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Cooperation With Arbuscular Mycorrhizal Fungi Increases Plant Nutrient Uptake and Improves Defenses Against Insects
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Plants have evolved various defense mechanisms to cope with biotic and abiotic stresses. Cooperation with microorganisms, especially arbuscular mycorrhizal fungi (AMF), strengthens the defense capabilities of host plants. To explore the effect of AMF on the growth of Elymus and the defenses against locust feeding, we designed a two-compartment device to connect or cut the mycelia and roots. We used this to investigate communication cues and pathways between donor and receiver plants. We found that AMF significantly increased the nitrogen content and decreased the carbon to nitrogen (C:N) ratio of donor plants and receiver plants and the carbon content of both. After the establishment of the common mycorrhizal network (CMN) with AMF between the two chambers, inoculations of donor plants challenged by locusts caused enhancement in four defense-related enzymes, namely, lipoxygenase, polyphenol oxidase, phenylalanine ammonia lyase, and β-1,3-glucanase, in the receiver plants. The main components of volatile organic compounds emitted by receiver plants were terpenoids. The findings indicated that AMF could not only improve plant growth but also activate the defense response of plants to insect feeding. Four defense enzymes, volatile organic compounds, and carbon and nitrogen content were involved in the defense response, and the mycelial network could act as a conduit to deliver communication signals.
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INTRODUCTION

Insects and terrestrial plants have cooperated for millions of years. Plants gain protection and pollination from insect species, and insects gain food from plants (Frew et al., 2017). However, herbivore feeding sometimes threatens the growth of plants and can lead to plant death (Kong et al., 2016); hence, plants have evolved mechanisms to sense herbivorous insects and their natural enemies and rapidly respond to attacks through signaling changes in morphology, physiology, and biochemistry. Challenged by herbivores, plants innovate evolutionarily with induced responses evolving into resistance (Karban, 2020). These relationships are regulated by soil microbes (Wilkinson et al., 2019), and they affect the soil microbial communities in return (Rasmann et al., 2017; Tao et al., 2017; Garzo et al., 2020).

Arbuscular mycorrhizal fungi (AMF) from the phylum Glomeromycota establish symbiotic associations with 80% of terrestrial plants (Smith and Smith, 2011; Martin et al., 2017). This dates to 450 million years ago based on fossil and phylogenetic research (Smith and Read, 2010). AMF assist host plants to obtain more nutrients, such as phosphorus (P) and nitrogen (N), and plants provide carbohydrates to AMF in the form of sugar and lipids via exchange through arbuscules (Hodge and Storer, 2015; Hijikata et al., 2016; van der Heijden et al., 2016). Arbuscules are the primary sites for the exchange of nutrients between host plants and fungus (Caroline and Martin, 2013; Luginbuehl and Oldroyd, 2017). The benefits from AMF facilitate plant growth and strengthen plant resistance by influencing responses to abiotic stresses, such as drought, salinity, and extreme temperatures (Aliasgharzad et al., 2006; Mohamed et al., 2014; Delavaux et al., 2017), and biotic stresses, such as pathogens, herbivorous insects, and parasitic plants (Pineda et al., 2010; Cameron et al., 2013). Moreover, modifications of host plant phenotypes by AM fungi can impact insects affecting the plants (Meier and Hunter, 2018a; Garzo et al., 2020).

A key characteristic of AMF is the formation of common mycorrhizal networks (CMNs) by physically linking the individual roots of con- and heterospecific plants underground (Simard and Durall, 2004; Song et al., 2019). Symbionts of plants and mycorrhizae are capable of acquiring nutrients from other plants through CMNs (Giovannetti et al., 2001). The critical roles that mycorrhizas play in plant physiology, the production of primary or secondary metabolism and hormones, are necessary for individual growth and propagation (Smith and Read, 2010; Johnson and Gilbert, 2015). Research has demonstrated that CMNs deliver nutrients to accelerate the growth of adjacent plants (Smith and Read, 2010; Johnson and Gilbert, 2015), while also acting as a warning system of herbivore attacks and pathogens (Babikova et al., 2013; Song et al., 2019).

