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Abstract

:

Pea aphid (Acyrthosiphon pisum) infestation leads to withering, reduced yield, and lower quality of the host plant. Arbuscular mycorrhizal (AM) fungi have been found to enhance their host plants’ nutrient uptake, growth, and resistance to biotic stresses, including pathogen infection and insect pest infestation. Therefore, we evaluated the effects of AM fungus Rhizophagus intraradices on alfalfa defense responses to pea aphid infestation. Aphid infestation did not affect the colonization of AM fungus. The inoculation of AM fungus, on average, enhanced alfalfa catalase and the contents of salicylic acid and trypsin inhibitor by 101, 9.05, and 7.89% compared with non-mycorrhizal alfalfa, respectively. In addition, polyphenol oxidase activities significantly increased by six-fold after aphid infestation in mycorrhizal alfalfa. Moreover, the fungus significantly (p < 0.05) improved alfalfa shoot N content, net photosynthetic and transpiration rates, and shoot dry weight in aphid infected treatment. The aphid infestation changed the total volatile organic compounds (VOCs) in alfalfa, while AM fungus enhanced the contents of methyl salicylate (MeSA). The co-expression network analysis of differentially expressed genes (DEGs) and differentially expressed VOCs analysis showed that three DEGs, namely MS.gene23894, MS.gene003889, and MS.gene012415, positively correlated with MeSA both in aphid and AM fungus groups. In conclusion, AM fungus increased alfalfa’s growth, defense enzyme activities, hormones, and VOCs content and up-regulated VOC-related genes to enhance the alfalfa’s resistance following aphid infestation.
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1. Introduction


Aphids (Aphidoidea) are important insect pests that cause severe economic and agricultural damage worldwide through direct feeding and virus transmission as vectors [1]. Aphids feeding has caused an estimated production loss of 25% in alfalfa worldwide [2], of which, pea aphid (Acyrthosiphon pisum), cowpea aphid (Aphis craccivora), and spotted alfalfa aphid (Therioaphis trifolii) cause about 20–30% yield loss of alfalfa production in China [3]. Among them, the pea aphid feeds on legumes such as pea (Pisum sativum), alfalfa (Medicago sativa), white clover (Trifolium repens) and red clover (Trifolium pratense) [4,5,6], causing withering and death of the host plants [2].



The infestation of aphids also decreases photosynthesis [7] and photosynthates’ transport to the roots [8]. For example, feeding by Spodoptera exigua significantly improved net photosynthetic rate and transpiration rate of mycorrhizal plants of peanut (Arachis hypogaea) and tomato (Lycopersicum esculentum) [7]; bird cherry-oat aphid (Rhopalosiphum padi) infection dramatically decreased C allocation to symbionts of wheat root and arbuscular mycorrhizal (AM) fungus (Rhizophagus irregularis). Insect feeding usually activates a plant’s defense-related enzymes, such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) [9,10]. For example, the activities of CAT and SOD were significantly increased in soybeans resistant to the southern green stink bugs (Nezara viridula) [11]. Host plant Medicago truncatula responds to pea aphid infestation by adapting the jasmonic acid (JA) and salicylic acid (SA) contents [12], and aphid infestation up-regulates the expression of SA pathway-related genes, while in alfalfa, the aphid infestation increases SA concentration by 15.5% and enriches sesqui- and tri-terpenoid biosynthesis pathways [13].



Plant-produced volatile organic compounds (VOCs) are important chemical communication between plants and insects [14]. An insect pest infestation can also change the host plant’s volatile organic compounds (VOCs) [15], which repel insect herbivores or attract their natural enemies [16], hence protecting plants against biotic stress [17]. For instance, increased methyl salicylate (MeSA) in tobacco (Nicotiana tabacum) infected with potato aphid (Macrosiphum euphorbiae) caused the attraction of the aphid parasitoid Aphidius ervi, which impaired the development of the pest [18]. Pea aphids feeding on broad bean (Vicia faba) also caused the release of plant volatiles that helped the legume to resist the pests by attracting the parasitic wasp A. ervi [19]. An SPME-GC-MS method found that a total of 99 volatile metabolites were detected in the leaf of alfalfa [20]. It is important to clarify that alfalfa VOCs related defense to aphid infestation. In addition, the shoot tissues of alfalfa are directly used for livestock feeding; thus, pesticides are not recommended for aphid control.



Microorganisms have potential for biocontrol of alfalfa insect pests [13]. Arbuscular mycorrhiza (AM) colonization occurs widely in vascular plants, including alfalfa (Medicago spp.) [21]. AM fungi colonization in plants promotes nutrient uptake, photosynthesis, and growth [22], and it enhances defense enzyme activities [23]. AM fungi can enhance plants against insects by improving plant growth, increasing plant defense enzyme activities [13], and regulating plant VOCs. For example, the mixed AM fungi colonization promotes the release of green-leaf volatiles (GLVs) in broad bean such as 3-hexenyl acetate, hexyl acetate, and MeSA [24], but it reduces the contents of sesquiterpene, (E)-caryophyllene, and (E)-β-farnesene [25]. Therefore, the changes in plants caused by the AM fungus Rhizophagus intraradices’ colonization affect alfalfa resistance pathogens and insect pests. In addition, the colonization of plants by AM fungus affects the mediation of the host plant’s JA, SA, and ABA contents [13]. Transcriptome analysis also shows that the AM fungus R. intraradices increases the expression of resistance-related genes involved in pathogenesis-related protein in alfalfa’s (M. sativa) response to Phoma medicagonis infection [26].



Alfalfa is one of the most important perennial forage legumes with the largest cultivation area in the world [27]. AM fungus colonization and aphid infection often occur simultaneously in alfalfa; the alfalfa–AM fungus–aphid system is common in nature. Aphid feeding causes withering, yield loss, and death of the host plants. However, the manner in which AM fungi regulates the defense mechanism of the host plant, especially alfalfa’s defense enzyme and VOCs’ related mechanism to aphid infestation, remains unclear. Therefore, the present study was designed to analyze the effects of R. intraradices on alfalfa’s responses to pea aphid infestation. We determined the plant growth, photosynthesis, phosphorus (P) and nitrogen (N) uptake, plant defense enzyme activities, hormone contents, and VOCs’ contents and their related key genes. We hypothesized that AM fungus enhances alfalfa’s photosynthesis and increases its defense-enzyme activities and hormone concentrations, as well as changes the VOCs’ contents and related gene expression, thus affecting alfalfa’s response to pea aphid infestation.




2. Materials and Methods


2.1. Alfalfa, AM Fungus, and Growth Medium


Seeds of the alfalfa (Medicago sativa) cultivar “Longdong” were obtained from the Forage Seed Testing Centre, Lanzhou, Ministry of Agriculture, and Rural Ministry of China, while the AM fungus (Rhizophagus intraradices) was purchased from the Bank of Glomeromycota in Beijing, China. The inoculum consisted of dry soil containing AM fungus spores (>100 spores per g), mycelium, and white clover root fragments, which were prepared in pot cultures of AM fungus grown on the white clover (Trifolium repens) in the greenhouse. The alfalfa growth medium was mixed with pre-sieved sand and soil using a 2 mm sieve at a 1:3 weight ratio. Sand and soil were purchased from the flower market in Lanzhou, China. All the growth medium components were sterilized by autoclaving at 121 °C for 1 h twice in three days [26].




2.2. AM Fungus Inoculation and Aphid Infestation


A two-stage experiment was established using alfalfa and aphids in a plant incubator (RXM-508C; Ningbo Jiangnan Instrument Factory, Ningbo, China) with 12 fluorescent lights (300 μmol·m−2·s−1) at 25 °C and 12 h of dark at 25 °C (watered with tap water every three days). The alfalfa seeds were surface-sterilized with 10% hydrogen peroxide (H2O2) for 10 min and then rinsed three times with sterile distilled water before germinating on wet filter paper in the dark at 25 °C for 48 h. Before transplantation, 50 g of AM fungus were added to the growth medium at a depth of 2–3 cm in each of eight pots (AM treatment). The control pots contained the same growth medium with a 50 g sterile growth medium each (non-mycorrhizal treatment, NM). Five germinated seeds were then transplanted in a 12 × 10 × 8 cm pot and thinned to four seedlings after one week.



