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Abstract

:

The effects of microorganisms on plant-insect interactions have usually been underestimated. While plant growth-promoting rhizobacteria (PGPR) are known to induce plant defenses, endosymbiotic bacteria hosted by herbivorous insects are often beneficial to the host. Here, we aimed to assess whether PGPR-induced defenses in broad bean plants impact the pea aphid, depending on its genotype and the presence of endosymbionts. We estimated aphid reproduction, quantified defense- and growth-related phytohormones by GC-MS, and measured different plant growth and physiology parameters, after PGPR treatment. In addition, we recorded the feeding behavior of aphids by electropenetrography. We found that the PGPR treatment of broad bean plants reduced the reproduction of one of the pea aphid clones. We highlighted a phenomenon of PGPR-induced plant defense priming, but no noticeable plant growth promotion. The main changes in aphid probing behavior were related to salivation events into phloem sieve elements. We suggest that the endosymbiont Hamiltonella defensa played a key role in plant-insect interactions, possibly helping aphids to counteract plant-induced resistance and allowing them to develop normally on PGPR-treated plants. Our results imply that plant- and aphid-associated microorganisms add greater complexity to the outcomes of aphid-plant interactions.
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1. Introduction


First defined by Hiltner in 1904, the rhizosphere is “the soil compartment influenced by the root”, rich in microbial activity [1]. The so-called rhizobacteria interact with each other and with the plant [2]. Rhizobacteria that exert beneficial effects on plant development are called plant growth-promoting rhizobacteria (PGPR) [3]. Some non-pathogenic rhizobacteria can induce in the plant a systemic resistance (ISR) to fungal, bacterial, or viral diseases, but also to insect and nematode pests [4,5,6].



Due to phylogenic confusion, an “operational group Bacillus amyloliquefaciens” was proposed to include the soil-borne B. amyloliquefaciens and the plant-associated Bacillus siamensis and Bacillus velezensis [7]. This group of PGPR, hereafter termed “B. amyloliquefaciens”, has a direct effect on plant growth, improving the nutritional status of plants and modulating the production of phytohormones [8]. Previous studies have shown that B. amyloliquefaciens triggers induced systemic resistance (ISR) in several plant species [9], which reduces the fitness of herbivore insects [10,11,12]. Lipopeptides (fengycin and surfactin) are elicitors produced by the PGPR genus Bacillus, and are involved in the induction of plant resistance [6]. After the perception of these elicitors by root cells, pathways regulated by jasmonic acid (JA) and ethylene are activated, resulting in the chemical priming of the plant [5,6,13,14]. Therefore, the capacity of primed plants to mobilize defense responses is lastingly augmented, and defense responses only occur once the pathogen or the pest attacks [15,16]. Previous studies have reported negative impacts of PGPR on insect development (Lepidoteran pests and aphids), sometimes accompanied by a promotion of plant growth, which balances the effect of pest invasion [17,18].



The pea aphid, Acyrthosiphon pisum Harris is an important pest of Fabaceae crops (peas, alfalfa, beans, etc.). This insect causes direct damage by consuming plants, and indirect impacts by transmitting phytoviruses [19]. The alfalfa race, whose main host is Medicago sativa L., is one of the three most predominant biotypes of A. pisum in Chile [20]. The bacterial endosymbiont community of A. pisum is well described [21]. Facultative endosymbionts can provide adaptive advantages for their host, in terms of digestion, fecundity, and resistance to abiotic or biotic stresses [22], including stresses due to induced plant defenses [23]. Among these endosymbionts, Hamiltonella defensa confers protection against parasitoids and attenuates the emission of plant defensive volatiles following aphid attack [24,25]. Also, growing evidence supports the idea that H. defensa manipulates the salivary compounds and feeding behavior of its host, influencing plant-insect interactions [23,26,27].



