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Abstract

:

The emerging elicitor protein PeBA1, extracted from Bacillus amyloliquefaciens NC6, was tested against the cabbage aphid (Brevicoryne brassicae) for its biocontrol potential. Its effects on the survival, lifespan, immature development, adult reproductive performance, and pest–pathogen interaction were assessed using electrical penetration graphs (EPGs) against B. brassicae. Furthermore, the direct effects of PeBA1 with temperature and climate change in Brassica rapa ssp. Pekinensis plants were investigated by the characterization of active compounds in B. amyloliquefaciens with multi-acting entomopathogenic effects. Compared with controls, PeBA1 treatments decreased (second- and third-generation) B. brassicae population growth rates. In a host selection test, control plants were colonized faster by B. brassicae than PeBA1-treated B. rapa plants. The B. brassicae nymphal development was extended by PeBA1 concentrations. Likewise, fecundity was reduced in PeBA1-treated seedlings compared with control, with fewer offspring produced. The trichomes and wax production on PeBA1-treated leaves resulted in a hostile environment for B. brassicae. PeBA1 altered the surface structure of the leaves, reducing B. brassicae reproduction and preventing colonization. Systemic defensive processes also included the activation of pathways (JA, SA, and ET). Based on these findings against B. brassicae, integrated pest management and bio control with PeBA1 in the agroecosystem appears to be suitable.
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1. Introduction


In nature, plants are threatened by a diverse spectrum of pathogens, including viruses, bacteria, fungi, oomycetes, nematodes, and insects, each of which has a unique life cycle and infection strategy. Only a few of these potential disease agents, however, are capable of effectively establishing contact with a plant by successfully detecting and defeating the host plant’s defense system. Plants utilize two distinct forms of basal defenses to ward off pathogens [1]. One is used as a recognition system to identify molecular patterns associated with microbes or pathogens (MAMPs or PAMPs) such as flagellin, which helps ward off pathogen infection. PAMP-induced immunity (PTI) refers to the innate immunity of plants which is triggered by PAMP via numerous plant transmembrane pattern recognition receptors (PRRs) [2]. The other sort of defense, dubbed gene-for-gene resistance, operates mostly within the plant cell, utilizing recognition between resistance (R) proteins and effectors, such as pathogen-secreted elicitors [3]. Hypersensitive responses (HRs), oxidative bursts, nitric oxide (NO) generation, extracellular pH increase, cell wall strengthening, and expression of pathogenesis-related proteins are all part of this R-protein-mediated defense known as effector-triggered immunity (ETI). This only occurs in living host tissues and not in necrotrophs [4,5]. Furthermore, these resistance responses begin at the site of infection in the cells and then spread to nearby and non-infected cells, finally resulting in systemic acquired resistance (SAR) in whole plants, enabling them to combat pathogens efficiently [6].



Aphids are phloem-feeding insects that spread plant viruses by ingesting plant sap, leading to substantial crop losses [7]. In several aphid–plant interactions, aphid defense responses have been studied. Arabidopsis thaliana was shown to be less viable in M. euphorbiae infested leaves [8,9]. Resistance to the B. brassicae in B. napus lowered the survival rate and population growth characteristics of Plutella xylostella [10]. Jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) all stimulate defensive responses in plants [11]. SA has been associated with resistance to sucking/piercing insects, whereas JA has been associated with resistance to chewing insects [12]. ET is involved in the regulation of a variety of defensive mechanisms in plants [13]. Several previous studies have established the involvement of JA and SA in the induction of an aphid response through the increased expression of genes such as PR-1 (pathogenesis-related protein 1), PR-2 (pathogenesis-related protein 2), CHIT1 (chitinase 1), LOX1 (lipoxygenase), and PAL (phenylalanine ammonia-lyase) that have been identified as responses induced by JA–SA after aphid feeding [14].