We captured pea aphids from an alfalfa field at the Yuzhong campus of Lanzhou University, China and then selected and reared the single adults on broad bean plants. We then identified the newly emerged aphid offspring morphologically and molecularly, as described previously [28]. At 51 days after planting (DAP), half of the alfalfa plants inoculated with or without AM fungus were infested with five similar size adult pea aphids (A+). The remaining half of the alfalfa plants were not infested with pea aphids (A−).




2.3. AM Colonization, Shoot N, P Uptake, Dry Weight, Defense Enzyme Activity, and Hormone Content


At harvest (60 DAP), 0.5 g of fresh shoots from each pot were used to determine the enzyme activities, by measuring polyphenol oxidase (PPO), superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), as described previously [29]. We measured the concentrations of jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) contents; nitric oxide (NO); total phenols; and trypsin inhibitors from 0.4 g of fresh shoots using ELISA kits (Plant JA, Plant SA, Plant ABA, Plant NO, Plant total phenols, and Plant trypsin inhibitor) following the manufacturer’s instructions (mlbio; Shanghai Enzyme-linked Biotechnology, Shanghai, China) [26]. About 1.0 g of fresh shoots from each pot was used for the VOCs’ content analysis using static headspace SPME-gas chromatography coupled with mass spectrometry (GC-MS) [30,31], while the remaining fresh shoot tissues were used to measure the dry weight. Thus, the total plant shoot dry weight was calculated from the fresh and dry weight ratios. In addition, 0.2 g of plant dry shoots were digested in 5 mL H2SO4 to determine the total N and P by a flow injection analyzer (FIAstar 5000 Analyzer; FOSS, Munkedal, Sweden) with the Kjeldahl method [32].



Approximately 0.15 g of the root tissues from each pot were used for AM colonization tests as previously reported [33]. Roots were cut into 1 cm-long pieces and cleaned in 10% KOH for 40 min at 60 °C water bath. The samples were then treated in 1 M HCl for 30 s, washed three times with distilled water, and stained in trypan blue overnight at room temperature. They were then washed three more times with distilled water and maintained in a 1:1:1 solution of 5% lactic acid: glycerin: water (v/v/v). The root samples were then used to determine the degree of mycorrhizal colonization using a compound microscope (SOFTOP BH200M-R, Ningbo, China) [33,34].




2.4. The Photosynthesis Indexes


The net photosynthetic and transpiration rates were measured at 50 DAP (before aphid infesting) and 59 DAP (after aphid infesting) using a portable photosynthesis system (LI-6400, LI-COR, Inc., Lincoln, NE, USA). The readings were taken between 9:00 and 11:00 am with 1200 μmol·m−2·s−1 of PAR saturation [35].




2.5. The Transcriptome Analysis for Plant Leaves


At harvest (60 DAP), 0.1 g of fresh shoots from the four seedlings in each pot was randomly collected, flash-frozen immediately in liquid nitrogen, and stored at −80 °C before total RNA extraction. The total RNA was isolated from the leaf tissues of three biological replicates per treatment (NMA−, NMA+, AMA−, AMA+) using TRIzol Reagent following the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). The residual genomic DNA was removed from the RNA samples using DNase I (Takara Bio, Kusatsu-Shiga, Japan). RNA quality and quantity were determined using the 2100 Bioanalyser (Agilent Technologies, Santa Clara, CA, USA) and ND-2000 (NanoDrop Technologies, Wilmington, DE, USA). The high-quality RNA sample (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, >2 μg) was selected to construct the sequencing library [36].



Accordingly, 1 μg of the total RNA was used to construct the RNA-seq transcriptome libraries using the TruSeqTM RNA sample preparation kit following the manufacturer’s protocol (Illumina, San Diego, CA, USA). The mRNA was isolated by the polyA selection method using oligo(dT) beads and fragmented using the fragmentation buffer. The double-stranded cDNA was synthesized using random hexamer primers (Illumina, San Diego, CA, USA), following the protocol of the SuperScript double-strand cDNA synthesis kit (Invitrogen, Waltham, MA, USA). The synthesized cDNA was end-repaired and phosphorylated, and the ‘A’ base was enriched following the Illumina library construction protocol. After cDNA quantification, 200–300 bp target fragments were amplified by PCR using Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA) for 15 PCR SeqPrep cycles. The libraries were paired-end sequenced on the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 × 150 bp read length) [37].



The raw paired-end reads were trimmed by SeqPrep (https://github.com/jstjohn/SeqPrep, accessed on 9 October 2022) and quality controlled by Sickle (https://github.com/najoshi/sickle, accessed on 9 October 2022) using default parameters. The clean reads were mapped to the M. sativa reference genome (https://figshare.com/projects/whole_genome_sequencing_and_assembly_of_Medicago_sativa/66380, accessed on 9 October 2022) using the TopHat (http://tophat.cbcb.umd.edu/, version 2.0.0, accessed on 9 October 2022) software [38]. The generated raw sequence dataset was submitted to the National Center for Biotechnology Information (NCBI) in the Short Read Archive (SRA) database under accession number PRJNA832072.



RSEM (http://deweylab.biostat.wisc.edu/rsem/, accessed on 9 October 2022) was used to normalize the level of gene expression in fragments per kilobase of exon per million mapped reads (FPKM). Analyses of the differentially expressed genes (DEGs) between two different samples (NMA− vs. AMA−, NMA− vs. NMA+, AMA− vs. AMA+, and NMA+ vs. AMA+) were performed using DESeq2 in the R statistical environment (padjust < 0.05).




2.6. Volatile Organic Components Analysis


For each pot, 1 g of fresh shoots was immediately frozen in liquid nitrogen after harvesting and stored at −80 °C. A total of four treatments (NMA−, AMA−, NMA+, AMA+) with four biological replicate samples were separately ground to powder in liquid nitrogen to isolate the volatiles [39]. The powder was transferred immediately to a 20 mL headspace vial containing 2 mL saturated NaCl solution (Agilent, Palo Alto, CA, USA). The vials were sealed using crimp-top caps with TFE-silicone headspace septa (Agilent). At the time of SPME analysis, each vial was placed at 60 °C for 10 min, and then a 65 µm divinylbenzene/carboxen/polydimethylsilioxan fiber (Supelco, Bellefonte, PA, USA) was exposed to the headspace of the sample for 20 min at 60 °C.



The desorption of the VOCs from the fiber coating was carried out in the injection port of the GC apparatus (Model 7890B; Agilent) at 250 °C for 5 min under the splitless mode. The VOCs were identified and quantified using an Agilent Model 7890B GC and a 7000D mass spectrometer (Agilent) equipped with a 30 m × 0.25 mm × 1.0 μm DB-5MS (5% phenyl-polymethylsiloxane) capillary column. Helium was used as the carrier gas at a linear velocity of 1.0 mL/min. The injector temperature was kept at 250 °C and the detector at 280 °C. The oven temperature was programmed from 40 °C (1 min), increasing at 5 °C/min to 280 °C. The mass spectra were recorded in electron impact (EI) ionization mode at 70 eV. The quadrupole mass detector, ion source, and transfer line temperatures were set at 150, 230, and 280 °C, respectively. The mass spectra were scanned in the range of m/z 30–350 amu at 1 s intervals. The volatile compounds were identified by comparing the mass spectra with the data system library (NIST) and linear retention index [40].