Regarding the literature, the combined quadripartite interactions between plants, herbivorous insects, their endosymbionts, and plant-associated microorganisms, remain largely unexplored. Enlightenment regarding such interactions could guide the development of environment-friendly tools to protect plants against pests, and thus increase crop yields. In this study, we aimed to assess whether PGPR-induced defenses in broad bean plants impact the pea aphid, depending on its genotype and the presence of endosymbionts. Therefore, the population and feeding behavior of two distinct pea aphid genotypes of the alfalfa biotype—also differentiated by the presence of H. defensa—in response to plant defense priming caused by the inoculation of B. amyloliquefaciens FZB42 on Vicia faba L. were studied.




2. Materials and Methods


2.1. Plants, Insects and Rhizobacteria


Organic broad beans (cv. “Anka Mapu”) (Anka Mapu Organic Farm, San Clemente, Chile) were employed for all of the experiments and aphid rearing. To ensure that no other soil bacteria could interact with the broad bean roots, all seeds were cleaned and sterilized.



Two different clones of the alfalfa biotype of A. pisum Harris were collected in alfalfa fields (Medicago sativa L.) in Central Chile (Linares and Panguilemo, both in Maule Region, hereafter named “+E” and “−E”, respectively) and maintained on broad beans in a culture room (21 ± 1 °C, 60% RH, 16 h light/8 h dark) in the Laboratorio de Interacciones Insecto-Planta (Universidad de Talca, Chile).



The FZB42 strain of B. amyloliquefaciens, considered as a heterotypic synonym of B. velezensis [28], was kindly provided by Prof. R. Borriss of Humboldt University, Berlin, and was cryopreserved at −80 °C in glycerol 20% (v:v). Bacteria were grown in lysogeny broth (Merck, Darmstadt, Germany) in a shaker-incubator at 30 °C with 200 rpm agitation for 24 h. The optical density of the bacterial solutions was measured with a spectrophotometer (Biochrom WPA, model: Biowave DNA; Cambridge, UK) at 600 nm.




2.2. Aphid Genotype and Endosymbiont Screening


Aphid DNA extraction and PCR were performed following the protocols of Peccoud et al. (2008) [20], with minor modifications. Aphids were genotyped using nine microsatellite loci (ApF08, ALB04, ALB08, ALB12, ALB07, ApH10, Ap03, ApH08, and ALA12), using the M13 labeling technique with fluorescent dyes described by Schuelke (2000), followed by automated fragment analysis by Macrogen Inc. (Seoul, Korea) [29]. Allele sizes were determined using GENEMARK version 1.3 [30].



In order to check the occurrence of bacterial endosymbionts in each clone, the procedure described by Peccoud et al. (2014) [31] was followed, using two Multiplex PCRs on the whole-body DNA extracts of the aphids. The investigated endosymbionts were Buchnera aphidicola, Spiroplasma sp., Regiella insecticola, Hamiltonella defensa, Rickettsiella sp., pea aphid X-type symbiont (PAXS), Serratia symbiotica, and Rickettsia sp.




2.3. Aphid Population Growth According to PGPR Inoculation


Twelve-day-old broad beans (with two fully developed leaves, stage 12 on the BBCH-scale) were treated with 15 mL of bacterial solution at an average OD600 of 5 × 108 cells mL−1. This bacterial solution (“+PGPR”)—or the same volume of water, as a control treatment (“−PGPR”)—was applied with a syringe onto the surface of the soil. Seven days after soil inoculation, five 10-day-old aphid nymphs were placed (Day 0) and confined on individual plants (n = 9 for each of the 6 treatments: “no aphid”, “+E”, and “−E”, with or without PGPR). The systems were placed in a culture room (20 ± 2 °C, 60 ± 5 % RH, 16 h light/8 h dark). All aphids were counted after 6 days, and then removed from the plants to perform measures of plant parameters. In addition, plant physiology performance was estimated by measuring the photochemical efficiency of photosystem II (Fv/Fm) and the electron transport rate in the active reaction centers (ET0/RC), using a chlorophyll fluorimeter (Hansatech Pocket PEA; Pentney, UK) on V. faba leaves (n = 9).