Due to its feeding behavior, B. brassicae, a major detrimental pest of cabbage in China, has a direct impact on crop productivity and quality. Elicitors, both biotic and abiotic, stimulate plant defense mechanisms [15,16]. Many elicitors have been identified from bacteria, viruses, oomycetes, and fungus, among other organisms. Proteins, peptides, glycoproteins, lipids, and oligosaccharides have all been used as elicitor molecules [17]; some of these elicitors have even been employed to help plants resist pathogens [18]. These defense responses are frequently linked to HR and even localized programmed cell death via ion influx, NO generation, and reactive oxygen species (ROS), such as H2O2 and O2−, which subsequently act as signaling molecules to transmit the elicitor signal to downstream defense responses [18,19]. Elicitors are classified into two types: race-specific groups that induce a defense response exclusively in host plants and general defense groups that induce a defense response in both host and non-host plants [20]. Due to the increased need for food safety and quality, protein elicitors have been investigated as possible substitutes for certain chemical pesticides [21,22,23,24,25,26,27].



Numerous Gram-negative bacteria, particularly those belonging to the genus Pseudomonas, have been identified as ISR-inducing microbes. However, the number of Bacillus species recognized as ISR inducers has increased significantly over the last decade and now includes B. amyloliquefaciens, Bacillus subtilis, Bacillus pasteurii, Bacillus cereus, Bacillus pumilus, Bacillus mycoides, and Bacillus sphaericus [28,29,30,31]. These species have the potential to significantly reduce the severity of disease caused by a wide variety of pathogens in diverse hosts. Dimethyl disulfide (DMDS), generated by a B. cereus strain, induces ISRs and confers resistance to fungal infections in plants [28]. Volatile compounds generated by the PGPR strains B. subtilis GB03 and B. amyloliquefaciens IN937a have been shown to induce plant defense responses [31,32]. PeBA1 is a broad-spectrum, highly specific elicitor that has been examined in the NC6 strain of B. amyloliquefaciens a well-characterized PGPR strain for use in agricultural crop cultivation as a biocontrol agent. It has been shown to trigger resistance in plants via the JA and ET pathways. Its activity results in the activation of defense enzymes, cell wall strengthening, and the increased expression of other defense-related genes [33]. This 285 amino acid elicitor protein is capable of generating systemic resistance traits in tobacco plants, including the transcription of JA- and SA-related defense genes, cell death, HR necrosis, and ROS production [33].



The current investigation examined the function, mechanism, and biological activity of PeBA1 and its effects on B. brassicae management. The contents of JA and SA, as well as ET gene expression were determined following the discovery of trichomes on the leaf surface structure. The purpose of this article is to provide information about PeBA1′s function, method of action, and its impacts on the management of B. brassicae.




2. Materials and Methods


2.1. Brevicoryne brassicae, Colony Establishment, and the Cultivation of Plants


The goal of the present study was to effectively establish B. brassicae and B. rapa colonies prior to the experiments under controlled greenhouse conditions. Brevicoryne brassicae was collected from a Brassica oleracea field and shifted to B. rapa seedlings. A colony of B. brassicae was kept for six months with a 16 h/8 h light/dark photoperiod, 65% relative humidity (RH), and a temperature of 25 ± 2 °C prior to the experiment. Prior to usage, B. rapa seeds were cleaned in 75% ethanol for 35–45 s, then washed in distilled water and pre-soaked in distilled water for 2–3 d.




2.2. Preparation of PeBA1 Elicitor Protein


The study aimed to perform the expression, purification, and evaluation of PeBA1 from B. amyloliquefaciens NC6. PeBA1 was produced in Escherichia coli BL21-DE3 (TransGen Biotech, Beijing, China) using the E1 plasmid (TransGen Biotech, Beijing, China). In this study, the elicitor protein PeBA1 was isolated from a colony of the bacterial strain B. amyloliquefaciens NC6 that had been grown in 1 L of LB medium for 12 h at 16 °C at 200 rpm over the previous 12 h. Subsequently, the pellets were collected, shattered, and re-suspended via sonication. After that, the solution was centrifuged for 15 min at 12,000 rpm, after which the supernatant was collected and filtered through a 0.22 m filter paper. The final purification of the elicitor protein was accomplished through affinity chromatography, which was performed with a His-trap HP column and loading buffers A, B, C, and D. In order to wash the column, we utilized buffer A (50 mM Tris-HCl, pH 8.0), whereas buffer B (50 mM Tris-HCl, 200 mM NaCl, pH 8.0) was used to stabilize the column. A combination of buffers C (50 mM Tris-HCl, 20 mM imidazole, and pH 8.0) and D (50 M Tris-HCl, 200 mM NaCl, and 500 M imidazole, pH 8.0) was employed to elute the elicitor protein from the cell culture medium and to extract it. Then, the elicitor protein was desalted using (GE Healthcare, Waukesha, WI, USA) desalting tubes and centrifuged at 4 °C at 5000 rpm. A 12% SDS-PAGE system(Thermo Scientific, Rockford, IL, USA) was used to assess the molecular mass of the purified elicitor protein, and a protein marker (Thermo Scientific, Rockford, IL, USA) was employed to estimate the molecular masses of the purified elicitor protein, as per the author’s protocol [33,34].