Principal component analysis (PCA) was used to differentiate the samples and identify marker metabolites. Afterwards, the variable influence on projection (VIP) was used to illustrate the variables that contributed to the separation. The orthogonal partial least squares discriminant analysis (OPLS-DA) extension was then used to compute the variation of X, which is predictive (correlation between X and Y), and the part of the variation which is orthogonal (unrelated) to Y [41].




2.7. Statistical Analysis


Data of AM colonization; fresh weight; dry weight; total N; total P; JA; SA; NO; ABA; phenolic and trypsin inhibitor concentrations; and the activities of CAT, POD, SOD, and PPO are presented as the means ± standard error of the mean (SEM) of four biological replicates. Data of the net photosynthetic and transpiration rates are presented as SEM of 4 biological replicates. The data were subjected to analysis of variance (ANOVA) using the R statistical program (version 4.2.0). Comparisons between the means were determined by Turkey’s HSD test (p < 0.05). The percentage of AM colonization and net photosynthetic rate were SQRT transformed while the transpiration rate was log transformed to achieve normality. The RNA-seq analysis was performed using the free online platform of Majorbio Cloud Platform (www.majorbio.com, accessed on 9 October 2022). The VOCs analysis was performed using the free online platform of Metware Cloud (cloud.metware.cn, accessed on 9 October 2022).





3. Results


3.1. AM Fungal Colonization, Plant Growth, Shoot N and P Uptake


The mean percentags of AM fungus colonization were 45% and 43.33% in the mycorrhiza-inoculated alfalfa without and with pea aphid infestation, respectively. No mycorrhizal structures were observed in the non-fungal-inoculated plant roots. The infestation of aphids did not significantly affect AM colonization (Figure S1; p > 0.05). AM fungus increased alfalfa shoot fresh weight by 100% (Figure 1a; p = 0.0043) and shoot dry weight by 64.15% (p = 0.0151; Figure 1b). Moreover, the alfalfa shoot total N was increased 40.60% by AM fungus (p = 0.0083), and mycorrhizal alfalfa with aphid infestation had the highest shoot total N (Figure 1c) and shoot total P (p = 0.0373; Figure 1d). AM fungus significantly increased the net photosynthetic rate of alfalfa infested by aphids (p < 0.0001; Figure 2a), and the transpiration rate of mycorrhizal alfalfa at 45.00% was higher than that of non-mycorrhizal alfalfa at 59 DAP (p = 0.03867; Figure 2b) (Table S1), which is consistent with the higher biomass of mycorrhizal plants.




3.2. The Activities of Plant Defense Enzymes, Jasmonic Acid, SA, Trypsin Inhibitors, Total Phenolics, ABA, and NO Concentration in Alfalfa


AM fungus alone did not affect plant defense enzyme activity; however, its interaction with aphid-affected plant CAT and PPO activities indicates that AM fungus plays an important role only when the plant is exposed to aphid stress (Table S1). Aphid infestation significantly increased plant CAT and PPO, especially in mycorrhizal plants. The PPO activities were significantly increased by 184% and 600% after aphid infestation in non-mycorrhizal alfalfa and mycorrhizal alfalfa, respectively (p = 0.0054) (Figure 3a). The CAT activity in mycorrhizal alfalfa was 101% higher than in non-mycorrhizal plants after aphid infestation (p = 0.0304; Figure 3c). However, pea aphid infestation decreased the POD activity (p = 0.0046; Figure 3b) but did not affect the SOD activity in alfalfa plants (Figure S2) (Table S1). Aphid infestation significantly increased JA concentration by 8.59% (p = 0.0335; Figure 3d), and AM fungus colonization increased SA concentration by 9.05% in alfalfa (p = 0.0337; Figure 3e). There was no interactive effect of aphid infestation and AM colonization on JA and SA. Trypsin inhibitor concentration in mycorrhizal alfalfa was 7.89% higher in non-mycorrhizal plants (p = 0.0174). Furthermore, aphid infestation significantly increased trypsin inhibitor concentration in non-mycorrhizal alfalfa, while AM fungus increased trypsin inhibitors either in aphid-infested or non-infested alfalfa (Figure 3f; Table S1). This indicates that AM fungus colonization activated the plant’s trypsin-inhibitor-related defense process. However, there were no significant differences in the contents of total phenols, ABA, and NO across the treatments (Figure S3).




3.3. Volatile Organic Components in Alfalfa


One hundred fourteen VOCs were identified, including terpenes, alcohol, aromatics, heterocyclic compounds, aldehyde, ketone, alkanes, ester, phenol, ether, and olefin. The differential VOCs were satisfied by a VIP > 1 and a p value < 0.05 in different samples. The colonization of AM fungus increased the total contents of VOCs (p = 0.0296; Figure 4a) in alfalfa plants. The top 20 VOCs with the highest mean content in the four treatments were 2-Hexenal, (E)−; 2-Ethyl-1-hexanol; 3-Buten-2-one; 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-; 2,4-Heptadienal, (E,E)−; 1-Hexanol; Hexanal; 3-Buten-2-one, 4-(2,2,6-trimethyl-7-oxabicyclo [4.1.0]hept-1-yl)-; Cyclohexanol; 3,5-Octadien-2-one; 1-Octen-3-ol; Phenylethyl Alcohol; 2-Penten-1-ol, (Z)-; Benzyl alcohol; 1-Cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl-; 4-Heptanone, 2,6-dimethyl-; Pentadecane; Benzaldehyde; 2,6-Nonadienal, (E,Z)−; Cyclohexanol, 2,6-dimethyl-; and Octanoic acid, ethyl ester (Figure 4b).



Seven different VOCs, including three esters, two alcohols, one aldehyde, and one alkane, were detected in four groups (NMA− vs. AMA−, NMA− vs. NMA+, AMA− vs. AMA+ and NMA+ vs. AMA+). The amounts of butanedioic acid, methyl ester, and dimethyl ester were higher in mycorrhizal alfalfa than in non-mycorrhizal alfalfa plants. Pea aphid infestation decreased 2-Octen-1-ol, (E)− and MeSA in the non-mycorrhizal alfalfa leaves but increased the concentration of Pentadecanal, (E)-2,6-dimethylocta-3,7-diene-2,6-diol; Nonane, 5-(2-methylpropyl)-; and 3-Hexen-1-ol, acetate, (E)− in the plants inoculated with mycorrhiza and infested with pea aphids. The concentrations of 2-Octen-1-ol, (E)−; MeSA; (E)-2,6-Dimethylocta-3,7-diene-2,6-diol; and nonane, 5-(2-methylpropyl)- were higher in the mycorrhizal alfalfa infested with pea aphids than the non-mycorrhizal alfalfa infested with aphids (Table 1).



The PCA showed AM fungus colonization, and pea aphid infestation affected VOC composition and content. The VOCs were highest in the pea aphids fed on the mycorrhizal alfalfa. A part of VOCs was consistent in four different treatments (Figure S4). The OPLS-DA showed the AMA− and AMA+ treatments were separated from the other treatments, while the NMA- and AMA+ treatments were separated from the NMA+ and AMA− treatments (Figure S5a). Sixty compounds had a high discriminatory power (i.e., VIP > 1), and all were associated with the four treatments, the top 20 listed by decreasing order of VIP value, with numbers referring to the volatile compounds listed in Table S2: (76), (44), (109), (49), (39), (59), (114), (12), (88), (68), (72), (50), (40), (1), (79), (17), (55), (48), (112) and (28) (Figure S5b).