Samples of leaves were collected 6 days after aphid infestation (Day 6) to perform hormone profile analysis. For each of the 6 treatments, 3 plants of the 9 replicates were randomly selected, and two contiguous medium leaves were harvested and stored at −80 °C after instant freezing in liquid nitrogen. Lyophilisation, phytohormone extraction, derivatization, and GC-MS analyses were carried out following the procedure of Ramos et al. (2018) [32] and Carrasco Loba et al. (2017) [33]. The concentration of three phytohormones in leaf extracts was obtained, expressed in picomoles per gram of fresh weight: salicylic acid (SA), jasmonic acid (JA), and indole-3-acetic acid (IAA).



Different plant traits were also evaluated at Day 0 and Day 6. The specific leaf area (SLA) was measured on broad bean plants not used for hormone profile analysis (n = 6; 2 leaves per plant) [34]. The shoots and roots of these plants were separated, dried, and then weighted to evaluate the dry weights of the roots and the total biomass.




2.4. Feeding Behavior of Aphids


To study the feeding behavior of aphids on PGPR-inoculated plants, an electrical penetration graph (EPG) was conducted on the two clones +E and −E at Day 0. A 25 μm-thin and 2 cm-long gold-wire was attached to the adult aphid’s dorsum with a small droplet of conductive water-based silver glue (colloidal silver, Ted Pella Inc., Redding, USA, CA). Then, the aphids were left for 30 min on moistened filter paper in a Petri dish for conditioning. Afterwards, the aphids were placed on broad bean leaf in a Faraday cage and connected with the probe of a DC−EPG (EPG Systems, Wageningen, The Netherlands) by a copper nail. EPG signals were recorded over 4 h with the Stylet+d software (EPG Systems). A 4-channel amplifier (model Giga-4) was used to carry out recordings for each treatment. Each aphid was recorded only once, and 27, 31, 27, and 26 replicates were performed for the −E/−PGPR, −E/+PGPR, +E/−PGPR, and +E/+PGPR treatments, respectively. The obtained waveforms were identified with the Stylet+a (EPG Systems) and A2EPG softwares [35]. The sequences of the waveforms for each replicate were imported into the Excel workbook of Sarria et al. (2009) [36] to automatically calculate all of the sequential and non-sequential EPG variables that characterize the probing and ingestion phases, among which 65 were selected for further statistical analyses.




2.5. Statistical Analyses


The total number of nymphs, 6 days after aphid infestation, was analyzed by generalized linear models (GLMs) using R software, with two factors: PGPR treatments (+PGPR and −PGPR) and aphid clones (+E and −E). Because GLMs with a Poisson distribution of errors were over-dispersed, a quasi-Poisson distribution was used. As the winged form of adults appeared differentially between clones, being particularly high in the +E clone, the number of final alate adults was included in the GLM as a co-variable.



In order to find relevant EPG parameters varying among treatments, the 65 EPG parameters were subjected to forward stepwise discriminant analysis in the STATISTICA software. Those parameters significantly discriminating between treatments were subjected to a MANOVA to identify differences in mean values.



Differences in the mean contents of JA, SA, and IAA and in plant growth parameters (Fv/Fm, ET0/RC, SLA, root dry weight, and total biomass) among treatments were tested with a GLM with a Gaussian error distribution, also using R software.



In all cases, multiple pairwise comparisons were made using Tukey’s honestly significant difference (HSD) test under the “multcomp” package.





3. Results


The Panguilemo clone (hereafter named “−E”) only harbored the primary endosymbiont Buchnera aphidicola, while the Linares clone (“+E”) harbored B. aphidicola along with the facultative endosymbiont Hamiltonella defensa (see Supporting Information, Appendix A, Figure A1). The allele sizes of the nine microsatellite loci, for each clone, are presented in Table 1.



