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Introduction

Casuarina equisetifolia is a common protective forest in coastal areas. However, artificial C. equisetifolia forests cannot self-renew, mainly due to the accumulation of allelochemicals. Endophytic bacteria may alleviate the root growth inhibition caused by allelochemicals in C. equisetifolia seedlings. B. amyloliquefaciens and B. aryabhattai were endophytic bacteria with strong allelopathy in C. equisetifolia root. The allelopathy mechanism of these two endophytes and their interaction with C. equisetifolia remains to be studied.





Methods

Whole-genome sequencing of B. amyloliquefaciens and B. aryabhattai isolated from the roots of allelochemical-accumulating C. equisetifolia was performed using Illumina Hiseq and PacBio single-molecule sequencing platforms. Sterile seedlings of C. equisetifolia were treated with either individual or mixed bacterial cultures through root drenching. Transcriptional and metabolomics analyses were conducted after 3 days of infection.





Results and discussion

Whole-genome sequencing of Bacillus aryabhattai and Bacillus amyloliquefaciens showed that the two strains contained various horizontal gene transfer elements such as insertion sequence, prophage and transposon. In addition, these two strains also contain numerous genes related to the synthesis and catabolism of allelochemicals. After these two strains of bacteria were individually or mixed infected with C. equisetifolia, metabolomics and transcriptomic analysis of C. equisetifolia showed the 11 important secondary metabolite biosynthesis among them alkaloids biosynthesis, phenylpropanoid and terpenes biosynthesis and related genes were putatively regulated. Correlation analysis revealed that 48 differentially expressed genes had strong positive correlations with 42 differential metabolites, and 48 differentially expressed genes had strong negative correlations with 36 differential metabolites. For example, CMBL gene showed positive correlations with the allelochemical (-)-Catechin gallate, while Bp10 gene showed negative correlations with (-)-Catechin gallate.





Conclusion

The intergenerational accumulation of allelochemicals may induce horizontal gene transfer in endogenic bacteria of Casuarina equisetifolia root. Endophytic Bacillus plays an allelopathic role by assisting the host in regulating gene expression and the production and/or variety of allelochemicals. This comprehensive study sheds light on the intricate genetic and metabolic interactions between Bacillus endophytes and C. equisetifolia. These findings provide insights into endophyte-mediated allelopathy and its potential uses in plant biology and forest sustainability.
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1 Introduction

Allelopathy, the biological phenomenon in which plants send biochemical (allelochemicals) into the environment to impact the growth, survival, and reproduction of surrounding plants, is an important ecological and evolutionary process (Xiu-Feng and Yang, 2007; Yang et al., 2018; Mushtaq et al., 2020b; Ain and Mushtaq, 2023; Mushtaq et al., 2024). Casuarina equisetifolia is an evergreen tree belonging to the Casuarinaceae family and Casuarina genus (Ahmad et al., 2022). This tree is frequently used in protection forests in coastal areas (Wei et al., 2021) and is instrumental in maintaining the stability of coastal ecosystems, safeguarding coastal agriculture, aiding in wind prevention and sand fixation, dike protection, and tsunami resistance (Zhong et al., 2010). However, with increasing age, C. equisetifolia forests may face degeneration and challenges in self-renewal (Xu et al., 2022), resulting in reduced protective efficacy. These issues are likely attributed to decreased microbial activity and nutrient deficiencies. C. equisetifolia is a symbiotic plant that relies on several endophytic bacteria for nutrition (Lin et al., 2022b). Its allelopathic potential is closely linked to its complex interactions with its microbiome, particularly with endophytic microbes (Mushtaq and Siddiqui, 2018; Huang et al., 2020). The main reason for this reduction may be the accumulation of allelochemicals released by the plant’s root system. In addition, the allelopathic influence of Casuarina is known to affect seed germination, seedling growth, and overall plant health (Ahmed et al., 2019). For instance, compounds such as juglone, which is a naphthoquinone, have been shown to inhibit root and shoot growth in some plant species (Medic et al., 2021). Additionally, Casuarina’s allelopathic effects can alter soil microbial communities, which may further impact plant growth and soil health (Batish et al., 2001).

Endophytes are microorganisms that live within plant tissues for a significant portion of their life cycle without often producing unwanted consequences to the plants (Compant and Cambon, 2021). They are mainly known for their beneficial involvement in their host plant, and perform critical roles in improving plant fitness and resilience (Fagorzi and Mengoni, 2022). These symbiotic partners have a variety of roles in plant biology, including growth stimulation, disease resistance, and abiotic stress tolerance (Singh et al., 2011). Endophytes frequently develop multicellular aggregation communities in plants, which have gained attention as a unique “microecological” relationship between endophytes and host plants (Jia et al., 2016; Bziuk and Maccario, 2021; Delaux and Schornack, 2021). In recent years, there has been a growing interest in understanding how endophytes affect the allelopathic behavior of their host plants. Endophytes and their hosts have a complex relationship that includes gene regulation and secondary metabolite synthesis, both of which can mediate allelopathic interactions (Andersen et al., 2013; Alam et al., 2021). Previous research has shown that B. amyloliquefaciens can produce antibiotics and lipopeptides that inhibit the growth of phytopathogens, thereby enhancing the overall health and resistance of the host plant (Yang et al., 2024). Similarly, both B. amyloliquefaciens and B. aryabhattai have been found to induce systemic resistance in plants through the activation of defense-related pathways such as the salicylic acid and jasmonic acid pathways (Yu et al., 2022). In addition, is has been shown that the endophytic bacteria are known to produce phytohormones like indole-3-acetic acid (IAA), which promote root growth and development, thereby indirectly influencing root metabolism and overall plant vigor (Adeleke et al., 2021). By the inoculation of B. amyloliquefaciens and B. aryabhattai into the roots of C. equisetifolia, we aim to learn more about the allelopathic mechanisms mediated by endophytic bacteria.

Allelochemicals are almost all secondary metabolites of plants or microorganisms, mainly including organic acids, ketones, terpenes, phenols, alkaloids, glycosides, amino acids and peptides (Kong et al., 2019; Macías et al., 2019). Secondary metabolites are the byproducts of plant growth and development that interact with the surrounding environment. Furthermore, microbes can reduce allelopathic effects by degrading Secondary metabolites, allowing target plants to be more resistant to them (Liu et al., 2018; Bonanomi et al., 2021). They can also remove insoluble phytotoxins linked to intolerant components and convert innocuous molecules into phytotoxins to aggravate the allelopathic effects (Barto et al., 2011; Cipollini et al., 2012). Similarly, numerous research has demonstrated the allelopathic potential of Casuarina equisetifolia, emphasizing the presence of allelochemicals such as phenolic compounds, flavonoids, and terpenoids (Li et al., 2010; Tian et al., 2017). These secondary metabolites are essential for both competitive strategies and plant defense (Divekar and Narayana, 2022). On the other hand, the synthesis of these compounds and control are sophisticated processes involving complex gene networks and signaling pathways (Amiri and Moghadam, 2023). However, secondary metabolites are vital components that plants use to defend themselves and adapt to their surroundings. They perform a variety of physiological tasks, including controlling plant growth and biological (Fernie and Pichersky, 2015; Erb and Kliebenstein, 2020). Previous research demonstrated that a variety of environmental conditions, including light, temperature, and microbes, have an impact on the synthesis of different secondary metabolites in plants (Xiu-Feng and Yang, 2007). In addition, it has been reported that endophytes are essential for regulating these pathways and increasing the allelopathic activity in plants (Li et al., 2023).

Our previous research identified the endophytes involved in the accumulation of allelochemicals within C. equisetifolia roots (Lin et al., 2022a). Specifically, Bacillus amyloliquefaciens and B. aryabhattai, isolated from C. equisetifolia roots, exhibited allelopathic effect indices of -1 and -0.99, respectively (Huang, 2019). These were the most potent allelopathic strains among all endophytic bacteria discovered in C. equisetifolia roots. These strains produce metabolites such as 2,2′-methylenebis(6-tert-butyl-4-methylphenol), 1,2,3,4-butanetetrol, 4-methoxy-3,5-dihydroxybenzoic acid, 3,4,5-trihydroxybenzoic acid, 3-aminophenol, 3,5-dimethyoxy phenyl hydroxide, and p-phenylene diamine, all of which are recognized allelochemicals (Mushtaq et al., 2020a; Zhang et al., 2020). Earlier studies on B. amyloliquefaciens and B. aryabhattai primarily focused on their role in promoting plant growth (Soares et al., 2016; Bhattacharyya et al., 2017). However, many questions remain about how these bacteria interact with their plant hosts to produce secondary metabolites involved in allelopathy, which genes at the molecular level are responsible for synthesizing these compounds, and how the presence of these bacterial strains influences the production of specific secondary metabolites. Gaining insights into the interactions between these bacteria and C. equisetifolia could enhance the plant’s growth and health, offering significant benefits for forestry and agriculture.