Volatile organic compounds (VOCs) as chemical signals are exuded by plants and released into the environment, affecting plant fitness and development indirectly (Unsicker et al., 2009; Bilas et al., 2021). Herbivore-induced VOCs emitted by attacked tissues are specific and stable signals that serve as warning signals to distant parts of the plant or its neighbors (Maffei, 2010; Tomczak et al., 2016; Hill et al., 2018; Meier and Hunter, 2018a,b; Velásquez et al., 2020). Plant defenselessness or resistance to mycorrhiza-induced pathogens and phytophagous insects has been reported (Gange et al., 2002; Barber, 2013; Bernaola et al., 2018). The positive (Pineda et al., 2010; Tomczak et al., 2016; Hill et al., 2018; Meier and Hunter, 2018a; Song et al., 2019) or negative (Vicari et al., 2002; Wang et al., 2015) effects that mycorrhiza induce have been documented. However, the ecological interactions that AMF have on aboveground plant–herbivore interactions in grassland ecosystems remain to be explored.

Locust outbreaks have occurred in many regions, lead to unpredictable agricultural outputs, and threaten human well-being (Cease et al., 2015; Zhang et al., 2019). The Tibetan Plateau, the highest area in the world, extending over 2.5 million km2, has suffered severe locusts damage (Cao et al., 2004). Elymus nutans Griseb. is a perennial, dominant species in the Qinghai-Tibet Plateau, China (Chu et al., 2016). It plays an important role in animal husbandry and in the ecological balance of this region. Despite numerous pieces of evidence indicating AMF-induced resistance against herbivores (Hill et al., 2018; Frew et al., 2020; Garzo et al., 2020), the effects of AMF on triggering or evoking defense against locusts are unclear. The main aim was to investigate how the inoculation of E. nutans with Funneliformis mosseae affected the defense mechanisms of the plant against locusts. We hypothesized that (1) AMF would increase the concentrations of VOCs and defense enzymes, which enhance the host plant defense and induce reactions in neighboring plants, and (2) the CMNs act as the signal pathways.



MATERIALS AND METHODS


Study Organisms and Growth Conditions

Seeds of E. nutans and Elymus sibiricus Linn. were collected from the Tibetan Autonomous Prefecture of Haibei in Qinghai, China. It has a typical plateau continental climate and clay loam type soil. Precipitation is highest between June and September (Wei et al., 2021). The seeds were surface-sterilized with 10% H2O2 and rinsed three times before germination (Schweiger et al., 2014); then, they were sown and grown in a 3:2 mixture of clay and sand in a climate chamber (20°C, 12/12 h light/dark, 60–70% relative humidity). The soil was excavated (0–15 cm depth) in March 2020. After 2 weeks, 100 individuals (50 of E. nutans and 50 of E. sibiricus) were transferred into square plastic pots (30 cm length × 24 cm width × 12 cm depth) with a 2:1 mixture of soil and sand, and then autoclaved at 121°C for 2 h. They were stored in the dark at 4°C for 3 days and then transferred to a greenhouse (Tomczak et al., 2016). Each pot was watered with the same volume two times a week (1,800 ml/week/pot). The inoculum was mixed with the upper layer (3–4 cm) of the soil–sand mixture. Pots were randomly arranged in the greenhouse and replaced every 10 days during the growing period.

Funneliformis mosseae was purchased from the Beijing Academy of Agriculture and Forestry Sciences (No. BGCYN05), which were propagated with identified fungal spores and white clover (Trifolium repens) for 16 weeks in pots. The inoculant used in this experiment was a rhizosphere soil mixture of spores, extra-rhizome hyphae, and root segments of infected plants (containing 129 spores/g).