2.3. Brevicoryne brassicae Infestation on the Plant


The study aimed to calculate the average size of the settled B. brassicae population. Brassica rapa seeds and young seedlings were immersed in 85.23 μg mL−1 of PeBA1 solution for 24 h. Five seeds/pot were cultivated separately in organic soil (Flora Guard substrate). After seven days, the B. rapa seedlings were sprayed with the 82.64 μg mL−1 PeBA1 solution then inoculated with 15–20 adults of B. brassicae 24 h later. Seedlings were sprayed every 7 days. Following inoculation, the number of settled aphids was counted every 5 d [25]. The data fractions were used for data analysis and the conclusion of results. Controls and negative controls were treated with water and 85.23 μg mL−1 of a buffer (50 mM Tris-HCl, pH 8.0), respectively. Transparent air-permeable cages were used to isolate seedlings. The experiment was performed twice with four replications.




2.4. Brevicoryne brassicae Preference Assay


The goal of this experiment was to assess the host selection of B. brassicae. Seeds and seedlings were treated as described in Section 2.3 then seedlings were arranged in a ventilated breathable cage (60 × 60 × 60 cm), with cross-touch leaves and a white cardboard bridge (12 × 4 cm) connecting the base parts of the stems. Forty wingless B. brassicae adults were released into the center of the bridge. The experiment was carried out 15 times. After 24 h, the B. brassicae on each seedling were examined and the number of B. brassicae on each seedling was recorded.




2.5. Brevicoryne brassicae Intrinsic Rate of Growth


The goal of this experiment was to determine the increase in the intrinsic growth rate of B. brassicae when feeding on PeBA1-treated and control seedlings. Seeds were treated as described in Section 2.3. Each seedling was implanted with a newly emerged B. brassicae nymph. All seedlings were separated by a cotton-gauze-lined glass tube, and aphid movement was restricted on the leaf in a plastic ecological cage (Cangzhou Hengyun Plastic Industry, Cangzhou, Hebei Province China) (2.7 × 2.7 × 2.7 cm). Every 12 h, the B. brassicae instar was tested to determine when it produced its first nymphs. Then, the number of newborn nymphs was counted twice daily to determine the overall amount of time and number of offspring produced, which were removed daily following each count to avoid crowding. The same test was repeated five days later on seeds and seedlings. The experiment was conducted twice with 30 duplicates for each treatment. The rise in the intrinsic rate of each aphid was calculated using the following formula:


rm = 0.738 × (ln Md)/Td








where Md is the number of newborn nymphs within a development period of Td, which is the time interval between an aphid’s birth and its first reproduction.




2.6. Identification of B. brassicae Feeding Activities Using EPG


This study used EPG to gain access to B. brassicae feeding activities. Brassica rapa seeds were soaked and germinated in distilled water for 3–4 d. Similarly, until day 7, seedlings of the same sizes were individually planted in organic soil; 24 h after seedlings were sprayed, an EPG (GIGA-8d) was employed on healthy wingless, 12–15-day-old-adult B. brassicae. Before the test, all aphids were starved for one hour. The determination and manual study of the B. brassicae feeding waves was carried out using an A B stylet. A wave identifier has been described elsewhere [35].