The study aims to understand how these endophytic bacteria influence allelopathy in C. equisetifolia through changes in gene expression and metabolite production. The combines Illumina Hiseq and PacBio single-molecule sequencing technologies that were performed for whole-genome sequencing of B. amyloliquefaciens and B. aryabhattai isolated from C. equisetifolia roots with accumulated allelochemicals. The first objective was to obtain genomic information from these strains to deepen our understanding of their allelopathic mechanisms from a genetic perspective and better understand the involvement of endophytes in C. equisetifolia allelopathy. The second objective is to comprehend how these endophytes regulate the host plant’s gene expression and secondary metabolite production to enhance allelopathic interactions. Lastly, we aim to identify the genes associated with allelochemical synthesis and the differential metabolites through transcriptomics and non-targeted metabolomics analyses. By a more comprehensive understanding of how endophytic bacteria regulate allelopathy and tree growth, the study may lead to more environmentally friendly forestry practices for species like C. equisetifolia, which has been used for timber, erosion control, and land reclamation.




2 Results



2.1 Characteristics of the genome composition of endophytic bacilli from C. equisetifolia

The results of our study show that the whole-genome sequencing of two Bacillus strains, B. aryabhattai (XAG3) and B. amyloliquefaciens (XYG6), which have severe allelopathic effects in the roots of C. equisetifolia, revealed genome sizes of 5,507,526 bp and 3,854,088 bp, respectively. The GC content was 38.07% for XAG3 and 46.37% for XYG6. There are seven plasmids indicated in the XAG3 genome, four of which are unknown. The XYG6 genome contains no annotated plasmids. Both the XAG3 and XYG6 genomes had tandem repeated sequences (67 vs. 95, respectively), dispersed repeated sequences (43 vs. 52, respectively), and pseudogenes (206 vs. 170). In addition, one insertion sequence was found in the XAG3 genome, two transposons from the helitronORF and LINE families, and three integrated phage genomes in the XYG6 genome (Figure 1; Supplementary Table 1). These findings highlight changes in the genome compositions of XYG6 and XAG3 and suggest the possibility of horizontal gene transfer.




Figure 1 | Analysis of mobile genetic elements in the Bacillus amyloliquefaciens (XYG6) and Bacillus aryabhattai (XAG3) genomes. (A) Map of insertion sequence elements in the XAG3 genome; (B-D) Linear maps of integrated prophages in the XYG6 genome.



Analysis of metabolic system genes revealed that the XAG3 and XYG6 genomes contain 133 and 127 carbohydrate-active enzyme genes, respectively. Figure 2A shows the number of genes in each of the six major categories of carbohydrate-active enzymes. Whereas, secondary metabolite synthesis gene analysis identified 8 and 12 clusters in the XAG3 and XYG6 genomes, including 166 and 479 genes, respectively (Figures 2B, C). Similarly, the XAG3 and XYG6 genomes contain gene clusters involved in the synthesis of terpenes, T3PKS, and lanthipeptide (Supplementary Tables 2, 3). The difference is in the position of the lanthipeptide synthesis gene cluster; XAG3 is on a plasmid, whereas XYG6 is on the chromosome. This shows that both strains have a large number of secondary metabolite synthesis genes in their genomes, with terpene and T3PKS synthesis genes being especially prominent.




Figure 2 | Number of metabolic system-related genes in the XYG6 and XAG3 genomes. Number of genes in each class of carbohydrate-active enzymes in the XAG3 and XYG6 genomes (A); Number of secondary metabolite synthesis gene clusters and corresponding genes in the XAG3 (B) and XYG6 (C) genomes.






2.2 Metabolite analysis of C. equisetifolia after Bacillus infection

To investigate the metabolites, untargeted metabolomics analysis was performed on C. equisetifolia seedlings infected with either individual or mixed strains using liquid chromatography-mass spectrometry (LC-MS). Partial least squares discriminant analysis (PLS-DA) revealed that samples from the control (CK) and XAG3-infected (BAR3) groups clustered together. However, samples from the XYG6-infected (BYR6) and XAG3+XYG6-infected (MIX36) groups showed no separation, as shown in Figure 3.




Figure 3 | PLS-DA analysis of differences between groups in C. equisetifolia samples. Component 1 represents the first principal component and Component 2 represents the second principal component.



The results of this study demonstrate that 109 metabolites were identified at significantly different levels among the four treatment groups, as shown in Figure 4 and Supplementary Table 4. Compared to the control, 32 and 43 metabolites were significantly up and downregulated in BAR3, 55 and 33 in BYR6, and 35 and 31 in MIX36 treatment groups, respectively. For example, (2-butylbenzofuran-3-yl)(4-hydroxyphenyl)ketone and dihydroxyacetone (dimer) were both significantly upregulated, while (-)-catechin gallate, 12-dehydroporson, 2,4,5,7alpha-tetrahydro-1,4,4,7a-tetramethyl-1H-inden-2-ol, 2-{[hydroxy(5-hydroxy-1H-indol-3-yl)methylidene]amino}acetic acid, austinol, CP 47,497-C8-homolog C-8-hydroxy metabolite, eriojaposide B, isoachifolidiene, and kaempferol-3-glucuronide were all significantly downregulated; 48 and 46 metabolites were significantly upregulated and downregulated in BAR3 and 27 and 13 in BYR6 single-strain infection groups compared to the mixed bacterial infection group. For example, 2,3-dihydro-2,3-dihydroxy-9-phenyl-1H-phenalen-1-one, 3-(3,4-dihydroxy-5-methoxy)-2-propenoic acid, 4’-hydroxy-5,6,7,8-tetramethoxyflavone, 5-(3,5-dihydroxyphenyl)-4-hydroxypentanoic acid, Nb-acetyl-Nb-methyltryptamine, and palmitoyl glucuronide were all significantly upregulated, while ethyl gallate, gingerglycolipid C, silibinin, and tanacetol A were all significantly downregulated. Furthermore, we investigated unique metabolites in each group, identifying quercetin-3-glucuronide, kaempferol-3-glucuronide, isoachifolidiene, and 5-aminopentanal for the CK group, prunitrin for the BAR3 group, 5-deoxymyricanone for the BYR6 group, and butyryl-L-carnitine for the MIX36 group (Figure 5).




Figure 4 | Heat maps of different metabolites of C. equisetifolia in different treatment groups.






Figure 5 | Venn diagram of metabolites common and specific to different treatment groups.






2.3 Analysis of gene expression at the transcriptional level in C. equisetifolia after Bacillus infection

To better understand how Bacillus infection influences biosynthesis in C. equisetifolia, a transcriptome study was performed on seedlings infected with individual and combined Bacillus strains to discover differentially expressed genes/transcripts. The sequencing data collected for the CK, BAR3, BYR6, and MIX36 groups were 39.96 Gb, 39.16 Gb, 37.89 Gb, and 40.11 Gb, respectively. Each sample had sequencing data that exceeded 6 Gb, and the error rate was less than 0.0266%. In each sample, the fraction of bases with a sequencing quality of more than 99% exceeded 97.47%, with those with quality greater than 99.9% exceeding 92.83%. The CK, BAR3, BYR6, and MIX36 groups had an average GC content of 47.28%, 47.3%, 46.99%, and 46.98%, respectively. The GC concentration of each sample ranged between 46.67% and 47.46%, as indicated in Supplementary Table 5. This shows that the transcriptome sequencing data volume, error rate, base quality, and GC content are adequate and dependable.