Locusts (Locusta migratoria manilensis) were collected from Yushu City, which is in the eastern part of Qinghai Province, China. The locusts were fed on wheat germ (∼16 g/day) and reared indoors at 28–30°C, 18/6 h (day/night), and 30–50% relative humidity (Veenstra et al., 2021). Fifth-instar locusts were used to attack grown plants (Wang et al., 2019).



Experimental Design

A rectangular pot (20 cm × 12 cm × 15 cm) was divided into two sections (I and II) using different nylon meshes to create a 2 cm air gap (Figure 1). Fifty seedlings of E. nutans as donor plants and E. sibiricus as receiver plants were planted in sections I and II, respectively. Six treatments were implemented: (A) I and II separated by 35-μm nylon mesh to prevent plant roots from connecting but CMNs were allowed to pass through (35 μm + AMF); (B) I and II separated by 0.5-μm nylon mesh to prevent CMNs passing through (0.5 μm + AMF); (C) I and II blocked with 35-μm nylon mesh to prevent plant roots from connecting, while CMN could form connections with neighbors. Then, pots were immediately rotated to snap CMNs before insects attack (rotated 35 μm + AMF); (D) I and II with no mesh, allowing donor roots and CMNs to connect with receivers (0 μm + AMF); (E) I and II separated with 35-μm mesh to hinder donor and receiver roots interacting and without AMF inoculation (35 μm + AMF); (F) I and II with no barriers and AMF inoculation (0 μm + AMF). Treatments A, B, C, and D had 20 g F. mosseae added in section I, and E and F were inoculated with 20 g AMF that were autoclaved at 120°C for 2 h. All treatments had three replicates. Twelve weeks after AMF inoculation, the donor plants in section I were treated with fifth-instar locusts. To avoid donor airborne volatile signals communicating with receiver plants, we covered all receivers with polyethylene terephthalate (PET) bags before adult locusts were fed. Fifth-instar locusts were starved for 24 h before they were used in the experiment.
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FIGURE 1. Experimental setup.




Collection of Plant Volatile Organic Compounds

Volatile organic compounds were collected from all receivers during the day (10:00–16:00) (Huang et al., 2020) using dynamic headspace for 24 h after locusts attacked donor plants. The air was filtered by activated carbon (produced by Beijing Chemical Reagent Company) and humidified with distilled water. A 50 mg sample of Porapak Q (80–100 mesh, Waters Corporation, Ireland) was filled into dried glass narrow tubes (0.5 cm in diameter and 8.0 cm in length), and both ends of the tubes were plugged with a clean glass fiber. The dried tower, PET bags, and Teflon tubes were placed in a constant temperature drying oven to remove odors. The receiver plants were put in PET bags (100 cm × 111 cm, which had low volatile emissions under high temperature and high-intensity light). After the air in the bag was drawn out by a pump, sampling collection started after 30 min, and extraction with a flow rate of 300 ml/min was conducted for 6 h for VOC collection. All treatments were repeated three times. The adsorbent was eluted with 4 ml n-hexane to a 2 ml sample bottle, and the samples were kept in a refrigerator at –20°C for later use (Fontana et al., 2009).



Analysis of Volatile Organic Compounds

Volatile organic compounds were identified with an Agilent 7890B Gas Chromatograph coupled with Agilent 7200 MSD spectrometer and a DB-5MS column (30 m × 0.25 mm × 0.25 μm film, J&W Scientific, Folsom, CA, United States); the carrier gas was helium at 1 ml/min, with splitless injection (injection temperature 220°C, injection volume 1 μl). The working conditions of gas chromatography (GC) were as follows. The carrier gas flow rate was 2.0 ml/min. A two-stage temperature increase method was adopted, with the initial temperature of 40°C for 1 min followed by a heating rate of 5°C/min to 180°C, then at 10°C/min to 270°C for 2 min. The working conditions of mass spectrometry (MS) were as follows: solvent delay 1 min; an electron impact ion source (EI source) was used; electron energy was 70 eV; interface temperature was 250°C; ion source temperature was 220°C; and scanning mass range was 40–600 m/z with the scanning time in 0.2 s (Fontana et al., 2009). Volatile compounds were initially identified by comparing mass spectra with real standards or data system libraries (NIST 08, National Institute of Standards and Technology, Gaithersburg, MD, United States, 2008).