3.4. Differentially Expressed Genes and VOCs Analysis


The co-expression network analysis of differentially expressed genes (DEGs) and differentially expressed VOCs was conducted to examine the relationship between DEGs and differentially expressed VOCs in the aphid-infested alfalfa plants (Pearson correlation coefficient > 0.8 or < −0.8). Sixty-six genes were found to be associated with four metabolites in NMA+ vs. AMA+, of which MS.gene071245 positively regulated (E)-2,6-Dimethylocta-3,7-diene-2,6-diol and nonane, 5-(2-methylpropyl)- in NMA+ vs. AMA+. Similarly, three DEGs were found to be associated with butanedioic acid, methyl ester, and dimethyl ester in NMA− vs. AMA−. Moreover, three and two DEGs were associated with 2-Octen-1-ol, (E)− and MeSA in NMA- vs. NMA+; MS.gene060167 positively regulated 2-Octen-1-ol, (E)−, while MS.gene34446 negatively regulated 2-Octen-1-ol, (E)−. In contrast, only MS.gene071279 was found to be associated with pentadecanal while MS.gene071245 positively regulated (E)-2,6-Dimethylocta-3,7-diene-2,6-diol and nonane, 5-(2-methylpropyl)- in AMA− vs. AMA+ (Figure 5).



A total of three and 22 DEGs were associated with MeSA in NMA− vs. NMA+ and NMA+ vs. AMA+, respectively. In total, there are three DEGs that positively correlated with MeSA (MS.gene23894, MS.gene003889, and MS.gene012415) both in NMA− vs. NMA+ and NMA+ vs. AMA+. These three DEGs associated with MeSA in NMA− vs. NMA+ were down-regulated, while these DEGs in NMA+ vs. AMA+ were up-regulated. Moreover, the rest of the 12 DEGs positively correlated with MeSA up-regulated in NMA+ vs. AMA+, and seven DEGs negatively correlated with MeSA down-regulated in NMA+ vs. AMA+, respectively (Tables S3 and S4). These results were consistent with the content of MeSA in different treatments.





4. Discussion


The present study reveals that the biochemical mechanism of AM fungus modulates plant responses to pea aphid infestation. We did not observe the negative influence of aphids on the growth of non-mycorrhizal and mycorrhizal plants. We assume this may be due to the short period of the experiment. In addition, alfalfa plants may have a compensation for adverse effects of aphid infestation. The infestation of the aphids induced alfalfa to absorb P and N in mycorrhiza-inoculated plants, which may compensate for the loss caused by aphids feeding on plant growth as revealed by higher fresh and dry weights in AMA+. Furthermore, the increased shoot total P content in plant leaves can increase the net photosynthetic rate in plants [42]. This is consistent with the higher net photosynthesis in mycorrhiza-inoculated plants infested with pea aphids. Insect feeding usually decreases plant photosynthesis, reducing the transportation of photosynthesis to the host plant’s roots [8]. Subsequently, this affects the colonization of the AM fungi and nutrient acquisition from the host plants [7]. Alfalfa was exposed to pea aphid stress as the symbiotic relationship changed owing to the carbon–lipid exchange with N and P absorption by the AM fungus [43]. Our results show AM colonization was not affected by aphid infestation, which shows the symbiosis of AM fungus and alfalfa was stable, and mycorrhiza retains its function in enhancing plant P uptake as this was proved by the higher P and N content in mycorrhizal plants. Babikova et al. found that the alteration of metabolism of alfalfa by the AM fungus antagonized the infestation of pea aphids by accumulating total P in the leaves [44]. In our study, the stable AM fungal colonization in alfalfa protected plants from aphid infestation by nutrient uptake and higher photosynthetic rate.



Our results show aphid infestation causes alfalfa defense enzyme activity, especially reactive oxygen species (ROS) related enzymes, such as PPO, POD, and CAT; this agrees with previous studies [45,46,47,48]. For example, Mahanil found the ROS related enzyme was increased when tomato was exposed to the common cutworm [46]. Another study found host plant POD activity increases to resist insect infestation with identification of B6T173 (ZmPrx35) as the prevailing peroxidase in highly insect-resistant maize (Zea mays, p84C3) kernels by activity-directed purification, which include activities of antioxidant enzymes in three species of Ludwigia weeds on feeding by Altica cyanea. Though ROS are produced in the plant to resist biotic stresses, a large quantity of ROS might damage nucleic acids and proteins in the cells, polyunsaturated fatty acids on the cell membranes, and subcellular organelle membranes [48]. The present study found the POD activity in alfalfa significantly decreased after pea aphid infestation, indicating reduced ROS in the legumes, which may benefit plants’ stress tolerance [49]. In addition, the activity of CAT increased in mycorrhiza-inoculated alfalfa plants infested with pea aphids compared to non-fungal-inoculated plants, which may be related to a signal for the induction of defense genes in plants [50]. Therefore, this study suggests that AM fungus could alter a plant’s response to aphids by increasing plant P, N uptake, plant growth, and defense enzyme activity.



Our research shows that JA significantly increases in the alfalfa after being infested with pea aphids, while AM fungus enhances SA concentration in the legumes. However, JA and SA did not consistently change in alfalfa in response to pea aphid infestation, with JA acting as the altering hormone in the legumes’ response to pea aphid infestation. The AM fungus-induced SA might serve as a growth, antioxidant, and metabolic activity regulator for alfalfa. Plant hormones such as JA and SA are essential endogenous molecules involved in plant development and direct and indirect defense systems [51]. Jasmonic acid and SA are the primary signaling pathways in plant defense [52,53]. The JA signaling pathway plays an essential role in plant growth, activation of plant resistance genes, and enhanced antioxidant enzyme activity [54,55]. The SA signaling pathway regulates growth, enhances the plant antioxidant system, and increases metabolic activity [56,57]. Alfalfa shows a stronger response to aphid infestation than to AM colonization, which indicates JA and SA pathways are closely related to plant response to biotic stress [13], while AM fungus mostly enhances a plant’s JA content when a plant is exposed to stress conditions. The plant defense system shares a complex relationship with the hormonal pathway, including coordination, prioritization, and cross-talk [58,59]. Trypsin inhibitors contribute to the tolerance of host plants to heavy herbivore pressure by deterring insect herbivory [60]. The high levels of trypsin inhibitors in mycorrhiza-inoculated plants and pea aphid treatments indicate trypsin inhibitors may play important roles in plant response to AM colonization and aphid infestation [13]. AM fungus could induce trypsin-inhibitor accumulation in the same way that occurs in the presence or absence of aphids. The higher rate of trypsin inhibitors in mycorrhizal plants is perhaps present before the arrival of the aphids and therefore limits the infestation of the plants by the aphids. The number of VOCs detected in this study (114) was larger than commonly reported in similar studies. For example, 17 VOCs were reported in a study of V. faba response to aphid attack [61], 10 in a study of Z. mays response to application of herbivore beetle extract [62], and 33 in a study of site differences in VOC profiles of Calluna vulgaris [63]. The reason for the larger number of VOCs detected here is unclear. One possibility is that SPME extraction of VOCs from frozen leaf material was more efficient than vapor-phase VOC capture in live-plant headspaces used in many studies [20].



The AM fungus induced elevated levels of overall contents and resulted in apparent changes in the ratios of seven individual volatile compounds. Many previous studies have shown that insect herbivores can exploit VOC cues to avoid inferior hosts [64,65]. Thus, despite the large sizes of mycorrhiza-inoculated alfalfa plants, more quantities of VOCs in the fungal-inoculated plants may repel aphids. Subtle quantitative and qualitative differences also exist between the VOCs’ contents in inoculated and non-mycorrhiza-inoculated alfalfa after pea aphid infestation [66]. There are ester, ketone, and terpenes in the top 20 VOCs that had a high discriminatory power in the four treatments. Among these, 3-Octanone and gamma-terpinene in alfalfa can enhance plant resistance to aphids. The 3-Octanone also elicits higher Electroantennogram (EAG) responses in the vetch aphid Megoura viciae Buckton (Homoptera, Aphididae) [67], while gamma-terpinene repels the insect through its toxic property [68,69].