Further analysis revealed a total of 16,734 common genes/transcripts in the CK, BAR3, BYR6, and MIX36 groups, with 91, 153, 127, and 105 unique genes/transcripts, respectively (Figure 6A). In comparison to the control, the BAR3, BYR6, and MIX36 groups had 1,109, 1,234, and 1,526 differentially expressed genes/transcripts, respectively. Among them, 900, 699, and 767 genes/transcripts were elevated, whereas 209, 535, and 759 were downregulated. Bacillus infection resulted in significant variations in gene expression in C. equisetifolia seedlings. Furthermore, gene expression in C. equisetifolia seedlings infected with individual and mixed strains varied significantly. Figure 6B shows that the numbers of differentially expressed genes/transcripts in the BAR3 and BYR6 groups were 990 and 115, respectively, with 643 and 89 upregulated and 347 and 26 downregulated. The BYR6 and MIX36 groups differed just slightly in terms of upregulated and downregulated genes.




Figure 6 | Differentially expressed genes in C. equisetifolia after Bacillus infection. (A) Venn diagram of differentially expressed genes/transcripts; (B) Numbers of significantly upregulated and downregulated genes/transcripts among the different groups; (C) Correlation analysis between transcriptomic sequencing data and qRT-PCR data.



In addition, the transcriptome sequencing results were confirmed by randomly picking differentially expressed genes from the transcriptomic analysis for validation using qRT-PCR. Gene expression levels determined by qRT-PCR were consistent with transcriptome sequencing results. Figure 6C displays a correlation study (R^2 = 0.967, P<0.0001) that confirms the reproducibility and repeatability of the transcriptome sequencing data.

Further functional enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed that differentially expressed genes/transcripts following Bacillus infection were primarily enriched in pathways such as photosynthesis - antenna proteins, flavonoid biosynthesis, phenylpropanoid biosynthesis, and plant-pathogen interaction (Figure 7A). The differentially expressed genes/transcripts between single- and mixed-strain infections mostly occurred in pathways such as circadian rhythm - plant and phenylpropanoid biosynthesis (Figure 7B). GO analysis revealed that differentially expressed genes/transcripts following Bacillus infection were primarily enriched in pathways such as photosystem, photosynthesis, light harvesting, microtubule binding, and microtubule-based movement, and microtubule (Figure 8A). Similarly, the differentially expressed genes/transcripts between single- and mixed-strain infections were primarily enriched in pathways such as tetrapyrrole binding, response to abiotic stimuli, iron ion binding, and heme binding (Figure 8B). Differentially expressed genes/transcripts after Bacillus infection were significantly enriched in metabolic pathways for secondary metabolite biosynthesis and breakdown, implying that Bacillus may influence C. equisetifolia secondary metabolite biosynthesis and catabolism by regulating gene expression at the transcriptional level.




Figure 7 | KEGG functional enrichment analysis of differentially expressed genes/transcripts in C. equisetifolia after Bacillus infection. The bubble chart displays the top 20 enriched pathways; KEGG enrichment analysis of differentially expressed genes/transcripts (A) in BAR3_vs_CK, BYR6_vs_CK, and MIX36_vs_CK and (B) in BAR3_vs_MIX36 and BYR6_vs_MIX36.






Figure 8 | GO functional enrichment analysis of differentially expressed genes/transcripts in C. equisetifolia after Bacillus infection. The bubble chart displays the top 20 enriched pathways; GO enrichment analysis of differentially expressed genes/transcripts (A) in BAR3_vs_CK, BYR6_vs_CK, and MIX36_vs_CK and (B) BAR3_vs_MIX36 and BYR6_vs_MIX36.






2.4 Differentially expressed genes in secondary metabolite biosynthetic pathways

Further results show that DESeq2 differential expression analysis and KEGG annotation analysis revealed that 74 differentially expressed genes/transcripts regulate secondary metabolite biosynthesis pathways (Figure 9). Metabolomics and transcriptomic analysis of C. equisetifolia showed the 11 important secondary metabolite biosynthesis among them alkaloids biosynthesis, phenylpropanoid biosynthesis, phenylpropanoid, terpenes biosynthesis and related genes were putatively regulated. Following Bacillus infection, the differentially expressed genes in C. equisetifolia were primarily enriched in the phenylpropanoid and flavonoid biosynthesis pathways, with genes such as BGLU12, CCR, TOGT1, CYP75A, and CHS being considerably elevated (Figures 10, 11). Similarly, gene expression in C. equisetifolia in these two secondary metabolite biosynthetic pathways was similar after infection by B. amyloliquefaciens and the mixed strains; however, gene expression in C. equisetifolia infected by B. aryabhattai and the mixed strains differed significantly, with genes such as ANR, ANS, CAD, CHI, CYP75A, DFR, and F3H significantly upregulated and CYP73A, CYP93B2_16, and TOGT1 significantly downregulated.




Figure 9 | Potential genes that Bacillus might assist the host C. equisetifolia in regulating.






Figure 10 | Expression analysis of C. equisetifolia genes related to the Phenylpropanoid biosynthesis pathway following Bacillus infection. The KEGG path map is derived from Kanehisa Laboratories (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2023).






Figure 11 | Expression analysis of C. equisetifolia genes related to the Flavonoid biosynthesis pathway following Bacillus infection. The KEGG path map is derived from Kanehisa Laboratories (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2023).






2.5 Correlation analysis of secondary metabolite synthesis-related genes and differential metabolites

We performed a correlation analysis of genes and metabolites that differed after Bacillus infection to identify the mechanism underlying the transcriptional control of differential metabolites from the secondary metabolite biosynthesis and metabolic pathways. The association analysis revealed that 63 differential metabolites had a high link with 69 genes/transcripts involved in secondary metabolite biosynthesis pathways. 42 and 36 differential metabolites had significant positive and negative associations with 48 differentially expressed genes (absolute correlation coefficient ≥0.9 and P<0.01; Figure 12). Interestingly, (-)-catechin gallate had a high positive association with CCG007101.1 (Pearson correlation coefficient [PCC]=0.972, P<0.01) and a strong negative correlation with CCG016240.1 (PCC=-0.952, P<0.01). Dihydroxyacetone (dimer) had a high positive connection with CCG000529.1 (PCC=0.956, P<0.01) and CCG007101.1 (PCC=0.95, P<0.01), but a strong negative correlation with CCG006933.1 (PCC=-0.954, P<0.01) and CCG016240.1 (PCC=-0.966, P<0.01).




Figure 12 | Network diagram of the correlation analysis between differential metabolites and differentially expressed genes of C. equisetifolia after Bacillus infection. All absolute correlation coefficients ≥0.9, and all P-values <0.01.



To further comprehend the regulatory genes involved in secondary metabolite biosynthesis, a correlation analysis was conducted between the differential metabolites and the genes significantly enriched in secondary metabolite biosynthesis pathways following Bacillus infection in C. equisetifolia, including BGLU12, CCR, TOGT1, CYP75A, and CHS. Figure 13 the results of correlation analysis show that a total of 18 metabolites were associated with these genes.




Figure 13 | Correlation analysis between differential metabolites and the genes significantly upregulated (BGLU12, CCR, TOGT1, CYP75A, and CHS) of C. equisetifolia after Bacillus infection.







3 Discussion

Plants and microorganisms coexist in the ecosystem, and their communication on the earth forms a complicated network. Endophytic bacteria in plants contribute to maintaining normal physicochemical characteristics. Under stress, these bacteria can directly or indirectly promote plant growth and development by producing hormones, enzymes, phytochemicals, and iron transporters as well (Khan and Ali, 2022). In this study, genomic sequencing results for B. amyloliquefaciens and B. aryabhattai revealed the presence of insertion sequences or transposons in both strains. In a previous study, it was reported that these types of strains may use horizontal gene transfer to assist bacteria overcome obstacles or achieve ecological advantages (Brito, 2021; Arnold et al., 2022). Additionally, it could also assist in safeguarding the host against other biological invasions and facilitate adaptation to new environments (Husnik and McCutcheon, 2018).