The PGPR treatment of plants affected the reproduction of aphids, depending on the clone (interaction effect: D = 51.53; df = 1, 30; p < 0.001), with facultative symbiont-free aphids (“−E”) exhibiting significantly lower reproduction on PGPR-treated plants (“+PGPR”) than on control plants (“−PGPR”), whereas the reproduction of facultative symbiont-hosting aphids (“+E”) was not significantly affected by PGPR treatments (Figure 1). Globally, aphid reproduction on broad bean was lower for +E aphids (main effect: D = 71.58; df = 1, 33; p < 0.001), and PGPR treatment did not significantly affect aphid reproduction (main effect: D = 3.34; df = 1, 32; p = 0.477).



Jasmonic acid (JA) and salicylic acid (SA) contents were not affected by PGPR treatment in non-aphid-attacked plants (Figure 2A,B). Both phytohormones were induced in plants attacked by either −E or +E aphids, and contents were even higher in plants treated with both PGPR and aphids, with no significant differences between −E and +E aphids (Figure 2A,B). Conversely, the indole-acetic acid (IAA) content was significantly higher in +PGPR than in −PGPR plants for non-aphid-attacked plants, lower in +PGPR than in −PGPR plants attacked by +E aphids, and similarly low in +PGPR and −PGPR plants attacked by −E aphids (Figure 2C).



PGPR treatment did not significantly affect the specific leaf area (SLA; F = 2.18; df = 1; p = 0.14; Figure 3A), electron transport rate in the active reaction centers (ET0/RC; F = 3.18; df = 1; p = 0.08; Figure 3C), root dry weight (F = 1.54; df = 1; p = 0.22; Figure 3E), or total biomass (F = 2.96; df = 1; p = 0.09; Figure 3G). Independently of the PGPR treatment, plants attacked by +E aphids exhibited a higher SLA than plants attacked by −E aphids and non-attacked plants (F = 5.42; df = 2; p < 0.01; Figure 3B). Contrastingly, the ET0/RC was significantly higher in plants attacked by both +E and −E aphids compared to in the controls without aphids (F = 24.6; df = 2; p < 0.01; Figure 3D). Root dry weight (F = 7.31; df = 2; p < 0.01; Figure 3F) and total biomass (F = 3.65; df = 2; p < 0.01; Figure 3H) were both affected by aphid treatments, with plants attacked by +E aphids showing lower values than −E, independently of PGPR treatment. The photochemical efficiency of photosystem II (Fv/Fm) was not affected by endosymbionts, PGPR, or by their interaction (data not shown).



The discriminant electropenetrography (EPG) parameters (Table 2) revealed significant differences in the global probing behavior among treatments (Wilks’ lambda = 0.39, p < 0.01). Both aphid clones, probing on +PGPR plants in comparison with non-primed plants (−PGPR), showed a longer time from the beginning of that probe to the first sieve element activities and to the first sustained phloem ingestion (E2), and a shorter duration and proportion of time spent on xylem activities (G). Besides these similarities, interesting opposite behaviors between aphids occurred: +E aphids on +PGPR plants presented a shorter duration of first probe, higher number of salivations into the sieve element events (E1), longer mean duration of E1, shorter duration of non-probing (NP) just after the probe of the first sustained E2, longer time from the beginning of the first probe to the first potential drop (pd), longer mean duration of NP, and longer duration of the E1 event followed by the first E2, than those on −PGPR plants.




4. Discussion


In this study, we highlighted the phenomenon of PGPR-induced plant defense priming. This induced systemic resistance (ISR) reduced the reproduction of only one of the two pea aphid clones. Additionally, it seemed that the feeding behavior of this clone played a crucial role in counteracting plant defenses.