The VOCs such as MeSA are the key compounds in mycorrhiza–alfalfa response to pea aphid infestation. MeSA is synthesized from SA mainly through carboxyl methyltransferase in the plant [70] as a long-distance signal associated with systemic acquired resistance (SAR) [71]. MeSA can induce plant growth and development and enhance defense responses [72]. Moreover, plants emit MeSA into the atmosphere [73] to repel aphids and attract their parasitoids [74,75]. MeSA attracts aphid predators, such as syrphid flies (Diptera: Syrphidae) and green lacewings (Neuroptera: Chrysopidae) to decrease Aphis glycines Matsumura (Hemiptera: Aphididae) abundance [76]. In the current study, pea aphid infestation reduced MeSA content, benefiting the insects’ infestation but reducing the predators’ discovery. AM fungus increased the total content of VOCs, which likely influenced the plants’ response to pea aphid infestation and predator attraction. The key DEGs, including MS.gene23894, MS.gene003889, and MS.gene012415, which regulate MeSA content, were down-regulated in the NMA− vs. NMA+ and up-regulated in the NMA+ vs. AMA+. Generally, MeSA increases the abundance of natural enemies in numerous food crops and has been commercially used as slow-release lures for pest control [77].




5. Conclusions


Colonization of the AM fungus R. intraradices promotes plant growth, N uptake, net photosynthesis, and transpiration rates when alfalfa is exposed to aphid infestation, thus compensating for the negative influence caused by pea aphids. The infestation of pea aphids activates alfalfa PPO activities and JA concentration, while AM fungus colonization enhances plant-defense enzyme activities when plants are exposed to pea aphid infestation, and the content of SA in mycorrhizal alfalfa is higher than non-mycorrhizal alfalfa. AM fungus changes alfalfa’s response to pea aphids, and plants have complex defense pathways in response to insect infestation. Moreover, AM fungus increases MeSA, which is decreased by pea aphid infestation. In addition, the MeSA-regulated key genes in alfalfa are up-regulated by AM fungus after pea aphid infestation.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jof8121308/s1, Figure S1: AM fungi colonization of M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM), and un-infested by A. pisum (A−). All values are shown as means ± SEM of four biological replicates. Different letters above bars represent significant difference in the comparison at p < 0.05, as determined by Tukey’s HSD test. SEM, standard error of the mean.; Figure S2: SOD activcity of M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM) and non-infested with A. pisum (A−). All values are shown as means ± SEM of four biological replicates. Different letters above pairs of bars represent significant difference in the comparison at p < 0.05, as determined by a Tukey’s HSD test. SEM, standard error of the mean. SOD, superoxide dismutase.; Figure S3: (a) Total phenols concentration, (b) ABA concentration, and (c) NO concentration of M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM) and non-infested with A. pisum (A−). All values are shown as means ± SEM of four biological replicates. Different letters above pairs of bars represent significant difference in the comparison at p < 0.05, as determined by a Tukey’s HSD test. SEM, standard error of the mean. ABA, abscisic acid.; Figure S4: Principal component analysis (PCA) in the NMA−, NMA+, AMA− and AMA+ groups, respectively. The x-axis shows the first principal component. The y-axis shows the second principal component.; Figure S5: (a) OPLS-DA comparison of the VOCs contents in the NMA−, NMA+, AMA− and AMA+ groups. Score plot of the samples, with the percentage of explained variation in parentheses. The OPLS-DA resulted in a model with two predictive components. (b) Loading plot of the two components of the OPLS-DA, showing the contribution of each of the compounds towards the model. Numbers refer to the volatile compounds listed in Table S2.; Table S1: Main effects of AM fungus (inoculation or uninculation), pea aphid (infested or uninfested) and their two way interactions on AM colonization, Shoot fresh weight, Shoot dry weight, Shoot total N, Shoot total P, PPO, CAT, POD, SOD, SA, JA, ABA, NO, Trypsin inhibitor, Total phenols, Total VOCs. p < 0.05 are highlighted in bold.; Table S2: The compounds of 114 VOCs in Medicago sativa roots inoculated with Rhizophagus intraradices (AM) and infested with Acyrthosiphon pisum (A+) or non-inoculated with R. intraradices (NM) and non-infested with A. pisum (A−).; Table S3: Methyl salicylate related differentially expressed genes in NMA+ vs AMA+; Table S4: Methyl salicylate related differentially expressed genes in NMA− vs NMA+.





Author Contributions


Conceptualization, T.D. and Y.W.; methodology, T.D. and Y.W.; validation, T.D., Y.W., Y.L. and Z.T.; data curation, Z.T. and Y.W.; writing—original draft preparation, T.D. and Y.W.; writing—review and editing, T.D., Y.W., Y.L. and Z.T. All authors have read and agreed to the published version of the manuscript.




Funding


National Natural Science Foundation of China (3207141294), the China Modern Agriculture Research System (CARS-22 Green Manure).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All applicable data are published and referenced in the paper.




Conflicts of Interest


The authors report no conflict of interest.




References


	



Dedryver, C.A.; Ralec, A.L.; Fabre, F. The conflicting relationships between aphids and men: A review of aphid damage and control strategies. Comptes Rendus Biol. 2010, 333, 539–553. [Google Scholar] [CrossRef] [PubMed]

	



Ryalls, J.M.W.; Riegler, M.; Moore, B.D.; Johnson, S.N. Biology and trophic interactions of lucerne aphids. Agric. Meteorol. 2013, 15, 335–350. [Google Scholar] [CrossRef]

	



Shi, S.; Nan, L.; Kevin, S. The Current Status, Problems, and Prospects of Alfalfa (Medicago sativa L.) Breeding in China. Agronomy 2017, 7, 1. [Google Scholar] [CrossRef]

	



Hufbauer, R.A. Pea aphid-parasitoid interactions: Have parasitoids adapted to differential resistance? Ecol. 2001, 82, 717–725. [Google Scholar] [CrossRef]

	



Gao, L.L.; Klingler, J.P.; Anderson, J.P.; Edwards, O.R.; Singh, K.B. Characterization of pea aphid resistance in Medicago truncatula. Plant Physiol. 2008, 146, 996–1009. [Google Scholar] [CrossRef]

	



Chen, X.; Fan, Y.; Zhang, W.; Tian, Z.; Zhao, K. Soybean aphid, aphis glycines (hemiptera: Aphididae), developmental and reproductive capacity on white clover, Trifolium repens (rosales: Leguminosae), in northeast china. Appl. Entomol. Zool. 2017, 52, 491–495. [Google Scholar] [CrossRef]

	



He, L.; Li, C.; Liu, R. Indirect interactions between arbuscular mycorrhizal fungi and Spodoptera exigua alter photosynthesis and plant endogenous hormones. Mycorrhiza 2017, 27, 525–535. [Google Scholar] [CrossRef]

	



Charters, M.D.; Sait, S.M.; Field, K.J. Aphid herbivory drives asymmetry in carbon for nutrient exchange between plants and an arbuscular mycorrhizal fungus. Curr. Biol. 2020, 30, 1801–1808. [Google Scholar] [CrossRef]

	



Moloi, M.J.; Westhuizen, A.J. The reactive oxygen species are involved in resistance responses of wheat to the Russian wheat aphid. J. Plant Physiol. 2006, 163, 1118–1125. [Google Scholar] [CrossRef]

	



Ahmad, P.; Sarwat, M.; Sharma, S. Reactive oxygen species, antioxidants and signaling in plants. J. Plant Biol. 2008, 51, 167–173. [Google Scholar] [CrossRef]

	