To assess the impact of endophytic Bacillus strains—Bacillus aryabhattai (BAR3 group) and Bacillus amyloliquefaciens (BYR6 group)—on the metabolites of C. equisetifolia, we performed a non-targeted metabolomics analysis, which revealed 109 differential metabolites. Present results indicated the Bacillus BAR3 group predominantly affects the production of metabolites such as dihydroxyacetone, austinol, eriojaposide B, kaempferol-3-glucuronide, and (-)-catechin gallate in the host C. equisetifolia. Following Bacillus colonization, the expression of dihydroxyacetone was significantly elevated. Similar to our findings, prior research has demonstrated that dihydroxyacetone, once phosphorylated, creates dihydroxyacetone phosphate (DHAP), which enters the metabolic pathway and influences processes such as metabolic efficiency and DNA repair (Mehta et al., 2021). It was also shown to increase the respiration rate of microbial communities in saline solutions (Oren, 2016). Similarly, the further study indicated that following Bacillus colonization, the levels of certain metabolites in C. equisetifolia, such as austinol, eriojaposide B, kaempferol-3-glucuronide, and (-)-catechin gallate, significantly decreased Austinol (Matsuda et al., 2013) and eriojaposide B (Ito et al., 2001) are known to be terpenoid compounds. In addition, kaempferol-3-glucuronide belongs to flavonols, and its reduction may be attributed to the stronger competitive advantage of kaempferol-3-glucoside to kaempferol-3-glucuronide, which directs more substrates toward glycosides (Yao et al., 2021). Kaempferol-3-glucoside can also synthesize the allelochemical kaempferol-3-O-D-glucoside (Li et al., 2011). (-)-Catechin gallate can inhibit membrane-localized K+ channels and restrict Ca2+ entry into the guard cells of Arabidopsis, inhibiting abscisic acid (ABA)-induced stomatal closure and increasing surface temperatures (Mushtaq et al., 2021; Sato et al., 2022). As tea gardens age, various allelochemicals such as epicatechin, catechin, and epicatechin gallate accumulate in the tea rhizosphere. Elevated concentrations of these allelochemicals, including various active catechins, significantly inhibit Bacillus growth, promoting plant growth (Mushtaq et al., 2019; Arafat et al., 2020). Considering the decrease in (-)-catechin gallate level in C. equisetifolia observed after Bacillus infection in this study, it is clear that there are interactions between growth-promoting bacteria and allelochemicals.

We conducted transcriptome sequencing analysis to determine the genes related to secondary metabolite biosynthesis that Bacillus aryabhattai and Bacillus amyloliquefaciens might aid the host C. equisetifolia regulate; we identified 74 key candidate genes involved in secondary metabolite biosynthesis. BGLU12, CCR, TOGT1, CYP75A, and CHS of C. equisetifolia were highly expressed following Bacillus aryabhattai and Bacillus amyloliquefaciens colonization. Similar to our findings, a previous study reported that BGLU12-like proteins alter the cell wall by modifying hemicellulose and cellulose (Yu et al., 2019). In contrast to our findings, another study reported that after introducing compound bacteria to wheat, the expression of the CCR and TOGT1 genes in leaves was downregulated (Ji et al., 2023). This discrepancy might be attributed to differences in tissue types and the specific bacterial species introduced. For example, gene expression in roots and leaves may be different. In our study, the expression of CCR in C. equisetifolia treated with mixed bacteria was lower than that with BAR3 single strain treatment yet higher than that with BYR6 single strain treatment. Flavonoid 3’5’-hydroxylase (CYP75A) plays a role in the biosynthesis of most secondary metabolites in plants to counter biotic and abiotic stresses (Xiao et al., 2021). Chalcone synthase (CHS) has a wide range of substrates, and its enzymatic activity and expression levels can significantly influence the biosynthesis of flavonoid compounds (Tong et al., 2021). The absence of the flavonoid biosynthesis genes CHS, CHI, and CHIL can alter rice’s flavonoid and lignin profiles (Lam and Wang, 2022). CHS expression is related to allelochemicals derived from Bacillus (Guo et al., 2011). By upregulating these genes, endophytes promote the host plant’s resilience to infectious agents and pests, helping to protect the forest. Additionally, CHS and dihydroflavonol reductase (DFR) are genes involved in flavonoid synthesis and heavy metal resistance in the leaves of Broussonetia papyrifera. The overexpression of CHS and DFR promotes the accumulation of flavonoids (Peng, 2022). These findings suggest that Bacillus can support the host C. equisetifolia by regulating the expression of genes in the secondary metabolite biosynthesis pathways. Bacillus amyloliquefaciens and Bacillus aryabhattai improve the synthesis of these compounds by modifying crucial enzymatic pathways in the host plant, allowing Casuarina equisetifolia a competitive advantage while promoting a more sustainable forest ecosystem.

The intercorrelation between the biosynthesis genes of secondary metabolites and the metabolism of C. equisetifolia was elucidated using correlation analysis. Among these, 69 differentially expressed genes are related to synthesizing 63 metabolites in C. equisetifolia. Specifically, CMBL, ZEP/ABA1, VTE3/APG1, CYP450 86B1-like, CYP76B10/G10H, miaA/TRIT1, CYP90B1/DWF4, and HPL are positively correlated with the allelochemical (-)-catechin gallate, whereas SKU5, bglX, AAE3, LAC6, and Bp10 correlate negatively. CMBL might be involved in the shortened pathway for phenol biodegradation, potentially aiding in establishing a new phenol catabolic pathway through the dienelactone hydrolase (He et al., 2022). Prior investigations by our group revealed that soil, litter, and roots of C. equisetifolia contained allelochemicals such as 2,4-di-tert-butylphenol, and the majority of compounds found in methanol extracts of C. equisetifolia roots from different aged forests were phenols (Yao et al., 2015). In our earlier investigation, we identified the major components in extracts from C. equisetifolia roots/litters of varying ages, as well as the fermentation broth of allelopathic endophytic bacteria B. amyloliquefaciens and B. aryabhattai. Similar to the metabolites discovered in this investigation, all included phenolic acids. For example, sinapyl alcohol has previously been identified in the fermentation broth of endophytic Bacillus strains from C. equisetifolia (Zhang et al., 2020). In the current study, we observed that the concentration of allelochemical sinapic acid decreased after infection of C. equisetifolia by endophytic B. amyloliquefaciens and B. aryabhattai strains and had a negative relationship with peroxidase genes/transcripts. Previously, our group extracted kaempferol from C.equisetifolia litter (Haisheng et al., 2018). Kaempferol can be changed to kaempferol-3-glucuronide. In the present study, after infecting C. equisetifolia with endophytic Bacillus, B. amyloliquefaciens and B. aryabhattai strains, the level of kaempferol-3-glucuronide decreased and showed positive relationships with ZEP/ABA1, NCED, VTE3/APG1, and CYP450 86B1-like genes/transcripts. Ornithine was earlier discovered in the fermentation broth of endophytic B. amyloliquefaciens and B. aryabhattai strains from C. equisetifolia. Ornithine can be converted into pyrrolizidine, an allelochemical alkaloid. In this study, after infecting C. equisetifolia with endophytic Bacillus strains, the L-ornithine level decreased and was inversely linked with the expression of the CYP736A gene. This suggests that Bacillus might regulate the release of allelochemicals by assisting their host, C. equisetifolia, in regulating biosynthesis and catabolism-related genes.




4 Conclusions

In conclusion, the investigation of endophyte-mediated allelopathy in Casuarina equisetifolia indicates a complicated and beneficial interaction between the host plant and its microbial partners, specifically Bacillus amyloliquefaciens and Bacillus aryabhattai. These endophytes have a major influence on the host’s gene expression, activating defense-related pathways and increasing the generation of secondary compounds with allelopathic qualities. By controlling these pathways, endophytes assist the plant in suppressing competitive plants and protecting against diseases, enhancing forest health and resilience. The findings show potential for using endophytic bacteria to naturally promote allelopathic traits in plants, providing a more sustainable approach to forest management and conservation. Additional research into these symbiotic connections may provide new techniques for strengthening plant defense mechanisms and environmental stability. Thus, endophytes provide an effective strategy for increasing the ecological competitiveness and sustainability of forest species such as Casuarina equisetifolia.




5 Materials and methods



5.1 Isolation and whole genome sequencing of Bacillus amyloliquefaciens and Bacillus aryabhattai

Endophytic B. amyloliquefaciens and B. aryabhattai were previously isolated and purified from the roots of C. equisetifolia by our research group. These strains were identified based on colony morphology, Gram staining, and other strain identification methods (Huang, 2019). The strains B. amyloliquefaciens and B. aryabhattai were designated XYG6 and XAG3, respectively, and subsequently preserved. Genomic DNA from XYG6 and XAG3 was extracted using the CTAB method, and whole genome sequencing was performed through a combination of Illumina Hiseq and PacBio single-molecule sequencing platforms. Sequencing data were analyzed using various software and databases, including Phage_Finder, ISEScan, TransposonPSI, and the Carbohydrate Active Enzyme database.




