before purified AMF can be effectively introduced into field applications.




9. Prospects


Currently, the inoculation of citrus with AMF is widely emphasized in sustainable agricultural production. The diversity of AMF forming symbiotic relations with citrus is closely associated with the habitat and citrus species. AMF can improve citrus water and nutrient uptake, promoting the growth and development of the citrus root system and enhancing citrus resistance to biotic (citrus HLB, bipolaris leaf spot, root rot, and canker) and abiotic stressors (saline-alkali, drought, and temperature stresses). Our review provides theoretical knowledge to elucidate the roles of mycorrhizae and their usefulness in citrus cultivation. As we look to the future, several critical areas warrant urgent attention.



Screening for dominant strains of citrus symbiotic AMF in different habitats:



AMF have no host specificity; some AMF species can promote citrus growth in different habitats, while others do not interfere with or even inhibit citrus growth. While many AMF perform well in controlled pot experiments, their effectiveness can diminish in actual farmland cultivation. This discrepancy may be due to the non-native dominant strains being less effective than local dominant strains. Future research should focus on screening and cultivating the dominant strains of citrus symbiotic AMF specific to local habitats, emphasizing their application in citrus tree planting.



Addressing citrus HLB:



Citrus HLB poses a significant threat to citrus production; thus far, CLas cannot be cultured in isolation, and its pathogenic mechanism remains unclear. As important symbionts of citrus, AMF alleviate the stress induced by citrus HLB on citrus growth. However, studies on this subject are scarce. In the future, screening should be expanded to AMF that are resistant to citrus HLB. Furthermore, field planting trials should be enhanced to promote the use of disease-resistant AMF. Additionally, the specific mechanisms of how AMF contribute to citrus resistance to HLB should be further explored to advance the management of citrus HLB and foster the sustainable development of the citrus industry.



Widespread adoption of citrus mycorrhizalization technologies:



Citrus mycorrhizalization technologies should be popularized and applied vigorously. AMF are widely used microorganisms; however, large-scale purification technologies are limited. Recently, Japanese scientists have shown that AMF can use myristate as a carbon source to complete its life cycle under host-free conditions [106].



However, only a few related studies exist. In the future, we will search for more plant-derived fatty acids that are symbiotic with AMF. Critical questions, such as whether myristate is the primary carbon source for citrus symbiotic AMF, whether it is preferentially utilized by AMF, and whether its utilization is influenced by AMF species, must be addressed to further our understanding of these complex interactions.
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Figure 1. Effect of inoculation with AMF on citrus Huanglongbing (HLB). Note: Under citrus HLB stress, inoculation with AMF reduces the content of CLas, the number of psyllids, and the content of malondialdehyde in citrus leaves. Furthermore, it increases peroxidase activity, superoxide dismutase activity, proline content, and catalase content in the leaves, as well as superoxide dismutase activity, proline content, and catalase content in citrus roots. 
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Table 1. Effect of arbuscular mycorrhizal fungi (AMF) on the absorption of mineral nutrients in citrus.
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	AMF Species
	Host Plant
	Effect of AMF on the Uptake of Mineral Nutrients
	Reference





	Glomus intraradices,

Glomus versiforme
	Poncirus trifoliata (L.) Raf.
	Concentrations of Zn, P, K, and Mg increase in branches and roots.
	[44]



	Rhizophagus intraradices
	Citrus limon L.
	P content and root acid phosphatase activity increase.
	[45]



	Rhizophagus irregularis
	Poncirus trifoliata (L.) Raf.
	P absorption by citrus increases.
	[46]



	Glomus mosseae,

Glomus etunicatum
	Tarocco Xinxi
	The content of inorganic calcium, water-soluble calcium, and pectin calcium in the root system of citrus seedlings increases.
	[47]



	Glomus versiforme
	Poncirus trifoliata (L.) Raf., Citrus reticulate Blanco
	Phenolic secretion by citrus roots is enhanced. It chelates Fe, facilitating its binding and retention in the root cell walls for later reuse.
	[48]



	Glomus versiforme,

Glomus intraradices
	Poncirus trifoliata (L.) Raf. “Ponkan”, “Newhall” trifoliate orange
	Levels of Zn, P, K, Mg, Ca, and Cu significantly increased in various parts of citrus.
	[49]










 





Table 2. AMF induces the expression of defense genes in citrus.
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	AMF Species
	Host Plant
	AMF Effect on the Expression of Defense Genes
	Reference





	Glomus versiforme
	Poncirus trifoliata L.,

Citrus reticulate Blanco
	Significant upregulation of phenylalanine deaminase PAL1 gene expression in the roots.
	[48]



	Funneliformis mosseae
	Poncirus trifoliata
	The significant expression of PtAHA2 was induced to resist soil drought.
	[70]



	Rhizophagus irregularis
	Poncirus trifoliata (L.) Raf.
	Nitrate transporter protein gene PtrNPF5.2 significantly upregulated expression.
	[71]



	Glomus versiforme
	Poncirus trifoliata (L.) Raf.
	Increased CHS activity and PtCHS expression.
	[72]



	five Glomus species
	Poncirus trifoliata L. Raf.
	The genes PtaPT4 and PtaPT5 were expressed upstream after AMF infection, while the genes PtaPT1, PtaPT2, PtaPT3, and PtaPT7 were expressed downstream.
	[73]



	Glomus versiforme
	“Newhall” (Citrus sinensis),

Poncirus trifoliata
	Upregulation of chlorophyll and transport-related gene expression at protein level and downregulation of protease inhibitor gene expression.
	[74]







Note: Phenylalnine ammonia-lyase (PAL), Arabidopsis plasma membrane H+-ATPase isoform (AHA), Nitrate transporter 1/peptide transporter (NRT1/PTR) family (NPF), Chalcone synthase (CHS), Phosphate transporter (PT).













 





Table 3. Effect of AMF inoculation on citrus growth under drought stress.
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	AMF Species
	Host Plant
	Effect of AMF Inoculation on Citrus Growth under Drought Stress
	Reference





	Glomus mosseae
	Poncirus trifoliata/Citrus sinensis
	The plant height, spike thickness, leaf area, and shoot growth of citrus were significantly increased.
	[40]



	Funneliformis mosseae
	Poncirus trifoliata
	Root growth and leaf gas exchange are enhanced.
	[70]



	Rhizoglomus intraradices
	Trifoliate orange
	Aboveground and root biomass with greater metabolic activity increase.
	[85]



	Funneliformis mosseae
	Trifoliate orange
	It regulates root phytohormones and root morphology.
	[86]



	Funneliformis mosseae and Paraglomus occultum
	Trifoliate orange
	Leaf sucrose, fructose, and glucose concentrations increased, while proline levels decreased.
	[87,88]



	Funneliformis mosseae
	Poncirus trifoliata
	The unsaturation index of root FAs increased, and the composition of root FAs significantly changed.
	[89]



	Funneliformis mosseae
	Trifoliate orange
	The root volume increased while proline concentration and content in leaves, roots, and total plants decreased.
	[90]



	Funneliformis mosseae
	Trifoliate orange
	Plant height and chlorophyll and water content increased