Arbuscular Mycorrhizal Fungi Colonization and Leaf Nitrogen and Carbon Concentration


Plant Traits


Mycorrhizal Colonization Measurement

Mycorrhizal colonization was examined using the method of Phillips and Hayman (1970). We collected the random receiver plant roots from four treatments, washed them in distilled water to remove soil particles, cut them into 1 cm segments of ∼1 g, immersed them in 10% KOH, and heated them in water at 90°C for 60 min. The root segments were watered to eliminate the alkali, and the remaining alkali was neutralized in 2% hydrochloric acid. We added 0.05% trypan blue to stain the root segments, separated them from the acid solution by heating at 90°C for 30 min, and then immersed them in the mixture solution of glycerol/lactic/water acid (1:1:1) to destain for 24 h. The samples were observed under a regular optical microscope at 40× to examine mycorrhizal colonization (Song et al., 2019).

Mycorrhizal colonization (%) = Number of infected root bits/Total number of root bits observed × 100%



Leaf Carbon and Nitrogen Measurement

Leaf tissues were milled with a ball mill (Retsch MM400, Retsch, Haan, Germany); 0.15 g of the sieved plant sample was weighed, filled into a tin cup, and measured using an elemental analyzer (Vario MAX CNS, Elementar, Hanau, Germany).




Enzyme Assays


Polyphenol Oxidase Enzyme Extraction and Activity Assays

Leaf samples were collected after the insects were fed and were held at −20°C until enzyme extraction and activity assays. Fresh leaf tissue (0.1 g) was used for the next preparation step for the crude enzyme extraction. We added 1 ml of extract that was homogenized in an ice bath, it was centrifuged at 8,000 × g at 4°C for 10 min using a FastPrep Instrument high-speed benchtop homogenizer (MP Biomedicals, CA, United States), and we placed the supernatant on ice to determine its activity. Enzymatic activities were evaluated by a microplate reader (SpectraMax iD5, Molecular Devices, San Jose, CA, United States) at 410 nm.



Phenylalanine Ammonia Lyase Enzyme Extraction and Activity Assays

Fresh leaf tissue (0.1 g) was used for the next preparation step of the crude enzyme extraction. We added 1 ml of extract to homogenize it, centrifuged at 10,000 × g at 4°C for 10 min, placed the supernatant on ice to determine its activity, used a plant phenylalanine ammonia lyase (PAL) activity detection kit for activity determination (Solarbio Science and Technology Ltd., Beijing, China), and evaluated enzymatic activities using the microplate reader at 290 nm.



Lipoxygenase Enzyme Extraction and Activity Assays

Fresh leaf tissue (0.1 g) was used for the next preparation step of the crude enzyme extraction. We added 1 ml extraction solution for ice bath homogenization, centrifuged at 16,000 × g at 4°C for 20 min, and placed it on ice to test its activity. We used a plant lipoxygenase (LOX) activity detection kit for activity determination (Solarbio Science and Technology Ltd., Beijing, China) and evaluated enzymatic activities using the microplate reader at 234 nm.



β-1,3-Glucanase Enzyme Extraction and Activity Assays

Fresh leaf tissue (0.1 g) was used for the next preparation step of the crude enzyme extraction. According to the ratio of tissue quality and an extraction solution of 1:5 or 1:10, we weighed 0.1 g of leaf tissue, added 1 ml of extraction solution for ice bath homogenization, centrifuged at 16,000 × g at 4°C for 20 min, and placed the supernatant on ice. We used a plant β-1,3-glucanase activity detection kit (Solarbio Science and Technology Ltd., Beijing, China) and evaluated enzymatic activities with the microplate reader at 410 nm.