5.2 Infection and colonization of Bacillus amyloliquefaciens and Bacillus aryabhattai and their interaction with aseptic C. equisetifolia seedlings

A total of 100 g of C. equisetifolia forest soil was sterilized under high pressure (121°C, 60 min) and subsequently allocated to sterile culture bottles. Mature C. equisetifolia seeds were chosen, washed with a 1% NaClO solution for 3 min, thoroughly rinsed five times with sterile water, placed in an electric blast drying oven at 60°C for 15 min, and then relocated to the culture bottles filled with sterile soil. These seeds were incubated in an artificial climate incubator with a 12 h/12 h light cycle. Once the seedlings reached approximately 10 cm in height, uniformly grown sterile C. equisetifolia seedlings were chosen and randomly divided into four groups, each containing 100 seedlings: (1) CK group, with roots drenched with sterile water; (2) BAR3 group, with roots drenched with a Bacillus aryabhattai XAG3 suspension; (3) BYR6 group, with roots drenched with a Bacillus amyloliquefaciens XYG6 suspension; (4) MIX36 group, with roots drenched with a mixed suspension of XAG3 and XYG6 at a concentration of 1×106 CFU/mL. Three days’ post root drench treatment, C. equisetifolia seedlings were harvested for transcriptome, metabolome, and quantitative PCR assessments, with six replicates for each group.




5.3 Transcriptome sequencing analysis of C. equisetifolia aseptic seedlings and Bacillus-interacting seedlings

Total RNA was extracted from the tissues of C. equisetifolia seedlings. The RNA’s integrity, purity, and concentration were assessed using agarose gel electrophoresis and Nanodrop2000. High-quality total RNA samples were chosen for library preparation and quantification, and sequencing was performed on the Illumina platform. We use software such as Fastx_toolkit (Version 0.0.14) and Fastp (Version 0.19.5) for sequencing data quality control. The reference genome is Casuarina_equisetifolia (Version fafu_v1), and the source of the reference genome is http://forestry.fafu.edu.cn/db/Casuarinaceae/index.php. Sequence alignment was performed using Bowtie2 (Version 2.4.1), Hisat2 (Version 2.1.0), TopHat (Version v2.1.1), and STAR (Version 2.7.1a) software, and sequence extraction was performed using Bedtools (Version 2.27.1) software. Use Stringtie (Version 2.1.2) and Cufflinks (Version 2.2.1) software for transcriptome assembly. Gene annotation was performed using Pfam (Version 34.0), KEGG (Version 2021.09), EggNOG (Version 2020.06), Swiss pro (Version 2021.06), NCBI (Version 2021.09), GO (Version 2021.0918), NR (Version 2021.10), and PIR idmapping (Version 2021.06) databases. After obtaining the Read Counts of genes/transcripts, differentially expressed genes/transcripts between samples or between groups were analyzed using DESeq2 (Version 1.24.0), DEGseq (Version 1.38.0), or EdgER (Version 3.24.3) software to identify the differentially expressed genes/transcripts (Robinson et al., 2010; Wang et al., 2010).




5.4 Metabolome analysis of aseptic C. equisetifolia seedlings and Bacillus-interacting seedlings

Twenty-four C. equisetifolia seedling samples weighing 50 mg were obtained and sourced from the same region. These samples were transferred to a 1.5 mL EP tubes and 0.5 mL of methanol aqueous solution with a volume ratio of 4:1 containing 0.02 mg/mL L-2-chlorophenylalanine internal standard was added. The grinding machine parameters are set to negative 20 °C, 50 Hz, and 3 min. The sample was put into a grinder for grinding, 200 µL chloroform was added, ultrasonic treatment was performed for 30 min, and the sample was left for 30 min at negative 20°C. Centrifuge at 4°C for 15 min at 13000 g rotation speed. The supernatant was taken and put into a glass derived bottle for drying with nitrogen, then 80 µL of methylxylamine hydrochloride pyridine solution of 15 mg/mL was added, swirled for 2 min, and oscillated for 90 min at 37°C. After oximation, 80 µL of BSTFA derived solution containing 1% TMCS was added, swirled for 2 min, heated at 70°C for 60 min, and then left for 30 min at room temperature. Plant samples were identified by ultra-high resolution mass spectrometer (Q-Exactive, Thermo) and ultra-high performance liquid chromatography (Vanquish H, Thermo).

KEGG and HMDB databases were used to compare metabolites and obtain the annotation information of metabolites in the database. Univariate statistical analysis (t test) combined with multivariate statistical analysis (OPLS-DA/PLS-DA) and multiple change value (FC) were used to screen differential metabolites. The default screening conditions were P<0.05 and VIP>1 and (FC<1 or FC>1, FC was not screened by default). The KEGG pathway enrichment analysis defaults to using the BH method to correct for P-values. When the corrected P-value is less than 0.05, it is considered that there is significant enrichment in this pathway.




5.5 Transcriptomic and metabolomic correlation analysis of aseptic C. equisetifolia seedlings and Bacillus-interacting seedlings

Transcriptomic and metabolomic data were matched correspondingly for each sample. Differentially expressed genes were determined using the DESeq2 software with the Benjamini-Hochberg (BH) procedure for multiple testing corrections. The criteria for identifying differentially expressed genes were: padjust < 0.05 and fold change > 2. Six differentially expressed gene sets were obtained from the analysis. Differential metabolites were identified using the two-tailed Student’s t-test (unpaired) with the criteria: p-value < 0.05, VIP_pre_PLS-DA > 1, and fold change >1, yielding six differential metabolite sets. Six pairs of differentially expressed genes and differential metabolites were selected for correlation analysis. The six pairs of data for analysis were: BYR6_vs_CK, BAR3_vs_CK, MIX36_vs_CK, BYR6_vs_MIX36, BAR3_vs_MIX36, and BAR3_vs_BYR6.




5.6 Fluorescent quantitative PCR

Total RNA was extracted from the C. equisetifolia seedling tissues and was reverse-transcribed into cDNA. Ten genes identified through transcriptomic sequencing as differentially expressed between various treatment groups were randomly selected for qRT-PCR validation. The system was prepared with a total volume of 20 μL and a cDNA volume of 2 μL. Once mixed, the samples were placed in the ABI7300 fluorescence quantitative PCR instrument (Applied Biosystems, USA) for quantitative analysis. The reaction conditions were set to preheat at 95°C for 5 min, followed by 40 cycles of amplification (denature at 95°C for 5 s, anneal at 55°C for 30 s, extend at 72°C for 40 s). The target genes included 4-coumarate-ligase2 (4CL), Chalcone synthase (CHS), Cytochrome P450 family 75A (CYP75A), Hydroxycinnamoyl transferase (HCT), Lipoxygenase isoform 1(LOX2S), Dihydroflavonol 4-reductase(DFR), Auxin-repressed kDa-like, Light-regulated-like, Catalase and Metallothionein1, and EF1α was used as the internal reference, the 2-ΔΔCт analysis was performed, and the primer sequences were provided in Supplementary Table 6.




5.7 Statistical analysis

Data were analyzed using IBM SPSS20.0 statistical software. A one-way analysis of variance (ANOVA) was performed for comparisons among multiple groups, and P < 0.05 was considered statistically significant. GraphPad Prism 7 software was utilized to plot and analyze the Pearson correlations between the transcriptomic sequencing data and qRT-PCR data.






Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

YW: Writing – original draft. PC: Writing – review & editing. QL: Writing – review & editing. LZ: Writing – review & editing. LL: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Innovation Platform for Academicians of Hainan Province (YSPTZX202129) and the Hainan Provincial Natural Science Foundation of China (320QN254).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1435440/full#supplementary-material




References

 Adeleke, B. S., Babalola, O. O., and Glick, B. R. (2021). Plant growth-promoting root-colonizing bacterial endophytes. Rhizosphere 20, 100433. doi: 10.1016/j.rhisph.2021.100433

 Ahmad, Z., Yadav, V., Shahzad, A., Emamverdian, A., Ramakrishnan, M., and Ding, Y. (2022). Micropropagation, encapsulation, physiological, and genetic homogeneity assessment in Casuarina equisetifolia. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.905444

 Ahmed, T. A., Elezz, A. A., and Al-Sayed, N. H. (2019). Dataset of allelopathic effects of Casuarina equisetifolia-L leaf aquatic extract on seed germination and growth of selected plant crops. Data Brief 27, 104770. doi: 10.1016/j.dib.2019.104770

 Ain, Q., and Mushtaq, W. (2023). Allelopathy: an alternative tool for sustainable agriculture. Physiol. Mol. Biol. Plants 29, 495–511. doi: 10.1007/s12298-023-01305-9

 Alam, B., Lï, J., Gě, Q., Khan, M. A., Gōng, J., Mehmood, S., et al. (2021). Endophytic fungi: from symbiosis to secondary metabolite communications or vice versa? Front. Plant Sci. 12. doi: 10.3389/fpls.2021.791033

 Amiri, F., and Moghadam, A. (2023). Identification of key genes involved in secondary metabolite biosynthesis in Digitalis purpurea. PloS One 18, e0277293. doi: 10.1371/journal.pone.0277293

 Andersen, M. R., Nielsen, J. B., Klitgaard, A., Petersen, L. M., Zachariasen, M., Hansen, T. J., et al. (2013). Accurate prediction of secondary metabolite gene clusters in filamentous fungi. Proc. Natl. Acad. Sci. U.S.A. 110, E99–107. doi: 10.1073/pnas.1205532110

 Arafat, Y., Ud Din, I., Tayyab, M., Jiang, Y., Chen, T., Cai, Z., et al. (2020). Soil sickness in aged tea plantation is associated with a shift in microbial communities as a result of plant polyphenol accumulation in the tea gardens. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00601

 Arnold, B. J., Huang, I. T., and Hanage, W. P. (2022). Horizontal gene transfer and adaptive evolution in bacteria. Nat. Rev. Microbiol. 20, 206–218. doi: 10.1038/s41579-021-00650-4

 Barto, E. K., Hilker, M., Müller, F., Mohney, B. K., Weidenhamer, J. D., and Rillig, M. C. (2011). The fungal fast lane: common mycorrhizal networks extend bioactive zones of allelochemicals in soils. PloS One 6, e27195. doi: 10.1371/journal.pone.0027195

 Batish, D. R., Singh, H. P., and Kohli, R. K. (2001). Vegetation exclusion under Casuarina equisetifolia L.: Does allelopathy play a role? Community Ecol. 2, 93–100. doi: 10.1556/ComEc.2.2001.1.10

 Bhattacharyya, C., Bakshi, U., Mallick, I., Mukherji, S., Bera, B., and Ghosh, A. (2017). Genome-Guided Insights into the Plant Growth Promotion Capabilities of the Physiologically Versatile Bacillus aryabhattai Strain AB211. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.00411

 Bonanomi, G., Zotti, M., Idbella, M., Mazzoleni, S., and Abd-Elgawad, A. M. (2021). Microbiota modulation of allelopathy depends on litter chemistry: Mitigation or exacerbation? Sci. Total Environ. 776, 145942. doi: 10.1016/j.scitotenv.2021.145942

 Brito, I. L. (2021). Examining horizontal gene transfer in microbial communities. Nat. Rev. Microbiol. 19, 442–453. doi: 10.1038/s41579-021-00534-7

 Bziuk, N., and Maccario, L. (2021). The treasure inside barley seeds: microbial diversity and plant beneficial bacteria. Environ. Microbiome 16, 20. doi: 10.1186/s40793-021-00389-8

 Cipollini, D., Rigsby, C. M., and Barto, E. K. (2012). Microbes as targets and mediators of allelopathy in plants. J. Chem. Ecol. 38, 714–727. doi: 10.1007/s10886-012-0133-7

 Compant, S., and Cambon, M. C. (2021). The plant endosphere world - bacterial life within plants. Environ. Microbiol. 23, 1812–1829. doi: 10.1111/1462-2920.15240

 Delaux, P. M., and Schornack, S. (2021). Plant evolution driven by interactions with symbiotic and pathogenic microbes. Science 371, eaba6605. doi: 10.1126/science.aba6605

 Divekar, P. A., and Narayana, S. (2022). Plant secondary metabolites as defense tools against herbivores for sustainable crop protection. Int. J. Mol. Sci. 23, 2690. doi: 10.3390/ijms23052690

 Erb, M., and Kliebenstein, D. J. (2020). Plant secondary metabolites as defenses, regulators, and primary metabolites: the blurred functional trichotomy. Plant Physiol. 184, 39–52. doi: 10.1104/pp.20.00433

 Fagorzi, C., and Mengoni, A. (2022). Endophytes: improving plant performance. Microorganisms 10, 1777. doi: 10.3390/microorganisms10091777

 Fernie, A. R., and Pichersky, E. (2015). Focus issue on metabolism: metabolites, metabolites everywhere. Plant Physiol. 169, 1421–1423. doi: 10.1104/pp.15.01499

 Guo, H., Pei, X., Wan, F., and Cheng, H. (2011). Molecular cloning of allelopathy related genes and their relation to HHO in Eupatorium adenophorum. Mol. Biol. Rep. 38, 4651–4656. doi: 10.1007/s11033-010-0599-8

 Haisheng, W., Fu, D. H., Pei, W., Chaihong, C., Liman, Z., Lei, L., et al. (2018). Chemical constituents from litters of C. equisetifolia and their biological activity. Res. Dev. Natural Products 30, 390–395 + 533. doi: 10.16333/j.1001-6880.2018.3.008

 He, Y., Wang, Z., Li, T., Peng, X., Tang, Y., and Jia, X. (2022). Biodegradation of phenol by Candida tropicalis sp.: Kinetics, identification of putative genes and reconstruction of catabolic pathways by genomic and transcriptomic characteristics. Chemosphere 308, 136443. doi: 10.1016/j.chemosphere.2022.136443

 Huang, R. (2019). Diversity of endophytic bacteria and allelopathic potential of their metabolites in differently aged casuarina equisetifolia roots. Hainan Normal Univ. 5, 84.

 Huang, R., Chen, P., Wang, X., Li, H., Zuo, L., Zhang, Y., et al. (2020). Structural variability and niche differentiation of the rhizosphere and endosphere fungal microbiome of Casuarina equisetifolia at different ages. Braz. J. Microbiol. 51, 1873–1884. doi: 10.1007/s42770-020-00337-7

 Husnik, F., and Mccutcheon, J. P. (2018). Functional horizontal gene transfer from bacteria to eukaryotes. Nat. Rev. Microbiol. 16, 67–79. doi: 10.1038/nrmicro.2017.137

 Ito, H., Kobayashi, E., Li, S. H., Hatano, T., Sugita, D., Kubo, N., et al. (2001). Megastigmane glycosides and an acylated triterpenoid from Eriobotrya japonica. J. Nat. Prod 64, 737–740. doi: 10.1021/np010004x

 Ji, C., Liang, Z., Cao, H., Chen, Z., Kong, X., Xin, Z., et al. (2023). Transcriptome-based analysis of the effects of compound microbial agents on gene expression in wheat roots and leaves under salt stress. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1109077

 Jia, M., Chen, L., Xin, H. L., Zheng, C. J., Rahman, K., Han, T., et al. (2016). A friendly relationship between endophytic fungi and medicinal plants: A systematic review. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.00906

 Kanehisa, M. (2019). Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947–1951. doi: 10.1002/pro.3715

 Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M., and Ishiguro-Watanabe, M. (2023). KEGG for taxonomy-based analysis of pathways and genomes. Nucleic Acids Res. 51, D587–d592. doi: 10.1093/nar/gkac963

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Khan, A., and Ali, S. (2022). Parthenium hysterophorus’s Endophytes: The Second Layer of Defense against Biotic and Abiotic Stresses. Microorganisms 10, 2217. doi: 10.3390/microorganisms10112217

 Kong, C. H., Xuan, T. D., Khanh, T. D., Tran, H. D., and Trung, N. T. (2019). Allelochemicals and signaling chemicals in plants. Molecules 24, 2737. doi: 10.3390/molecules24152737

 Lam, P. Y., and Wang, L. (2022). Deficiency in flavonoid biosynthesis genes CHS, CHI, and CHIL alters rice flavonoid and lignin profiles. Plant Physiol. 188, 1993–2011. doi: 10.1093/plphys/kiab606

 Li, J., Yonghao, Y., Hongwu, H., and Liyao, D. (2011). Kaempferol-3-O-β-D-glucoside, a potential allelochemical isolated from solidago canadensis. Allelopathy J. 28, 259–266.