2.7. Bioassay of the B. brassicae


This study examined the development time of nymphs as well as the fecundity of B. brassicae. A bioassay of the PeBA1 against B. brassicae was performed on B. rapa plants using various concentrations of PeBA1: 85.23, 51.13, 25.56, and 12.78 μg mL−1. The Bradford assay was used to determine various protein concentrations. At the three-leaf stage of the B. rapa plants, approximately 4 mL of PeBA1 was sprayed into the plants using a separate spray bottle until the solution drained off. Brassica rapa plants were allowed to dry overnight before being fed by 3–6 freshly molted (0–6 h old) B. brassicae. The period of nymph development was determined through repeated observations every 4 h until the bioassays were completed for each instar as the total number of offspring generated by all aphid instars, whereas the lifespan of aphids was determined by the number of days they lived. Bioassays were repeated independently using 10 replicates per treatment at three non-identical temperature regimes (22, 24 and 26 °C).




2.8. Impact of PeBA1 on the Structure and Growth of the B. rapa


This study aimed to determine the effect of PeBA1 on the physical structure of B. rapa. Seeds and seedlings were treated as discussed in Section 2.3. The initial leaves’ core sections were removed and analyzed, and samples were taken for up to 2 days using 3.5% glutaraldehyde mixed in a 0.1 M phosphate solution (pH 7.2). All samples were washed for about 15 min in a 0.1 M phosphate buffer (pH 7.2) before being submerged in 1% osmic acid five times for roughly 2 h each. An ethanol gradient of 100%, 95%, 90%, 80%, 70%, 60%, 50%, and 30% was used for 15 min. A Leica EM critical point dryer (CPD030; Leica Biosystems, Wetzlar, Germany) was used to dry all critical points. A Hitachi H-7650 transmission electron microscope (Hitachi, Ltd. Kabushiki Kaisha Hitachi Seisakusho, Tokyo, Japan) was used to examine all materials. To assess the effect of PeBA1-treated settlements, total plant height (cm), total chlorophyll amount (SPAD), total fresh and dry weight, and the number of plant leaves were evaluated in 10 replicates.




2.9. Determination of Plant Hormone Using HPLC/MS


The purpose of this experiment was to measure the quantities of SA, JA, and ET accumulated. Seeds and seven-day-old seedlings were treated as discussed above. Approximately 0.5 g of the aerial part of the seedlings was harvested to extract SA, JA, and ET [36]. A high-performance liquid chromatography spectrometer (HPLC/MS; Shimazu Research Instruments, ODS-C18, 3 μm, 2.1 per 150 mm, Kyoto, Japan) was used to inject the extraction. HPLC was performed at a flow rate of 0.2 mL/min with a 60% methanol mobile phase, a column temperature of 40 °C, and a sample temperature of 4 °C. MS was configured in the negative ion mode at the selected ion monitoring system (SIM) with a solvent temperature of 250 °C, a heat block temperature of 200 °C, a drying gas flow rate of 10 L/min, a nebulizing gas flow rate of 1.5 L/min, a detector voltage of 1.30 kV, and an interface voltage of −3.5 kV (SA m/z: 137.00; JA: 209.05).




2.10. RT-qPCR


The goal of this experiment was to determine the relative expression levels of genes. To extract RNA, synthesize cDNA, and perform a real-time quantitative polymerase chain reaction (RT-qPCR) (ABI 7500 Real-Time PCR System), kits from TransGen Biotech (Beijing, China) were utilized. An NP80 nano-photometer was used to assess the purity and excellence of the RNA. The internal reference gene was identified as the ribosomal gene 18S [37]. AOC, LOX2, AOS, ACS, AIMI, ACS6, KAT2, and 4CL were chosen as key genes. The key genes involved, and their respective primers are listed in Table 1 and Table 2. The 2−ΔΔCT methodology was used to determine the relative expression levels of the genes [38].




2.11. Analysis of Data


Data from two treatments were compared using an independent Leven’s test and a two-tailed t-test, whereas data from three or more treatments were compared using the LSD and an ANOVA with Statistix software version 8.1 (Tallahassee, FL, USA). Prior to analysis, aphid fecundity data were square-root transformed. A one-way factorial analysis of variance was performed among treatment factors such as the PeBA1′s concentrations and varied temperature regimes to eliminate differences, followed by a 95% probability LSD test. The gene expressions (RT-qPCR) were obtained by the comparative CT (2−∆∆CT) method: student’s t-tests (α = 0.05) were used to compare the fold changes in plant samples treated with PeBA1 and buffer.