Statistical Analysis

Data (means ± SD, n = 3) were analyzed by Analysis of Variance (ANOVA) using R software version 4.1.0. Plant carbon and nitrogen content and enzyme activities were analyzed with a one-way ANOVA in the “agricolae” package of R. The VOC analysis was run using Microsoft Excel 2010, and the figures were produced with R and Origin 2018.





RESULTS


Inoculum Availability and Arbuscular Mycorrhizal Fungi Colonization

Arbuscular mycorrhizal fungi colonization was found in donor plants, with an average colonization rate of 13.34%. In treatment A, AMF colonization in the receiver plant was 5.98% (Figures 2A,B) which was significantly lower than the other three treatments. The mycelial hyphae freely passed through the 35-μm mesh, and the AMF colonization between the donor and the receiver plant was roughly the same in treatment B. With no mesh in treatment C, AMF also colonized in the receiver plants, and the colonization was significantly higher than that of the other three groups (P < 0.05). Treatment D was rotated before the insects were fed, so the donor and receiver plants were connected with the mycelial hyphae. The colonization rate of receiver plants was about 8.96%.
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FIGURE 2. Mycorrhizal colonization and AMF hyphae of donor and received plants in different treatments. Data are mean ± SD (n = 3); different letters indicate significant difference (P < 0.05).




Plant Performance

The carbon content of donor plants inoculated with AMF significantly decreased (Figures 3A,B), while the nitrogen content increased (P < 0.05). Compared with the control (F), the carbon content in treatments A, B, C, and D decreased by 0.91, 0.47, 1.12, and 0.93%, respectively, while the nitrogen content increased by 0.88, 1.64, 1.28, and 1.26%, respectively. With the presence of CMN, the carbon content of receiver plants in treatments B and C was significantly lower than that in treatment A, and the rank among them was A (39.30%) > C (38.90%) > B (38.54%). The nitrogen content in treatment B (1.37%) and treatment C (1.32%) was significantly higher than that in treatment A (0.99%). For non-mycorrhizal plants, the carbon and nitrogen content of receiver plants with roots (F) was higher than that of plants without roots (P < 0.05).
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FIGURE 3. Effects of AMF on C and N content of donor and receiver plants between different treatments. Data are mean ± SD (n = 3).


Compared with non-mycorrhizal donor plants, mycorrhizal plants showed a higher carbon to nitrogen (C:N) ratio (P < 0.05; Figures 4A,B), and the average C:N ratios in mycorrhizal plants and non-mycorrhizal plants were 40.11 and 42.57, respectively. The receiver plants showed the same result (P < 0.05). The C:N ratios in the receiver plants under treatments A and D were significantly higher than those under other treatments, and the maximum difference was 14.66%.
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FIGURE 4. Effects of AMF on the ratio of C and N content of donor and received plants. Data are mean ± SD (n = 3).




Defense Enzymes and Volatile Organic Compounds Affected by Arbuscular Mycorrhizal Fungi

In comparison with non-mycorrhiza (F), four leaf defense-related enzymes, namely, PAL, LOX, polyphenol oxidase (PPO), and β-1,3-glucanase, in the donor plants and receiver plants that were inoculated with AMF were all higher than those in non-mycorrhizal plants, and PPO of both had the most significant differences. Compared with treatments B and C, LOX and PPO in the receiver plants of treatment A (without AMF hyphae) were lower. Without root and hyphae connections in treatments D and E, the activities of the four enzymes in the donor and receiver plants were similar (Figures 5A–D).
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FIGURE 5. Effects of AMF on enzymes of donor and receiver plants between different treatments. Data are mean ± SD (n = 3).