Sabljic, I.; Barneto, J.A.; Balestrasse, K.B.; Zavala, J.A.; Pagano, E.A. Role of reactive oxygen species and isoflavonoids in soybean resistance to the attack of the southern green stink bug. PeerJ 2020, 8, e9956. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.; Sun, Y.; Peng, X.; Wang, Q.; Marvin, H.; Ge, F. Up-regulation of abscisic acid signaling pathway facilitates aphid xylem absorption and osmoregulation under drought stress. J. Exp. Bot. 2016, 67, 681–693. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Nan, Z.; Duan, T. Rhizophagus intraradices promotes alfalfa (Medicago sativa) defense against pea aphids (Acyrthosiphon pisum) revealed by RNA-Seq analysis. Mycorrhiza 2019, 29, 623–635. [Google Scholar] [CrossRef] [PubMed]

	



Mumm, R.; Dicke, M. Variation in natural plant products and the attraction of bodyguards involved in indirect plant defense. Can. J. Zool. 2010, 88, 628–667. [Google Scholar] [CrossRef]

	



Schwartzberg, E.G.; Boeroeczky, K.; Tumlinson, J.H. Pea Aphids, Acyrthosiphon pisum, suppress induced plant volatiles in broad bean, Vicia Faba. J. Chem. Ecol. 2011, 37, 1055–1062. [Google Scholar] [CrossRef] [PubMed]

	



Jaeger, D.M.; Runyon, J.B.; Richardson, B.A. Signals of speciation: Volatile organic compounds resolve closely related sagebrush taxa, suggesting their importance in evolution. New Phytol. 2016, 211, 1393–1401. [Google Scholar] [CrossRef]

	



Loreto, F.; Schnitzler, J.P. Abiotic stresses and induced BVOCs. Trends Plant Sci. 2010, 15, 154–166. [Google Scholar] [CrossRef]

	



Cascone, P.; Iodice, L.; Maffei, M.E.; Bossi, S.; Arimura, G.; Guerrieri, E. Tobacco overexpressing beta-ocimene induces direct and indirect responses against aphids in receiver tomato plants. J. Plant Physiol. 2015, 173, 28–32. [Google Scholar] [CrossRef]

	



Du, Y.J.; Poppy, G.M.; Powell, W. Relative importance of semiochemicals from first and second trophic levels in host foraging behavior of Aphidius ervi. J. Chem. Ecol. 1996, 22, 1591–1605. [Google Scholar] [CrossRef]

	



Yang, D.; Lei, Z.; Bedair, M.; Sumner, L.W. An Optimized SPME-GC-MS Method for Volatile Metabolite Profiling of Different Alfalfa (Medicago sativa L.) Tissues. Molecules 2021, 26, 6473. [Google Scholar] [CrossRef]

	



Formenti, L.; Rasmann, S. Mycorrhizal fungi enhance resistance to herbivores in tomato plants with reduced jasmonic acid production. Agronomy 2019, 9, 131. [Google Scholar] [CrossRef]

	



Pieterse, C.; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Wees, S.V.; Bakker, P. Induced systemic resistance by beneficial microbes. Annu. Rev. Phytopathol. 2014, 52, 347–375. [Google Scholar] [CrossRef] [PubMed]

	



Ma, P.; Shi, Z.; Diao, F.; Hao, L.; Zhang, J.; Xu, J.; Wang, L.; Dang, Z.; Guo, W. Effects of arbuscular mycorrhizal fungi on growth and Na plus accumulation of suaeda glauca (bunge) grown in salinized wetland soils. Appl. Soil Ecol. 2021, 166, 104065. [Google Scholar] [CrossRef]

	



Babikova, Z.; Gilbert, L.; Bruce, T.; Dewhirst, S.Y.; Pickett, J.A.; Johnson, D. Arbuscular mycorrhizal fungi and aphids interact by changing host plant quality and volatile emission. Funct. Ecol. 2014, 28, 375–385. [Google Scholar] [CrossRef]

	



Meier, A.R.; Hunter, M.D. Mycorrhizae alter constitutive and herbivore-induced volatile emissions by milkweeds. J. Chem. Ecol. 2019, 45, 610–625. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Duan, T.; Nan, Z. Arbuscular mycorrhizal fungus alleviates alfalfa leaf spots caused by Phoma medicaginis revealed by RNA-seq analysis. J. Appl. Microbiol. 2021, 130, 547–560. [Google Scholar] [CrossRef]

	



Lorenzo, C.D.; Pedro, G.; Antonietti, M.S.; Maximiliano, S.; Estefanía, M.; Dezar, C.A.; Vazquez, M.; Watson, G.; Yanovsky, M.J.; Cerdán, P.D. Improvement of alfalfa forage quality and management through the down-regulation of MsFTa1. Plant Biotechnol. J. 2020, 18, 944–954. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, M.; Li, X.; Wang, X.; Jia, C.; Yang, X.; Feng, R.; Yuan, M. A small set of differentially expressed genes was associated with two color morphs in natural populations of the pea aphid Acyrthosiphon pisum. Gene 2018, 651, 23–32. [Google Scholar] [CrossRef]

	



Gao, P.; Li, Y.; Guo, Y.; Duan, T. Co-inoculation of lucerne (Medicago sativa) with an AM fungus and a rhizobium reduces occurrence of spring black stem and leaf spot caused by Phoma medicaginis. Crop Pasture Sci. 2018, 69, 933–943. [Google Scholar] [CrossRef]

	



Gonda, I.; Bar, E.; Portnoy, V.; Lev, S.; Burger, J.; Schaffer, A.A.; Lewinsohn, E. Branched-chain and aromatic amino acid catabolism into aroma volatiles in Cucumis melo L. fruit. J. Exp. Bot. 2010, 61, 1111–1123. [Google Scholar] [CrossRef]

	



Tholl, D.; Boland, W.; Hansel, A.; Loreto, F.; Röse, U.S.; Schnitzler, J.P. Practical approaches to plant volatile analysis. Plant J. 2006, 45, 540–560. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; An, M.; Li, X.; Han, Z.; Li, S.; Li, B. Molybdenum-induced effects on nitrogen absorption and utilization under different nitrogen sources in Vitis vinifera. J. Plant Interact. 2022, 17, 756–765. [Google Scholar] [CrossRef]

	



Phillips, J.M.; Hayman, D.S. Improved procedure for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Trans. Br. Mycol. Soc. 1970, 55, 158. [Google Scholar] [CrossRef]

	



Giovannetti, M.; Mosse, B. An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. New Phytol. 1980, 84, 489–500. [Google Scholar] [CrossRef]

	



Gao, J.; Zhao, B.; Dong, S.; Liu, P.; Zhang, J. Response of summer maize photosynthate accumulation and distribution to shading stress assessed by using 13CO2 stable isotope tracer in the field. Front. Plant Sci. 2017, 8, 1821. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, D.; Song, P.; Jiang, F.; Zhang, T. Exposure to hypoxia causes stress erythropoiesis and downregulates immune response genes in spleen of mice. BMC Genom. 2021, 22, 413. [Google Scholar] [CrossRef]

	



Shi, Q.; Hu, B.; Yang, C.; Deng, S.; Cheng, X.; Wu, J.; Qi, N. ATF3 inhibits arsenic-induced malignant transformation of human bronchial epithelial cells by attenuating inflammation. Toxicology 2021, 460, 152890. [Google Scholar] [CrossRef]

	



Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics 2009, 25, 1105–1111. [Google Scholar] [CrossRef]

	



Guo, W.; Peng, T.; Zhang, F.; Hao, Q.; Wang, G. Integrative analyses of nontargeted volatile profiling and transcriptome data provide molecular insight into voc diversity in cucumber plants (Cucumis sativus). Plant Physiol. 2016, 172, 603–618. [Google Scholar]

	



Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry, 4th ed.; Allured Publishing Corporation: Carol Stream, IL, USA, 2007. [Google Scholar]

	



Ponzio, C.; Weldegergis, B.T.; Dicke, M.; Gols, R. Compatible and incompatible pathogen-plant interactions differentially affect plant volatile emissions and the attraction of parasitoid wasps. Funct. Ecol. 2016, 30, 1779–1789. [Google Scholar] [CrossRef]

	