3. Results


3.1. Brevicoryne brassicae Performance Indoors


Resistance to B. brassicae was induced by PeBA1 in two separate ways. Primarily, PeBA1-treated B. rapa seedlings exhibited a substantial aphid population loss; Figure 1 shows the percentage declines in population in the PeBA1-treatment compared with control. In the host selection test, B. brassicae preferred to feed on the control compared with PeBA1-treated plants (Figure 2). Aphid development was extended more in the PeBA1 treatment than control; however, the everyday reproductive capacity of B. brassicae was reduced when they were fed on PeBA1-treated seedlings (second and third nymphal instars). Both the second and third generations showed lower growth rates (Figure 3).




3.2. EPG Feeding Performance of B. brassicae


An EPG illustrated that resistance characteristics of the B. rapa. Brevicoryne brassicae feeding patterns in PeBA1-treated seedlings were considerably affected (Figure 4). The probing period, the length of C, and the total value of B. brassicae Pd considerably lowered in the PeBA1-treated seedlings, meanwhile, the period of non-probing before the first E and the total duration of F dramatically increased. During the non-probing period, no electrical contact was detected between the aphid stylet and the plant [39]. The non-probing period before the first E was significantly increased in the PeBA1 treatment, indicating a repellent or deterrent surface factor in the PeBA1-treated B. rapa seedlings. C waves describing style motion may serve as a mechanical barrier in plants [40]. The shorter the C waves (3 min), the greater the mechanical difficulty in PeBA1-treated seedlings. Wave E1 indicated aphid saliva injection into sieve elements. The E2 wave revealed phloem sap injection. The expanded E1 in the sieve element showed additional plugging or defensive chemicals. In the E2 period, however, there were no significant differences between the control and PeBA1 treatments, indicating no or low variability in phloem chemicals to impart resistance to B. brassicae. The F wave time in the PeBA1-treated seedlings, on the other hand, was longer, showing that PeBA1 improved the mechanistic defense. The EPG results revealed that the resistance caused by PeBA1 was mostly related to a change in physical defense.




3.3. Brevicoryne brassicae Nymphal Development Period and Fecundity Were Influenced by PeBA1


A differential trend in the developing time of nymphs was discovered for the elicitor effect at various temperatures. As PeBA1 concentrations prolonged, the development time of each nymphal instar is shown in Figure 5. At 85.23 µg mL−1 with 22 °C, the utmost development time for the fourth nymphal instar was 3.5 d. At 12.78 µg mL−1 with 26 °C, the minimal nymph growth of 1.5 days was recorded for the first instar. Brevicoryne brassicae fecundity had a substantial effect on PeBA1 concentrations and temperature regimes (Figure 6). Fecundity was found to be minimal at a maximum temperature of 26 °C and greatest at a minimum temperature of 22 °C.




3.4. The Influence of PeBA1 on B. rapa Development and Structure


PeBA1 affected the surface structure of B. rapa substantially more than in control seedlings (Figure 7). Seedlings treated with PeBA1 (56.12 ± 0.52 mm−2) had significantly more trichomes than control (26 ± 0.10 mm−2). A more complex wax structure was created, resulting in a much better surface environment that is anticipated to be detrimental for aphid colonization.




3.5. Quantities of SA, JA, and ET Accumulated


JA, SA, and ET were used to investigate the relationship between the deposition of cuticular wax and the number of trichomes on PeBA1. The JA, SA, and ET levels in PeBA1 seedlings were significantly higher than expected (Figure 8). It has been discovered that all three signaling pathways are important in the development of aphid resistance in B. rapa. PeBA1-treated plants also accumulated high levels of JA, SA, and ET, indicating that PeBA1 partially induced a defensive response in B. rapa plants.




3.6. Relative Expression Levels of Genes


The defense mechanisms in seedlings of B. rapa were enhanced by PeBA1. The genes AOC, LOX2, AOS, ACS8, AIMI, ACS6, KAT2, and 4CL were chosen as test genes [23,25,26]. All the genes were slightly upregulated by treatment with PeBA1 and aphid infestation (Figure 9). The highest expressed gene was LOX2, followed by AOC, AIMI, ACS8, KAT2, AOS, ACS6, and 4CL. The Log2 of all JA, SA, and ET test genes was computed with fold change expression values Table 3.