 Li, Z., Xiong, K., Wen, W., Li, L., and Xu, D. (2023). Functional endophytes regulating plant secondary metabolism: current status, prospects and applications. Int. J. Mol. Sci. 24, 1153. doi: 10.3390/ijms24021153

 Li, Z. H., Wang, Q., Ruan, X., Pan, C. D., and Jiang, D. A. (2010). Phenolics and plant allelopathy. Molecules 15, 8933–8952. doi: 10.3390/molecules15128933

 Lin, Q., Li, M., Wang, Y., Xu, Z., and Li, L. (2022a). Root exudates and chemotactic strains mediate bacterial community assembly in the rhizosphere soil of Casuarina equisetifolia L. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.988442

 Lin, Q., Wang, Y., Li, M., Xu, Z., and Li, L. (2022b). Ecological niche selection shapes the assembly and diversity of microbial communities in Casuarina equisetifolia L. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.988485

 Liu, S., Qin, F., and Yu, S. (2018). Eucalyptus urophylla root-associated fungi can counteract the negative influence of phenolic acid allelochemicals. Appl. Soil Ecol. 127, 1–7. doi: 10.1016/j.apsoil.2018.02.028

 Macías, F. A., Mejías, F. J., and Molinillo, J. M. (2019). Recent advances in allelopathy for weed control: from knowledge to applications. Pest Manag Sci. 75, 2413–2436. doi: 10.1002/ps.5355

 Matsuda, Y., Awakawa, T., Wakimoto, T., and Abe, I. (2013). Spiro-ring formation is catalyzed by a multifunctional dioxygenase in austinol biosynthesis. J. Am. Chem. Soc. 135, 10962–10965. doi: 10.1021/ja405518u

 Medic, A., Zamljen, T., Slatnar, A., Hudina, M., and Veberic, R. (2021). Is juglone the only naphthoquinone in juglans regia L. with allelopathic effects? Agriculture 11, 784. doi: 10.3390/agriculture11080784

 Mehta, R., Sonavane, M., Migaud, M. E., and Gassman, N. R. (2021). Exogenous exposure to dihydroxyacetone mimics high fructose induced oxidative stress and mitochondrial dysfunction. Environ. Mol. Mutagen 62, 185–202. doi: 10.1002/em.22425

 Mushtaq, W., Ain, Q., Siddiqui, M. B., Alharby, H., and Hakeem, K. R. (2020a). Allelochemicals change macromolecular content of some selected weeds. South Afr. J. Bot. 130, 177–184. doi: 10.1016/j.sajb.2019.12.026

 Mushtaq, W., Ain, Q., Siddiqui, M. B., Alharby, H. F., and Hakeem, K. R. (2021). Interspecific Inhibitory Interference of Nicotiana plumbaginifolia Viv. on Pisum sativum L. J. Plant Growth Regul. 40, 2037–2048. doi: 10.1007/s00344-020-10247-5

 Mushtaq, W., Ain, Q., Siddiqui, M. B., and Hakeem, K. R. (2019). Cytotoxic allelochemicals induce ultrastructural modifications in Cassia tora L. and mitotic changes in Allium cepa L.: a weed versus weed allelopathy approach. Protoplasma 256, 857–871. doi: 10.1007/s00709-018-01343-1

 Mushtaq, W., Fauconnier, M.-L., and De Clerck, C. (2024). Assessment of induced allelopathy in crop-weed co-culture with rye-pigweed model. Sci. Rep. 14, 10446. doi: 10.1038/s41598-024-60663-w

 Mushtaq, W., and Siddiqui, M. B. (2018). Allelopathy in solanaceae plants. J. Plant Prot. Res. 58, 1–7. doi: 10.24425/119113

 Mushtaq, W., Siddiqui, M. B., Alharby, H.-F., and Hakeem, K.-R. (2020b). Assessment of the contribution of foliar trichomes towards allelopathy. Phyton-International J. Exp. Bot. 89, 291–301. doi: 10.32604/phyton.2020.08740

 Oren, A. (2016). Probing saltern brines with an oxygen electrode: what can we learn about the community metabolism in hypersaline systems? Life (Basel) 6, 23. doi: 10.3390/life6020023

 Peng, J. (2022). Effects of flavonoid content in leaves of Broussonetia papyrifera under heavy metal stress on sex differentiation and screening of key genes involved. Cent South Univ of Forestry and Techno. 6, 182. doi: 10.27662/d.cnki.gznlc.2022.000022

 Robinson, M. D., Mccarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

 Sato, K., Saito, S., Endo, K., Kono, M., Kakei, T., Taketa, H., et al. (2022). Green tea catechins, (-)-catechin gallate, and (-)-gallocatechin gallate are potent inhibitors of ABA-induced stomatal closure. Adv. Sci. (Weinh) 9, e2201403. doi: 10.1002/advs.202201403

 Singh, L. P., Gill, S. S., and Tuteja, N. (2011). Unraveling the role of fungal symbionts in plant abiotic stress tolerance. Plant Signal Behav. 6, 175–191. doi: 10.4161/psb.6.2.14146

 Soares, M. A., Li, H.-Y., Bergen, M., Da Silva, J. M., Kowalski, K. P., and White, J. F. (2016). Functional role of an endophytic Bacillus amyloliquefaciens in enhancing growth and disease protection of invasive English ivy (Hedera helix L.). Plant Soil 405, 107–123. doi: 10.1007/s11104-015-2638-7

 Tian, N., Liu, F., Wang, P., Zhang, X., Li, X., and Wu, G. (2017). The molecular basis of glandular trichome development and secondary metabolism in plants. Plant Gene 12, 1–12. doi: 10.1016/j.plgene.2017.05.010

 Tong, Y., Lyu, Y., Xu, S., Zhang, L., and Zhou, J. (2021). Optimum chalcone synthase for flavonoid biosynthesis in microorganisms. Crit. Rev. Biotechnol. 41, 1194–1208. doi: 10.1080/07388551.2021.1922350

 Wang, L., Feng, Z., Wang, X., Wang, X., and Zhang, X. (2010). DEGseq: an R package for identifying differentially expressed genes from RNA-seq data. Bioinformatics 26, 136–138. doi: 10.1093/bioinformatics/btp612

 Wei, Y., Zhang, Y., Meng, J., Wang, Y., Zhong, C., and Ma, H. (2021). Transcriptome and metabolome profiling in naturally infested Casuarina equisetifolia clones by Ralstonia solanacearum. Genomics 113, 1906–1918. doi: 10.1016/j.ygeno.2021.03.022

 Xiao, Y., Wen, J., Meng, R., Meng, Y., Zhou, Q., and Nie, Z. L. (2021). The expansion and diversity of the CYP75 gene family in Vitaceae. PeerJ 9, e12174. doi: 10.7717/peerj.12174

 Xiu-Feng, Y., and Yang, W. (2007). Plant secondary metabolism and its response to environment. Acta Ecologica Sin. 27, 2554–2562. doi: 10.1016/S1872-2032(07)60017-1

 Xu, Z., Zuo, L., Zhang, Y., Huang, R., and Li, L. (2022). Is allelochemical synthesis in Casuarina equisetifolia plantation related to litter microorganisms? Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1022984

 Yang, L., Wen, K. S., Ruan, X., Zhao, Y. X., Wei, F., and Wang, Q. (2018). Response of plant secondary metabolites to environmental factors. Molecules 23, 762. doi: 10.3390/molecules23040762

 Yang, R., Liu, P., Ye, W., Chen, Y., Wei, D., Qiao, C., et al. (2024). Biological control of root rot of strawberry by bacillus amyloliquefaciens strains CMS5 and CMR12. J. Fungi (Basel) 10, 410. doi: 10.3390/jof10060410

 Yao, Y., Lei, L., Nannan, L., Xiangyan, C., Mingfen, C., and Zhixia, X. (2015). GC-MS analysis of leach liquor of the C. equisetifolia with different ages. J. Northwest Forestry Univ. 30, 228–232. doi: 10.3969/j.issn.1001-7461.2015.04.36

 Yao, Z., Chengyang, W., Jialing, Z., Youmei, L., Zhaosen, X., and Feng, L. (2021). Effects of different regulated deficit irrigation treatments on phenols in grape berries. J. Fruit Trees 38, 1296–1307. doi: 10.13925/j.cnki.gsxb.20200483