In order to explain the observed influence of PGPR on aphid clone development, we aimed to understand how PGPR treatment affected the plant’s physiology. Bacillus amyloliquefaciens induced an ISR in broad beans, because the highest contents of JA were measured in aphid-colonized plants [9]. Interestingly, SA contents were similarly enhanced by PGPR treatment, as mentioned in previous studies [37,38]. Phytohormone contents were not increased by PGPR treatment in aphid-free plants, a cost−Effective phenomenon called “plant defenses priming” that makes plants more reactive when attacked by a pest or a pathogen. Other evidence of a PGPR-induced systemic resistance caused by a JA-dependent signaling pathway has been highlighted [39,40,41]. It is noteworthy that, in our study, JA and SA levels did not show signs of negative crosstalk, as reported in other aphid-plant systems [42].



Several studies have reported various effects of PGPR on herbivorous insect development, including neutral [43,44], negative [17,45,46,47], and positive effects [48,49]. Hence, generalizing the effects of PGPR on aphid populations seems to be risky because responses are highly dependent on the set of involved species [47]. To our knowledge, the only study on B. amyloliquefaciens FZB42 and aphids had shown an alteration of the life traits of the aphid Brevicoryne brassicae on PGPR-treated calabrese plants [46], which is consistent with our observation of the decreased reproduction of A. pisum −E on PGPR-treated broad beans.



One of our most striking results was the differential development of the two pea aphid clones on PGPR-treated plants. Such a difference could be due to genetic factors, on the one hand, or to the symbiont profile, on the other hand. According to the study of Peccoud et al. (2008), aphids that were sampled on the same host plant in the field should show more similar microsatellite profiles [20]. Another study highlighted a variable response of plant defenses, and their effects on aphid development, according to the biotype of the pea aphid: on alfalfa plants, the alfalfa biotype induced the defenses to a lesser extent and performed better than the pea biotype [50]. In our case, both clones belonged to the alfalfa biotype and were reared on broad beans. Additionally, independently of PGPR treatment, their population growth and induction of plant defenses were similar between the two clones. Therefore, we believe that the presence of facultative endosymbionts had a greater influence on plant-insect−PGPR interactions than the genotype of the aphids. To validate this hypothesis, more experiments should be carried out on the two same genotypes, but with comparable symbiont profiles.



Our results suggest that such symbionts add greater complexity to the outcomes of plant-centered multitrophic interactions. Among the bacterial endosymbionts of A. pisum, H. defensa is known to provide resistance for aphids against the parasitoid Aphidius ervi, with some variability according to symbiont strain [51]. Besides, H. defensa allows whiteflies to suppress JA-regulated defenses thanks to effectors in the insect saliva, which might be symbiont-borne [23]. Moreover, H. defensa was able to attenuate the emission of plant defensive volatiles following aphid attack [25]. In our study, SA and JA contents were slightly lower in plants colonized by +E aphids than in those colonized by −E aphids, and were not significantly different between non-primed plants attacked by +E aphids and non-primed aphid-free plants. These two observations, taken together, support the hypothesis that, instead of directly strengthening the aphid, H. defensa helps aphids to inhibit plant defenses [23,25], eventually allowing the pest to develop normally on primed plants. Literature suggests that H. defensa indirectly counteracts the plant ISR, by manipulating aphid physiology and behavior [25]. To validate this hypothesis, the same aphid genotype should be exposed to antibiotics, and then micro-injected with H. defensa [52], to enlighten regarding the effect of the sole presence of the endosymbiont. Our work on field aphid populations was closer to real conditions, though, without artificial manipulations that could also introduce biases.



Along with plant defense induction, B. amyloliquefaciens is known to promote plant growth [8], which could influence aphid development parameters. Mainly implicated in plant growth, the auxin IAA also provides adaptive responses to abiotic and biotic stresses, including insect feeding [53]. Some PGPR can produce IAAs, resulting in higher levels of this hormone in plant tissues [54,55,56], as observed in our study for aphid-free plants. Globally, we found that IAA contents were reduced when aphids colonized the plants, a phenomenon also observed with Spodoptera exigua on peanut and tomato plants [57]. However, when they added PGPR on plants, even higher levels of IAA were usually observed, unlike in our study—especially concerning +E aphids—where lower contents of IAA were observed in PGPR-treated plants, compared to in the non-primed plants.