4. Discussion


Elicitors, which are microbial proteins that play a dynamic role in the defense and signaling systems of plants under attack by sap-feeding insects, are a new biological tool for the management of insect pests [22,23,24,25,26,27]. Brassica rapa management was proven in this investigation using PeBA1, an emerging protein elicitor evaluated from B. amyloliquefaciens NC6, which was shown to have biocontrol potential and antimicrobial activity. Several plant defenses, including chemical elicitors such as methyl-jasmonate and benzothiadiazole, and other plant defenses such as proteinase inhibitors, have been demonstrated to considerably reduce the activity of herbivorous pests in B. rapa crops in prior research [41,42]. This study’s findings are consistent with existing findings indicating that the use of a methyl salicylate elicitor reduced the population of Aphis glycines by up to 40% as compared with when no elicitor was used [41,42]. Brassica rapa plants treated with PeBA1 exhibited a much slower population expansion as compared with the controls, according to the bioassays. Exogenous applications of elicitors, such as MJ, JA, and BTH, have been shown to negatively impact the population growth and fitness of different aphid species [41,42] which was corroborated by the findings of the current investigation. In the present experimental study, it was discovered that PeBA1 could inhibit herbivores by changing the physical characteristics of plants. The formation of trichomes is the first step in developing physical resistance to pathogenic microorganisms and herbivores [43]. In soybeans with thick trichomes, Leptinotarsa decemlineata settlement was reduced when compared with soybeans with thin trichomes, which attracted more insects [44]. PeBA1 alleviated disease severity by commencing a photosynthetic process resembling plant development characteristics [45], and it also enhanced the induced resistance in PeBA1-treated B. rapa seedlings.



The trichomes on the seedlings and leaves of the PeBA1-treated plants were more numerous than in the controls. Another important component of the physical barrier is lignin in the cell wall, which is responsible for plant resilience and serves as a measure of progress in cell wall development [46,47]. In reaction to biotic and abiotic stress, plants’ physical defenses include the establishment of trichomes and the production of wax [48,49,50]. The accumulation of SA and JA in PeBA1-treated B. rapa plants can be hypothesized to be related to increased trichome density and the deposition of cuticular wax. The PeBA1-treated plants produced considerably fewer aphids than the control. The findings were similar to previous research, which found that exogenous SA and MJ reduced aphids’ mean lifetime fecundity by about 50% [41,50]. As a result, optimum temperatures, 22 °C, indicated the highest aphid fecundity, with the lowest fecundity observed at higher temperatures (26 °C), which was attributed to a lower metabolic rate [51]. Likewise, PeBA1-treated plants had a longer nymphal development time than the controls; even at a lower temperature (22 °C), the maximum nymphal development time was observed, indicating that a one-degree temperature increase affected the insects’ life cycle [52].



Jasmonates, i.e., JA, isoleucine conjugate JA (JA-Ile), and methyl ester JA (MeJA), transiently accumulate in the wound site and act as signaling molecules for the systemic defense response. AOC, coding an allene oxide cyclase, reduced the feeding activity and survival rate by enhanced crop resistance. ACS2, ACS8, and AC6 are the rate-limiting enzymes that control ET production in response to pathogen assault. 4CL, coding for a 4-coumarate–CoA ligase family protein, is involved in the construction of the cell wall, as shown in Arabidopsis. KAT2 codes a 3-ketoacyl-CoA thiolase, carrying out wound-activated responses, as shown in the biosynthesis of JA in wounded Arabidopsis plants. Brassica rapa developed resistance to B. brassicae after exposure to PeBA1. The relative expression levels of test genes between controls and experimental samples less than 2-fold differences address the non-significant differences to elicit any physiological response. These relative expression levels address the systematic defense responses through variation in experimental conditions or other intrinsic factors which are the potential factors in performing qRT-PCR and yielding non-significant differences between relative expression levels. The potential factors can depend on experimental conditions, such as independent experimental procedures, corresponding differences in protein levels, variation in sample sizes, laboratory’s environmental factors, etc. Hence, both genetic and intercellular intrinsic factors such as plant growth regulators, etc., can play the role of potential factors in yielding non-significant differences. Beneficial microorganisms elicit systemic defense responses that are regulated by a signaling network which includes the plant hormones SA, JA, and ET [53]. Some evidence has demonstrated SA, JA, and ET pathways crosstalk, which adjusts the plant systematic defense response depending on different pathogens [53]. These plant defense pathways are involved in signal transduction and gene regulation, resulting in a more effective plant systematic defensive response against insect pests [54]. In this study, we have demonstrated that PeBA1 slightly increases the relative expression levels of several JA-, SA- and ET-responsive genes [55]. These findings suggest that slight increases in relative expression levels of all test genes, i.e., LOX2, followed by AOC, AIMI, ACS8, KAT2, AOS, ACS6, and 4CL act, as potential factors engaged only in the systemic defense responses generated by PeBA1 in B. rapa. Additionally, the findings of this study corroborate prior work by Chaerle [56]; the elicitor can stimulate phenolic metabolism and lignin synthesis which can strengthen the cell wall and thus protect it from pathogenic bacteria or fungi [57]. Aphids feeding on plants triggers systemic defense responses [58]. These findings suggest that our work furthers the understanding of the mechanisms behind PeBA1 evaluated from B. amyloliquefaciens NC6-induced systemic resistance in B. rapa [59].