Zhang, W.; Chen, X.X.; Liu, Y.M.; Liu, D.Y.; Du, Y.F.; Chen, X.P.; Zou, C. The role of phosphorus supply in maximizing the leaf area, photosynthetic rate, coordinated to grain yield of summer maize. Field Crops Res. 2018, 219, 113–119. [Google Scholar] [CrossRef]

	



Smith, S.E.; Read, D.J. Mycorrhizal Symbiosis, 3rd ed.; Academic Press: London, UK, 2008. [Google Scholar]

	



Babikova, Z.; Gilbert, L.; Randall, K.C.; Bruce, T.J.A.; Pickett, J.A.; Johnson, D. Increasing phosphorus supply is not the mechanism by which arbuscular mycorrhiza increase attractiveness of bean (Vicia faba) to aphids. J. Exp. Bot. 2014, 65, 5231–5241. [Google Scholar] [CrossRef] [PubMed]

	



Thipyapong, P.; Steffens, J.C. Tomato polyphenol oxidase—Differential response of the polyphenol oxidase F promoter to injuries and wound signals. Plant Physiol. 1997, 115, 409–418. [Google Scholar] [CrossRef] [PubMed]

	



Mahanil, S.; Attajarusit, J.; Stout, M.J.; Thipyapong, P. Overexpression of tomato polyphenol oxidase increases resistance to common cutworm. Plant Sci. 2008, 174, 456–466. [Google Scholar] [CrossRef]

	



Grant, J.J.; Loake, G.J. Role of reactive oxygen intermediates and cognate redox signaling in disease resistance. Plant Physiol. 2000, 124, 21–29. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, S.; Bao, Q.; Chu, Y.; Sun, H.; Huang, Y. Jasmonic acid alleviates cadmium toxicity through regulating the antioxidant response and enhancing the chelation of cadmium in rice (Oryza sativa L.). Environ. Pollut. 2022, 304, 119178. [Google Scholar] [CrossRef]

	



Goggin, F.L.; Fischer, H.D. Reactive oxygen species in plant interactions with aphids. Front. Plant Sci. 2022, 12, 811105. [Google Scholar] [CrossRef]

	



Zhao, H.; Xia, S.; Ming, X.; Xiao, Z.; Li, Q.; Hong, J.K. Antioxidant enzyme responses induced by whiteflies in tobacco plants in defense against aphids: Catalase may play a dominant role. PLoS ONE 2016, 11, e0165454. [Google Scholar] [CrossRef]

	



Ryu, H.; Cho, Y.G. Plant hormones in salt stress tolerance. J. Integr. Plant Biol. 2015, 58, 147–155. [Google Scholar] [CrossRef]

	



Dempsey, D.A.; Klessig, D.F. How does the multifaceted plant hormone salicylic acid combat disease in plants and are similar mechanisms utilized in humans? BMC Biol. 2017, 15, 23. [Google Scholar] [CrossRef]

	



Xu, J.; Wang, X.; Zu, H.; Zeng, X.; Li, R. Molecular dissection of rice phytohormone signaling involved in resistance to a piercing-sucking herbivore. New Phytol. 2021, 230, 1639–1652. [Google Scholar] [CrossRef] [PubMed]

	



Alam, M.M.; Nahar, K.; Hasanuzzaman, M.; Fujita, M. Exogenous jasmonic acid modulates the physiology, antioxidant defense and glyoxalase systems in imparting drought stress tolerance in different Brassica species. Plant Biotechnol. Rep. 2014, 8, 279–293. [Google Scholar] [CrossRef]

	



Farhangi-Abriz, S.; Ghassemi-Golezani, K. How can salicylic acid and jasmonic acid mitigate salt toxicity in soybean plants? Ecotoxicol. Environ. Saf. 2018, 147, 1010–1016. [Google Scholar] [CrossRef] [PubMed]

	



Gunes, A.; Inal, A.; Alpaslan, M.; Cicek, N.; Guneri, E.; Eraslan, F.; Guzelordu, T. Effects of exogenously applied salicylic acid on the induction of multiple stress tolerance and mineral nutrition in maize (Zea mays L.). Arch. Agron. Soil Sci. 2005, 51, 687–695. [Google Scholar] [CrossRef]

	



Stevens, J.; Senaratna, T.; Sivasithamparam, K. Salicylic acid induces salinity tolerance in tomato (Lycopersicon esculentum cv. Roma): Associated changes in gas exchange, water relations and membrane stabilisation. Plant Growth Regul. 2006, 49, 77–83. [Google Scholar]

	



Ku, Y.S.; Sintaha, M.; Cheung, M.Y.; Lam, H.M. Plant hormone signaling crosstalks between biotic and abiotic stress responses. Int. J. Mol. Sci. 2018, 19, 3206. [Google Scholar] [CrossRef]

	



Jang, G.; Yoon, Y.; Yang, D.C. Crosstalk with jasmonic acid integrates multiple responses in plant development. Int. J. Mol. Sci. 2020, 21, 305. [Google Scholar] [CrossRef]

	



Sanchez-Hernandez, C.; Martinez-Gallardo, N.; Guerrero-Rangel, A.; Valdes-Rodriguez, S.; Delano-Frier, J. Trypsin and alpha-amylase inhibitors are differentially induced in leaves of amaranth (Amaranthus hypochondriacus) in response to biotic and abiotic stress. Plant Physiol. 2004, 122, 254–264. [Google Scholar] [CrossRef]

	



Babikova, Z.; Gilbert, L.; Bruce, T.J.A.; Birkett, M.; Caulfield, J.C.; Woodcock, C.; Pickett, J.A.; Johnson, D. Underground signals carried through common mycelial networks warn neighbouring plants of aphid attack. Ecol. Lett. 2013, 16, 835–843. [Google Scholar] [CrossRef]

	



Skoczek, A.; Piesik, D.; Wenda-Piesik, A.; Buszewski, B.; Bocianowski, J.; Wawrzyniak, M. Volatile organic compounds released by maize following herbivory or insect extract application and communication between plants. J. Appl. Entomol. 2016, 141, 630–643. [Google Scholar] [CrossRef]

	



Effah, E.; Barrett, D.P.; Peterson, P.G.; Godfrey, A.J.R.; Potter, M.A.; Holopainen, J.K.; McCormick, A.C. Natural Variation in Volatile Emissions of the Invasive Weed Calluna vulgaris in New Zealand. Plants 2020, 9, 283. [Google Scholar] [CrossRef] [PubMed]

	



Pallini, A.; Janssen, A.; Sabelis, M.W. Odour-mediated responses of phytophagous mites to conspecific and heterospecific competitors. Oecologia 1997, 110, 179–185. [Google Scholar] [CrossRef] [PubMed]

	



De Moraes, C.M.; Mescher, M.C.; Tumlinson, J.H. Caterpillar-induced nocturnal plant volatiles repel conspecific females. Nature 2001, 410, 577–580. [Google Scholar] [CrossRef] [PubMed]

	



Mauck, K.E.; Moraes, C.M.D.; Mescher, M.C. Deceptive chemical signals induced by a plant virus attract insect vectors to inferior hosts. Proc. Natl. Acad. Sci. USA 2010, 107, 3600–3605. [Google Scholar] [CrossRef] [PubMed]

	



Visser, J.H.; Piron, P.G.M. Olfactory antennal responses to plant volatiles in apterous virginoparae of the vetch aphid megoura viciae. Entomol. Exp. Appl. 1995, 77, 37–46. [Google Scholar] [CrossRef]

	



Zhang, Z.; Bian, L.; Sun, X.; Luo, Z.; Xin, Z.; Luo, F.; Chen, Z. Electrophysiological and behavioural responses of the tea geometrid ectropis obliqua (lepidoptera: Geometridae) to volatiles from a non-host plant, rosemary, Rosmarinus officinalis (lamiaceae). Pest Manag. Sci. 2015, 71, 96–104. [Google Scholar] [CrossRef]