Even if the IAA contents varied between plant treatments, plant inoculation with PGPR did not promote great changes in plant growth features. This is surprising because, as is the case with many plants [58], PGPR is usually known to promote the growth of broad bean plants [59,60]. Therefore, differences in the development of −E and +E aphids facing PGPR-treated plants could not be attributed to differences in plant physiological states. Independently of PGPR treatment, plants colonized by +E aphids showed a larger SLA, and a reduced root dry weight and total biomass, compared to −E aphid-colonized plants. Hackett et al. (2013) stated that the allocation of biomass to roots was reduced in potatoes colonized by the aphid Macrosiphum euphorbiae harboring H. defensa, compared to in plants attacked by H. defensa-free aphids or aphid-free plants [27]. Both our results and theirs support the idea that H. defensa imposes higher nutritional demands on its host, resulting in a higher phloem uptake by aphids, which would provoke a higher compensatory photosynthetic activity, eventually resulting in resource allocation to the stem and leaves, instead of roots. Further research is needed to clarify the effects of such quadripartite interactions on more growth phytohormones and on growth parameters, based on longer experimental duration.



It had been suggested above that presence of H. defensa in aphids may result in modified feeding behavior. Indeed, the earliest steps of feeding behavior of the aphid Aphis craccivora have been reported to change in the presence of H. defensa [26]. To help in identifying both the defense mechanisms with the most impact on aphid development, and the strategies implemented by aphids to counteract them, EPG parameters can be subdivided into various locations of plant defense factors: the plant surface, mesophyll cells (intercellular and intracellular), and phloem sieve elements [61]. Interestingly, only a few parameters associated with surface factors were significantly modified by the PGPR treatment, suggesting that no structural changes of the plant epidermis, nor of repulsive volatile organic compounds, occurred at this stage of plant priming [62]. Both aphid clones showed disturbance in the mesophyll phases on primed plants, such as longer times from the beginning of the probe to first E1 and E2 [63]. Beside these common behavioral traits between the two clones, opposite reactions to plant priming were observed. First, +E aphids on +PGPR performed shorter first probes and had longer times from the first probe to the first epidermis/mesophyll cell penetration, than those on −PGPR plants. This suggests that +E aphids were perturbed by plant priming at very early phases of feeding. Second, +E aphids increased the number of E1 events in primed plants. Even if the EPG experiment took place at a very early stage of aphid infestation (no detectable change in phytohormone contents), we suppose that these aphids were rapidly confronted with the occlusion of sieve elements, and then interrupted phloem ingestion, and started secreting watery saliva [64]. Third, +E aphids salivated longer in the phloem before the first E2 on +PGPR plants. Because various jasmonate components can be detected in the phloem and influence aphid feeding behavior [65], it seems that +E aphids were able to recognize the primed state of V. faba once it reached the phloem sap, and to adapt, in consequence, its salivation behavior. In A. pisum, some salivary proteins were identified as effectors that modulate insect feeding and survival on V. faba [66,67], and potentially inhibit plant immune responses in phloem sieve elements [64,68,69]. A reduction of salivation duration is typically a negative reaction to phloem-based antixenosis resistance [63]. Therefore, those longer salivation events before food ingestion have probably attenuated the ISR, allowing +E aphids to exhibit normal reproductive performances. Such higher salivation in the phloem could also enhance the activity of symbiont-borne salivary effectors [23]. Unfortunately, we could not corroborate the hypothesis that +E aphids ingested more phloem [27], because of the too-short duration of EPG recordings. Indeed, most of E2 events were interrupted by the ending of the recordings, making all of the EPG parameters related to phloem ingestion hardly exploitable. More studies are needed to identify the effects of different genotypes of the aphid, within the same biotype, on its feeding behavior when exposed to plant defenses, and to clarify the role played by H. defensa in these changes of feeding behavior.