5. Conclusions


PeBA1 enhanced aphid resistance in B. rapa, reducing second- and third-generation B. brassicae fecundity and aphid colonization. The resistance characteristics were largely discovered in mechanical defenses confirmed by EPG. PeBA1 affected the surface structures of B. rapa leaves. SA, JA, and ET exhibited slight increases in relative expression levels, acting potential factors engaged in systemic defense responses generated by PeBA1 in B. rapa.



Furthermore, PeBA1 exhibited a significant suppression of B. brassicae life characteristics in the laboratory; however, more research is required to maximize its effects in the field. Future research should explore whether the wax composition affects aphid behavior, how SA and JA work in induced resistance, and whether other plant hormones are involved. We are convinced that PeBA1 could be used as a “vaccine” for B. rapa seeds and seedlings to protect them from B. brassicae.
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Figure 1. Plants treated with PeBA1, control, and buffer showed B. brassicae population variations. (A,B) Seeds and seedling treatment, (C) after 7 d, seedlings were inoculated with 15–20 adults of B. brassicae, (D) seedlings treated with PeBA1 saw a substantial aphid population loss (mean ± SD), (a–c) the significant differences among PeBA1, buffer and control. The study used a CRD randomized statistical design, LSD and one-way ANOVA were used to compare data (p = 0.05). 
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Figure 2. Brevicoryne brassicae colonization on seedlings treated with PeBA1-treated and control (mean ± SD). The study used a (CRD) randomized statistical design. Data were compared using one-way ANOVA and the least significant difference (LSD) (p = 0.05) with SPSS 18.0. 
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Figure 3. Development time, reproductive capacity, and rate of growth of B. brassicae (A,B) in seedlings treated with PeBA1 and control (mean ± SD). The study used a randomized (CRD) statistical design, SPSS 18.0 was used to compare data by LSD and one-way ANOVA, (p = 0.05). 
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Figure 4. EPG data of B. brassicae on PeBA1-treated and control seedlings (mean ± SD). C indicates pathway activities, Pd represents potential drop, E2 represents phloem-feeding activities, F represents penetration difficulty, G represents xylem-feeding activities, and E1 represents saliva injection. Independent t-test with two tails was used to compare data (p = 0.05). 
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Figure 5. Mean developmental time (± SE) of B. brassicae nymphal instars on B. rapa plants in varying concentrations at 22, 24, 26 °C (n = 10). Seeds and seedlings treatment and preparation for inoculation B. brassicae (A,B). Nymph development time prolonged in treated seedlings compared to control, (C). Data were compared statistically using a factorial ANOVA and the least significant difference (LSD) at α = 0.05. 
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Figure 6. Brevicoryne brassicae fecundity reduced in B. rapa seedlings treated with PeBA1 Seedlings treatment with PeBA1, buffer, and control (A). Average fecundity of B. rapa (n = 10) (B). Data shown as mean (±SE) (factorial analysis one-way ANOVA; LSD at α = 0.05). 
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Figure 7. Effect of PeBA1 on growth of PeBA1-treated and control seedlings. Data shown in mean (±SD) of PeBA1, buffer, and control seedlings (n = 10). The data were compared using LSD, one-way ANOVA, and Levene’s test in SPSS 18.0. (p = 0.05). 
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Figure 8. Seed and seedling treatment (A), aerial part of seedling was harvested to extract JA, SA, and ET (B). JA, SA and ET contents in B. rapa seedlings (mean ± SD) (C,D). PeBA1-treated tests were gathered 1 d after the spraying. Aphids were inoculated on seedlings 1 d after they were sprayed with treatment, and samples were collected 1 d after they were inoculated, (a–d) are significant differences among treatments and control, Data were compared statistically; the LSD, ANOVA, and Leven’s test were employed by Statistix version 8.1. (p = 0.05). 
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Figure 9. The relative expressions of plant defense from JA, SA, and ET pathway genes found after treatment with PeBA1-elicitor, PeBA1 and aphid, and aphid infestation. For each gene, an asterisk on the bar shows a significant difference from the buffer control as found by students t-test (* p < 0.05 and ** p < 0.01). 
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Table 1. Key genes associated with the JA, SA, and ET pathways of B. rapa.
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	Sr. No.
	Gene ID
	Gene Biochemical Name