The main volatile compounds emitted by the receiver plants were terpenoids (Table 1). Treatment E emitted the most kinds of volatile compounds, 13 types, whereas Treatment F emitted the least, eight types. Except for treatment E, the relative content of acetophenone, 2′,4′- dimethyl-, from other treatments was the highest. Other treatments did not emit 1,4-diethylbenzene, p-xylene, and 2- ethyl-, but all had acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde, β-cymene, and p-cymene. Compared with the non-inoculation treatment, AMF increased acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde, cumene, phenethyl alcohol, β-cymene, p-cymene, and 2-phenyl-1-propanal. For AMF-mediated plants, treatment B and C connected by hyphae produced eight substances, which were acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde, β-cymene, phenethyl alcohol, p-cymene, 4-ethyltoluene, and p-propyltoluene. Compared with treatment A, the relative content of 1-methyl-2-phenylcyclopropane, p-cymene, 2-phenyl-1-propanal, 4-ethyltoluene, and p-propyltoluene increased in the other three treatments.


TABLE 1. The concentration of plant volatile organic compounds in received plants.

[image: Table 1]


Relationships Between Plant Defense Traits and Arbuscular Mycorrhizal Fungi Colonization

The linear regression showed that VOC blends and C:N ratio varied with AMF colonization (Table 2), but there were no significant interactions between them and AMF colonization. Defense enzymes also varied predictably with AMF colonization, while different from the positive relationships between the other three enzymes and AMF colonization, β-1,3-glucanase decreased with increasing AMF colonization (P = 0.33, F = 1.01), showing the opposite trend. Despite their effects were not very strong, they also indicated that the increase in AMF colonization possibly influences plant defense.


TABLE 2. Results of linear model analyses of the effects of the availability of arbuscular mycorrhizal fungi (AMF) inoculum on volatile organic compounds (VOCs) blends, C:N ratio, and defense enzymes.
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DISCUSSION


Effects of Arbuscular Mycorrhizal Fungi on Plant Nutrition Uptake

Our findings showed that AMF inoculation significantly increased the total nitrogen content and decreased the total carbon in host plants. This can be explained by the fact that nearly 25% of the photosynthetic product of the host plant is supplied to the mycorrhiza (Hobbie, 2006; van der Heijden et al., 2006). Fungal hyphae can explore large volumes of soil, enter soil pores that are inaccessible to roots (Smith and Read, 1997), transfer nitrogen as arginine or urea from the soil to the roots of a host plant, and thereby enhance plant accumulation of nitrogen (Hodge et al., 2010; van der Heijden et al., 2015; Ingraffia et al., 2021). The C:N ratio in plants is an important indicator for studying insect resistance (Těšitel et al., 2021). Healthy and nutrient-rich plants are more resistant to the feeding of herbivores. By contrast, plants with weaker vitality and limited resources may be more vulnerable (Löser et al., 2021). Our findings indicate that the C:N ratios in those receiver plants with AMF were much higher than those plants with no inoculations. This is consistent with another study that showed mycorrhizal symbionts have negative effects on herbivores by changing the C:N ratio (Getman Pickering et al., 2021), as plants with higher C:N ratio may reduce their nutritional value and their attractiveness to herbivores (Bennett et al., 2016; Getman Pickering et al., 2021). The enhancement of defenses results from increased nutrient acquisition (Mhlongo et al., 2018) and changes in defensive trypsin inhibitors (Getman Pickering et al., 2021).