5. Conclusions


The roles of PGPR in insect-plant interactions are still unclear and deserve more attention from entomologists, phytologists, and microbiologists. Additionally, as seen here, insect-related microorganisms, such as the endosymbiont H. defensa, add greater complexity to the process of drawing strong conclusions. Therefore, such quadripartite interactions deserve further study, to assess, for instance, how various taxa of symbiotic bacteria and PGPR determine the fates of various species and genotypes of interacting plants and insects.
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Figure A1. The PCR screening of endosymbionts in A. pisum clones −E (above) and +E (below). 






Figure A1. The PCR screening of endosymbionts in A. pisum clones −E (above) and +E (below).
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Figure 1. Boxplots of the numbers of nymphs produced 6 days after infestation with five A. pisum aphids −E and +E (absence and presence of endosymbiont Hamiltonella defensa, respectively), on plants inoculated or not inoculated with Bacillus amyloliquefaciens (+plant growth-promoting rhizobacteria (PGPR) and −PGPR, respectively). The different letters indicate significant differences between groups (Tukey’s honestly significant difference (HSD) p < 0.05, n = 9). 
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Figure 2. Boxplots of phytohormone levels (jasmonic acid (JA), salicylic acid (SA), and indole-acetic acid (IAA)) in plants inoculated or not inoculated with B. amyloliquefaciens (+PGPR and −PGPR, respectively) and infested or not infested by A. pisum aphids −E and +E (absence and presence of endosymbiont H. defensa, respectively). The different letters indicate significant differences between groups (Tukey’s HSD, p < 0.05, n = 3). 
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Figure 3. The responses of plants inoculated or not inoculated with B. amyloliquefaciens (+PGPR and −PGPR, respectively) and infested or not infested by −E and +E A. pisum aphids (absence and presence of the endosymbiont H. defensa, respectively). Panels (A,C,E,G); and (B,D,F,H) show all effects (aphid, PGPR, and interaction) and aphid effects (as the only significant in all cases), respectively. The different letters indicate significant differences between groups (Tukey’s HSD, p < 0.05). Error bars represent the standard error of mean (n = 9 for the ET0/RC; n = 6 for others). 
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Table 1. The multilocus genotypes of the −E and +E clones of Acyrthosiphon pisum. The numbers represent the allele sizes (in bp).
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Clone

	

	

	

	

	
Locus

	

	

	

	




	
ApF08

	
ALB04

	
ALB08

	
ALB12

	
ALB07

	
ApH10

	
Ap03

	
ApH08

	
ALA12






	
+E

	
183/189

	
267/269

	
277/290

	
321/345

	
136/152

	
203/213

	
261/261

	
268/284

	
435/459




	
−E

	
181/193

	
266/268

	
294/302

	
329/335

	
135/171

	
215/217

	
254/261

	
266/268

	
449/457
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Table 2. The mean ± SD of significantly discriminant electrical penetration graph (EPG) parameters, for −E and +E clones of A. pisum on B. amyloliquefaciens-treated or control plants. NP: non-probing; C: stylet pathway phase; pd: potential drop related to cell punctures; G: xylem ingestion; F: difficulties during stylet penetration; E1: salivation into sieve elements; E2: phloem ingestion; E: phloem phase including E1 and E2. The different letters within rows indicate statistically differences (p < 0.05).
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EPG Parameters

	
Localization of Resistance Factors

	
−E

	
+E




	
Surface

	
Mesophyll

	
Phloem

	
−PGPR

	
+PGPR

	
−PGPR

	
+PGPR






	
Mean duration of NP (min)

	
X

	

	

	
6.41 ± 5.95 d

	
5.59 ± 9.00 c

	
2.97 ± 1.76 a

	
4.27 ± 5.21 b




	
Duration of the 2nd non-probe period (min)