(Abbreviated)
	Biochemical Name (Detailed)





	1
	LOC103848557
	AOS
	Allene oxide synthase, chloroplastic



	2
	LOC103836113
	AOC
	Allene oxide cyclase 4, chloroplastic



	3
	LOC103829425
	4CL
	4-coumarate–CoA ligase-like 4



	4
	LOC103834740
	AIMI
	Peroxisomal fatty acid beta-oxidation multifunctional protein AIM1-like



	5
	LOC103836556
	KAT2
	Peroxisomal-like 3-ketoacyl-CoA thiolase



	6
	LOC103830390
	LOX2
	Lipoxygenase 2, chloroplastic-like



	7
	LOC103835047
	ACS8
	1-aminocyclopropane-1-carboxylate synthase 8



	8
	LOC103833884
	ACS6
	1-aminocyclopropane-1-carboxylate synthase 6
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Table 2. Primers of all test genes JA, SA, ET.
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	Test Genes
	Forward Sequence (5′ …… 3′)
	Reverse Sequence (5′ …… 3′)





	Actin
	TATGCTCTTCCACATGCTATTC
	CCTTACGATTTCACGCTCTG



	103848557 (AOS)
	TTACTTCCACAAGCAAAAACCC
	TTATCAACATCGAACAAAACCG



	103836113 (AOC)
	CGACCTCGTCCCTTTCACTA
	AGCGTTCGCCTTTCTTCTCA



	103829425 (4CL)
	CTATGGGCTACTCTGCTTCACT
	CTCCGTCACCTCCTTACTCAA



	103834740 (AIMI)
	CCTCTTTCGGCTTGCCATTA
	TCCCATTTCTCCCGCTTTTA



	103836556 (KAT2)
	GCTTCATCATCTTCAACCTC
	CTTCTCTATCACCGCTCTCA



	103830390 (LOX2)
	GGTCTTCACGCCAGGTTATG
	ATTGTCTGTTTGCCGCTATT



	103835047 (ACS8)
	CCTGGAGATGCTTTCTTGCT
	TTAGTTCGGTTCGGGTTGTT



	103833884 (ACS6)
	CATCCGCAAGAGCAAACTAC
	CCATCCATATGAACAAACCG
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Table 3. Log2 of fold change expressions all test genes involved in the JA, SA, and ET pathways after PeBA1 elicitor application, PeBA1 and aphid, and aphid infestation alone.
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	Log2Fc (Treated/Untreated)
	PeBA1
	Aphid
	PeBA1 and Aphid





	LOX2
	1.29
	1.13
	1.61



	AOC
	1.03
	1.08
	1.16



	AIMI
	0.39
	0.69
	1.13



	ACS8
	0.33
	1.04
	1.10



	KAT2
	0.49
	1.07
	1.08



	AOS
	0.39
	0.69
	1.07



	ACS6
	0.72
	1.04
	1.07



	4CL
	0.65
	0.75
	1.05
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