Effects of Arbuscular Mycorrhizal Fungi on Plant Defense to Insects

Mycorrhizae modify plant traits, including chemical resistance (Hartley and Gange, 2009). Two signal pathways mediated by jasmonic acid (JA) and salicylic acid (SA) respond to physical or biological damage (Zhao et al., 2009). Enzymes such as β-1,3-glucanase and PAL are key enzymes involved in the biosynthesis of the signal molecule of SA (Balog et al., 2017). As the final enzymes of the main defense pathway, they directly participate in the synthesis of secondary metabolites related to plant defense and resistance (Selvaraj et al., 2020). Our results found that AMF led to an increase in the enzymatic activities of PPO, β-1,3-glucanase, PAL, and LOX, which has been shown in sweet pepper, tomato, and potato (Constabel and Barbehenn, 2008; Balog et al., 2017). Host plants show higher defenses, demonstrating that inoculation with AMF enhances the resistance of host plants to insects by improving enzymatic activities (Balog et al., 2017; Selvaraj et al., 2020). PPO and PAL increase to catalyze the production of poisonous quinone compounds via cross-linking proteins and carbohydrates, generating oxygen-free radicals (Bagy et al., 2019), and reducing the availability of protein (Selvaraj et al., 2020). The enhancement of melanin through PPOs can also increase the resistance of the cell wall to insects and pathogens (Zhao et al., 2009). LOX and PPO catalyze the initial reaction in the JA biosynthetic pathway, form hydroperoxides through catalytic reactions, and degrade hydroperoxides into reactive aldehydes and ketones through chemical reactions and enzymes (Bruinsma et al., 2009). An increase in PAL can promote the accumulation of phenolic substances and convert them into toxic compounds during oxidation (Bhonwong et al., 2009), and these phenolic substances are generally linked to plant resistances to insects (Frew et al., 2020).

Volatile organic compounds are important chemical signals for communication between phytophagous insects and their host plants (Liu and Brettell, 2019). In the arms race between plants and herbivores, any herbivore that can suppress plant-induced defense signals has increased fitness (Bruinsma et al., 2010; Zu et al., 2020). Plant–plant signals may have a fundamental impact on mycorrhizal plant–herbivore interactions at the community level and exert selective pressure on herbivore insects to evolve antagonistic mechanisms (Gilbert and Johnson, 2015). Plant compounds are complex mixtures of volatile gases that can directly repel herbivores and indirectly attract herbivore natural enemies (Huang et al., 2020). The amount and characteristics of the emitted plant VOCs vary from species to species (Zhao et al., 2009).

Various studies have revealed that AMF affect the interactions between plants and insects. Meier and Hunter (2019) reported that increasing cardenolides (a toxic substance) generated by milkweed inoculated with AMF decreased weights and growth rates of aphids. Velásquez et al. (2021) reported that an increase in (E)-2-hexenal, 3-hexenal, geraniol, benzaldehyde, and methyl salicylate associated with plant defenses has been shown in mycorrhizal plants linked to herbivore attacks. In Plantago lanceolate L., a large increase in volatile terpenoids mediated by AMF can assist in indirect defense against herbivore attacks (Fontana et al., 2009).

Our results showed that receiver plants that were linked to mycorrhizal donor plants released VOC emissions. Acetophenone, 2′,4′- dimethyl-, 4-ethylbenzaldehyde, cumene, phenethyl alcohol, β-cymene, p-cymene, and 2-phenyl-1-propanal were enhanced by AMF, indicating that AMF are capable of affecting the concentration and composition of plant secondary metabolites (Velásquez et al., 2020). As the most abundant and structurally diverse volatiles released by plants, terpenoids can drive interaction among insects, pathogens, and neighboring plants. Besides their role in direct and indirect defense, terpenoids affect defense-related signals released by the injured leaf to undamaged leaves through an internal system or to nearby plants through an external route (Sharma et al., 2017). In our study, mycorrhiza significantly improved and changed the relative content and composition of VOCs, such as cumene, phenethyl alcohol, 4-ethyltoluene, β-cymene, and 4-ethylbenzaldehyde. The majority of VOCs were terpenoids, which are combined with other compounds (green leaf volatiles, esters, aldehydes, and aromatic compounds) to enhance resistances (Kigathi et al., 2013; Kigathi et al., 2019). Among them, cumene affects the feeding of sucking herbivores (Gras et al., 2005) and primes defenses in Brassica nigra to white butterflies (Pashalidou et al., 2020). The specific effects of AMF on VOC emissions may be due to the differences in carbon allocation. Further, VOC emissions are mediated by interactions between plant hormones and secondary defense metabolites (Meier and Hunter, 2019).