	
X

	
X

	

	
4.31 ± 5.50 d

	
2.99 ± 3.74 c

	
2.69 ± 3.80 b

	
1.88 ± 2.01 a




	
Number of short probes (C < 3 min)

	
X

	
X

	

	
5.59 ± 5.02 a

	
5.97 ± 5.33 a

	
10.15 ± 10.84 b

	
8.15 ± 9.59 b




	
Time from start of EPG to 1st E2 (min)

	
X

	
X

	
X

	
129.37 ± 77.09 d

	
123.35 ± 76.93 b

	
127.98 ± 86.23 c

	
103.35 ± 68.26 a




	
Duration of NP just after the probe of the 1st sustained E2 (min)

	
X

	

	
X

	
1.39 ± 3.90 c

	
1.82 ± 4.82 d

	
0.73 ± 2.12 b

	
0.32 ± 0.83 a




	
Mean duration of F (min)

	

	
X

	

	
0.10 ± 0.49 a

	
0.65 ± 3.28 b

	
4.40 ± 16.31 c

	
0.00 ± 0.00ab c




	
Time from the beginning of the 1st probe to 1st pd (min)

	

	
X

	

	
6.98 ± 18.80 d

	
4.80 ± 12.57 c

	
0.79 ± 1.75 a

	
1.06 ± 2.57 b




	
Duration of 1st probe (min)

	

	
X

	
X

	
10.90 ± 44.98 b

	
33.57 ± 76.30 d

	
18.43 ± 63.67 c

	
1.17 ± 1.95 a




	
Time from the beginning of that probe to 1st E (min)

	

	
X

	

	
22.09 ± 14.57 b

	
31.02 ± 31.60 d

	
21.36 ± 17.44 a

	
25.13 ± 12.45 c




	
Duration of 1st E (min)

	

	

	
X

	
71.97 ± 73.17 d

	
56.78 ± 61.83 a

	
70.14 ± 80.36 c

	
60.10 ± 68.13 b




	
Time from the beginning of that probe to 1st sustained E2

	

	
X

	
X

	
25.05 ± 17.09 b

	
31.39 ± 32.46 d

	
22.40 ± 19.16 a

	
25.79 ± 13.09 c




	
Mean duration of E1 (min)

	

	

	
X

	
1.14 ± 0.86 a

	
1.10 ± 1.58 a

	
1.05 ± 1.14 a

	
1.38 ± 1.49 b




	
Number of E1

	

	

	
X

	
1.22 ± 0.97 a

	
1.42 ± 1.06a b

	
1.33 ± 1.18 a

	
2.31 ± 2.04 b




	
Duration of E1 followed by the 1st E2 (min)

	

	

	
X

	
1.04 ± 0.72 c

	
0.92 ± 0.64 b

	
0.75 ± 0.51 a

	
0.93 ± 0.52 b




	
Duration of E1 followed by the 1st sustained E2 (min)

	

	

	
X

	
1.12 ± 0.90 b

	
0.86 ± 0.53 a

	
0.93 ± 1.09 a

	
1.14 ± 1.10 b




	
Number of sustained E2 (<10 min)

	

	

	
X

	
1.00 ± 0.78 a

	
1.03 ± 0.75 a

	
0.89 ± 0.75 a

	
1.65 ± 1.35 a




	
Duration of G (min)

	

	

	

	
13.65 ± 30.82 c

	
5.98 ± 15.32 a

	
18.85 ± 46.92 d

	
6.94 ± 19.64 b




	
Number of G

	

	

	

	
0.30 ± 0.67 a

	
0.29 ± 0.78 a

	
0.37 ± 0.69 a

	
0.12 ± 0.33 a




	
% of probing spent in G

	

	

	

	
7.44 ± 16.92 b

	
3.35 ± 8.32 a

	
8.70 ± 21.19 b

	
3.31 ± 9.45 a
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