	



Razmjou, J.; Davari, M.; Ebadollahi, A. Effect of two plant essential oils and the entomopathogenic fungus, lecanicillium muscarium (zare & gams) on the cotton aphid, aphis gossypii glover. Egypt. J. Biol. Pest Control 2016, 26, 775–779. [Google Scholar]

	



Masimbula, R.; Oki, K.; Takahashi, K.; Matsuura, H. Metabolism of airborne methyl salicylate in adjacent plants. Biosci. Biotechnol. Biochem. 2020, 84, 1780–1787. [Google Scholar] [CrossRef]

	



Park, S.W.; Kaimoyo, E.; Kumar, D.; Mosher, S.; Klessig, D.F. Methyl salicylate is a critical mobile signal for plant systemic acquired resistance. Science 2007, 318, 113–116. [Google Scholar] [CrossRef]

	



Kalaivani, K.; Kalaiselvi, M.M.; Senthil-Nathan, S. Effect of methyl salicylate (MeSA), an elicitor on growth, physiology and pathology of resistant and susceptible rice varieties. Sci. Rep. 2016, 6, 34498. [Google Scholar] [CrossRef]

	



Ren, Y.; Mcgillen, M.R.; Dale, V.; Casas, J.; Mellouki, A. The fate of methyl salicylate in the environment and its role as signal in multitrophic interactions. Sci. Total Environ. 2020, 749, 141406. [Google Scholar] [CrossRef] [PubMed]

	



Williams, L.; Rodriguez-Saona, C.; Castle, S.C.; Zhu, S. EAG-active herbivore-induced plant volatiles modify behavioral responses and host attack by an egg parasitoid. J. Chem. Ecol. 2008, 34, 1190–1201. [Google Scholar] [CrossRef] [PubMed]

	



Salamanca, J.; Souza, B.; Lundgren, J.G.; Rodriguez-Saona, C. From laboratory to field: Electro-antennographic and behavioral responsiveness of two insect predators to methyl salicylate. Chemoecology 2017, 27, 51–63. [Google Scholar] [CrossRef]

	



Mallinger, R.E.; Hogg, D.B.; Claudio, G. Methyl salicylate attracts natural enemies and reduces populations of soybean aphids (Hemiptera: Aphididae) in soybean agroecosystems. J. Econ. Entomol. 2011, 104, 115–124. [Google Scholar] [CrossRef]

	



Lee, J.C.; Flores, S.M.; Graham, K.; Skillman, V.P. Methyl salicylate can benefit ornamental pest control, and does not alter per capita predator consumption at close-range. Front. Ecol. Environ. 2022, 9, 788187. [Google Scholar] [CrossRef]








[image: Jof 08 01308 g001 550] 





Figure 1. (a) Shoot fresh weight, (b) Shoot dry weight, (c) Shoot total N, and (d) Shoot total P of M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM) and non-infested with A. pisum (A−). All values are shown as means ± SEM of four biological replicates. Different letters above bars (d) or pairs of bars (a–c) represent significant difference in the comparison at p < 0.05, asterisks indicate significant differences between A− and A−, as determined by a Tukey’s HSD test. SEM, standard error of the mean. 
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Figure 2. (a) Net photosynthetic rate and (b) transpiration rate of M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM) and un-infested by A. pisum (A−) before aphid infesting and after aphid infesting. Boxes show first quartile, median, and third quartile. Whiskers extend to the most extreme points within 1.5 × box lengths, and the points are values that fall outside the whiskers. Different letters above bars or pairs of bars represent significant difference between different treatments before aphid infesting or after aphid infesting in the comparison at p < 0.05, as determined by a Tukey’s HSD test. 
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Figure 3. (a) PPO activity, (b) POD activity, (c) CAT activity, (d) JA concentration, (e) SA concentration, and (f) Trypsin inhibitor concentration of M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM) and non-infested with A. pisum (A−). All values are shown as means ± SEM of four biological replicates. Different letters above bars (a–d) or pairs of bars (e,f) represent significant difference in the comparison at p < 0.05, asterisks indicate significant differences between A− and A−, as determined by a Tukey’s HSD test. SEM, standard error of the mean. PPO, polyphenol oxidase; POD, peroxidase; CAT, catalase; JA, jasmonic acid; SA, salicylic acid. 
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Figure 4. (a) Total VOC content from M. sativa inoculated with R. intraradices (AM) and infested by A. pisum (A+) or without inoculation with R. intraradices (NM) and non-infested with A. pisum (A−). All values are shown as means ± SEM of four biological replicates. Different letters above pairs of bars represent significant difference in the comparison at p < 0.05 (b) Individual VOCs’ contents in NMA−, NMA+, AMA−, AMA+ treatments. Means ± SEM for the 20 most abundant compounds. The same compounds are present in each treatment, and the relative contents of compounds are similar. A, 2-Hexenal, (E)−; B, 2-Ethyl-1-hexanol; C, 3-Buten-2-one, 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-; D, 2,4-Heptadienal, (E,E)-; E, 1-Hexanol; F, Hexanal; G, 3-Buten-2-one, 4-(2,2,6-trimethyl-7-oxabicyclo[4.1.0]hept-1-yl)-; H, 3,5-Octadien-2-one; I, 1-Octen-3-ol; J, Phenylethyl Alcohol; K, 2-Penten-1-ol, (Z)−; L, Benzyl alcohol; M, 1-Cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl-; N, Cyclohexanol; O, 4-Heptanone, 2,6-dimethyl-; P, Pentadecane; Q, Benzaldehyde; R, 2,6-Nonadienal, (E,Z)−; S, Cyclohexanol, 2,6-dimethyl-; T, Octanoic acid, ethyl ester. 
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Figure 5. Co-expression network and expression profiles for each module of differentially expressed genes and differentially expressed VOCs in (a) NMA− vs. AMA−, (b) NMA− vs. NMA+, (c) AMA- vs. AMA+, (d) NMA+ vs. AMA+. Nodes colored in ‘red’ and ‘blue’ represent DEMs and differentially expressed VOCs. Edges colored in ‘red’ and ‘blue’ represent positive and negative correlations. VOCs, volatile organic components. 
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Table 1. Differentially expressed VOCs information of different compared groups.
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	Control
	Treatment
	Compounds
	VIP
	p_Value
	Fold Change
	Log2FC





	NMA−
	AMA-
	Butanedioic acid, methyl-, dimethyl ester
	1.596
	0.00034495
	4.849
	2.278



	NMA−
	NMA+
	2-Octen-1-ol, (E)−
	1.280
	0.026913339
	0.424
	1.237



	NMA−
	NMA+
	Methyl salicylate
	1.694
	0.00390791
	0.360
	1.475



	AMA−
	AMA+
	Pentadecanal
	1.618
	0.048801556
	2.064
	1.045



	AMA−
	AMA+
	(E)-2,6-Dimethylocta-3,7-diene-2,6-diol
	1.962
	0.029184939
	3.582
	1.841



	AMA−
	AMA+
	Nonane, 5-(2-methylpropyl)-
	2.166
	0.000394176
	3.454
	1.788



	AMA−
	AMA+
	3-Hexen-1-ol, acetate, (E)−
	1.866
	0.045902066
	3.711
	1.892



	NMA+
	AMA+
	2-Octen-1-ol, (E)−
	1.433
	0.031982472
	3.122
	1.642



	NMA+
	AMA+
	Methyl salicylate
	1.610
	0.007071354
	5.098
	2.350



	NMA+
	AMA+
	(E)-2,6-Dimethylocta-3,7-diene-2,6-diol
	1.478
	0.034961913
	3.214
	1.685



	NMA+
	AMA+
	Nonane, 5-(2-methylpropyl)-
	1.666
	0.00029612
	3.207
	1.681
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