The Signal Pathways of Defense Responses That Arbuscular Mycorrhizal Fungi Mediate

Root exudates and the fungal mycelia network mediate belowground plant communication (Guerrieri et al., 2002). Root exudates were excluded by a 2-cm gap in our devices, and our study showed that four defense-related enzymes and VOC emissions were higher in undamaged receiver plants, and the defensive substances induced by hyphal connections performed better compared with the control. This indicated that the defensive substances produced by the donor plants in different treatments were mainly transmitted through the mycelial network, demonstrating the importance of hyphae connection in the response of the receiver plants to the donor plants when harmed by insect pests (Barto et al., 2012). Studies have shown that the mycelial hyphae are a signal conduit (Babikova et al., 2013; Song et al., 2019). They transmit a series of signals and compounds between plants and trigger the response to organisms at various trophic levels (Babikova et al., 2013, 2014a; Alaux et al., 2020). Defense signals induced by herbivores can be transferred by a common mycelial network from injured plants to uninfected neighbors to enhance the resistance of injured individuals to herbivores and warn adjacent plants through CMN to prepare for future attacks without direct contact with herbivores. This early warning system may have a profound impact on trophic webs (Babikova et al., 2014b), especially plant–insect interactions (Barto et al., 2012).

Arbuscular mycorrhizal fungi induced host plant resistance to insects by facilitating the release of PPO, LOX, PAL, and β-1,3-glucanase and by mediating VOCs and C:N ratios. The common mycorrhizal network is an important pathway for transferring defense signals. Our findings showed that CMNs provide a potential approach for triggering defense responses in undamaged neighbors. Further studies are warranted to validate the extent and nature of the defense responses to different herbivores.
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142-91-6
496-11-7
18919-94-3
107-02-8
1758-88-9
105-05-5

34.76% =+ 0.01
18.67% % 0.05
2.14% £ 0.00
1.71% £ 0.00
0.92% + 0.01
17.83% £ 0.00
2.27% £ 0.00
3.67% £ 0.01
0.85% + 0.00
3.20% =+ 0.01
0.96% =+ 0.01
0.97% £ 0.01

25.85% + 0.08

1.55% £ 0.00
0.66% + 0.00

5.77% £ 0.03
0.68% + 0.00
1.48% =+ 0.01
8.76% + 0.04
1.48% =+ 0.01

2.08% £ 0.01
0.82% + 0.00
6.46% + 0.04

33.28% =+ 0.01

1.44% + 0.00
1.28% £ 0.00
1.63% £ 0.00
13.16% 4 0.03
4.04% + 0.02
5.06% =+ 0.00

1.04% + 0.01
2.55% + 0.00

36.58% + 0.02
28.39% =+ 0.01
0.62% + 0.00

1.02% =+ 0.01
16.69% =+ 0.01

3.49% £ 0.01
0.83 £ 0.00
0.96% =+ 0.01
1.04% =+ 0.01
0.71% £ 0.00
0.84% + 0.00

8.04% + 0.05
0.79% + 0.00

18.09% =+ 0.07
20.76% + 0.06
1.04% £ 0.00
0.41% £ 0.00

14.67% 4 0.02
0.68% +0.00
3.36% =+ 0.01

0.72% £ 0.00

2.00% £ 0.01

0.29% +0.00

5.59% +0.03

0.55% +0.00
27.82% =+ 0.08

30.18% + 0.05
23.30% + 0.04

12.44% 4 0.03

3.89% =+ 0.01

0.92% + 0.00
2.07% £ 0.00

1.12% =+ 0.01
26.07% £ 0.12

Values were mean + SE (n = 3).
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F P Slope y Intercept
VOCs blends 0.21 0.66 0.06 6.72
C:N ratio 1.16 0.30 0.30 30.77
PPO 0.32 0.58 6.76 223.17
PAL 0.02 0.89 0.36 100.50
LOX 0.01 0.91 1.23 347.28
B-1,3-glucanase 1.01 0.33 -0.25 13.46

PPO, polyphenol oxidase; PAL, phenylalanine ammonia lyase; LOX, Lipoxygenase.
The P-values indicate statistical significance (P < 0.05).
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