 Yu, R., Jiang, Q., Xv, C., Li, L., Bu, S., and Shi, G. (2019). Comparative proteomics analysis of peanut roots reveals differential mechanisms of cadmium detoxification and translocation between two cultivars differing in cadmium accumulation. BMC Plant Biol. 19, 137. doi: 10.1186/s12870-019-1739-5

 Yu, Y., Gui, Y., Li, Z., Jiang, C., Guo, J., and Niu, D. (2022). Induced systemic resistance for improving plant immunity by beneficial microbes. Plants (Basel) 11, 386. doi: 10.3390/plants11030386

 Zhang, Y. Q., Huang, R., Zuo, L. Z., Chen, P., and Li, L. (2020). Diversity of bacteria and allelopathic potential of their metabolites in differently aged Casuarina equisetifolia litter. Ying Yong Sheng Tai Xue Bao 31, 2185–2194. doi: 10.13287/j.1001-9332.202007.037

 Zhong, C., Zhang, Y., Chen, Y., Jiang, Q., Chen, Z., Liang, J., et al. (2010). Casuarina research and applications in China. Symbiosis 50, 107–114. doi: 10.1007/s13199-009-0039-5




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wang, Chen, Lin, Zuo and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1435440-g006.jpg
B Differential statistics

9001 =
Wup
800 " 767 759 Wdown
700 -
8 o 535
g 500
,E 400 o 361
Z 300
200 209 202
100 89
26
o N
& & & S © e
) S ) §F g &
N £ o/ S S 3
i o o 57 o7 K
S & § & & &
< B X
C 20
Y =0.08784*X - 0.1769
159 R?=0.967, P<0.0001 .

expression level by qRT-PCR

0+ - - - - -
0 20 40 60 80 100 120 140 160

FPKM by RNA-seq






OEBPS/Images/fpls-15-1435440-g012.jpg
nyl)phenoxyloxane-2-carboxylc

N
W
AN,
L
"3&\..
ég'»‘,
W
b‘?

9
N
NG
¥
M
Ny
T

QB e g AN Ny Y9 NP
PR | RS
A A\l U SOl
M \\\/\/ﬁ, 2 P@V T\ i .
SRRSOV /W RN e |
\ ST RN bw&\ \\\W«MN\A
.y NV TDSCALAAL AN W 2=\

I MphIsrm I I I 3,7~Dme|hInylmﬁa(e 3-O~Inﬁn I GammIercacd N2-(3CArhoxy»I>pmw)ammne






OEBPS/Images/fpls.2024.1435440_cover.jpg
& frontiers | Frontiers in Plant Science

Endophytic bacteria with allelopathic
potential regulate gene expression
and metabolite production in host

Casuarina equisetifolia





OEBPS/Images/fpls-15-1435440-g001.jpg
IRL gene0001
=g )
800 €00 10C0 1100 1200 1300 1400 1500 1600
gene0001
IRR
<
2618k 2620k 2622k 2624k 2626k 2628k 2630k 2632k 2634k 2635k
— - L -1 - L -1 .. —L T—
xlyAB

P 2 [Co> D DI 5 PPIEODDDIINDD
> = > D

2638k 2640k 2642k 2644k 2646k 2648k 2650k 2652k 2654k
mqgsA dcm dnaC
| D> D PP DD I D M N D D>
recT
== = > b > P > D
1192k 1194k 1196k 1198k 1200k 1202k 1204k 1208k 1208< 1210k

dnaC xpf xtmA

= > P DD B ) OO I

xtmB

> D (— > DED D »

1212k 1214k 1216k
CET DD
2094k 2006k 2098k 2100k 2102 2104k 2108k 2108k 2110k 2112

xlyAB
PRPME>)  CEEEEEES [ 0 DD D DEDD
> 4 B> >

2114k 2116k 2118k

PEED HEEDD ) ) HD






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Endophytic bacteria with allelopathic potential regulate gene expression and metabolite production in host Casuarina equisetifolia

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Results

        

          		

            2.1 Characteristics of the genome composition of endophytic bacilli from C. equisetifolia

          



          		

            2.2 Metabolite analysis of C. equisetifolia after Bacillus infection

          



          		

            2.3 Analysis of gene expression at the transcriptional level in C. equisetifolia after Bacillus infection

          



          		

            2.4 Differentially expressed genes in secondary metabolite biosynthetic pathways

          



          		

            2.5 Correlation analysis of secondary metabolite synthesis-related genes and differential metabolites

          



        



        



        		

          3 Discussion

        



        		

          4 Conclusions

        



        		

          5 Materials and methods

        

          		

            5.1 Isolation and whole genome sequencing of Bacillus amyloliquefaciens and Bacillus aryabhattai

          



          		

            5.2 Infection and colonization of Bacillus amyloliquefaciens and Bacillus aryabhattai and their interaction with aseptic C. equisetifolia seedlings

          



          		

            5.3 Transcriptome sequencing analysis of C. equisetifolia aseptic seedlings and Bacillus-interacting seedlings

          



          		

            5.4 Metabolome analysis of aseptic C. equisetifolia seedlings and Bacillus-interacting seedlings

          



          		

            5.5 Transcriptomic and metabolomic correlation analysis of aseptic C. equisetifolia seedlings and Bacillus-interacting seedlings

          



          		

            5.6 Fluorescent quantitative PCR

          



          		

            5.7 Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1435440-g003.jpg
Component 2(6.25%)

-50

-40

-30

-20

Score (PLS-DA) plot

-10 0 10
Component 1(20.6%)

20

30

40

50

BAR3
MIX36
BYRG6
CK
QC





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1435440-g011.jpg
FLAVONOID BIOSYNTHESIS

B
Cinnamogi.C HS  Pinocembrin chalcone CHL Pinocextbrin F3H Pinobanksin
o0, il >0, - >0 »0 »O Pinobanksin 3-acetats
T @5 ocuei
y
I Cymsa w CHS CHI Foomoh o F3H OG%_.
uiitigerin
! - Liguiste - »0% O 5-Deoxgleucopelargonidin
| Isoliquiritigenin (), i Gasbanzol
I oy (eolsomsidbismies ) [
DFR
! Butein O - »O »Og— S %05 Deoxyleucocyanidin
| Dibgeio- Butin b emer Dihydrofisetin
H Lco Phloret Phlorizin Tsoflsvonoid biosyrthesis )~ 241185} 02412360 Nasingin
! R =ikl pa ) Hesperet et e
| CHS 40 Mbihh. esperetin___7.0-ghos
I Dereiiiol Senhohumol _sasibobanel | 241185} O 2412610 Neohesperidin
; G Sthmofumre | Dot L e .
soskuranetin
CHS ) CHI i ! )-Epiafelchin |
R el | arime L e S |
CoungrophCol § Gz Pelargon |
Nesirgeninchalone DFR O Sakuransin |
HCT *HCT -O-ghucosi L 0 Apiforol |
patzsh-wo-{123gl >0 bursidn, piforo Kool © (#)-Afsslechin |
pCounarost iy 8.C.Glucosylnaringenin Vitexin === >{ Fhrone axd dvonaiosess ) |
Shiimi acid O———»0 !
11413 Shalone 7 Figenin 11482 :
CYPOSAICSH  |CYPOSAICH  OFigined il i
Caffeogt OCafleost i
shikiie acid quinic a¢id |
|
Bracteatin
Bo) -HCT 24129 610 ¢ ghucosids !
il A ‘o Epicateckin |
e 4-Grglicos ).
>(')‘— £ Jo e} I
Cafliogl-Cos S 3,44,6-Pentahydroxyehalcone Dibydroquercetia - g
cconomtf]
CYP754]
cis "
Lo 8
Feruogl-CoAl 42486 Tetlybory. Homoeriodictyol '
i thoxgehalions
s o >0
Dilydroticetin Difydromgricetin

(4)-Gallocateckin





OEBPS/Images/fpls-15-1435440-g007.jpg
KEGG pathway

KEGG enrichment analysis

Photosynthesis - antenna proteins

Phenylpropanoid biosynthesis

Plant-pathogen interaction

Flavonoid biosynthesis.

. . .
® L] [ ]
° ° °
[ . .
& & &
o &7 &7

4y,
iy,

Pualue
0.04
0.03

0.02
001

Number
7

o1

@®x

KEGG pathway

KEGG enrichment analysis

Circadian rhythm - plant

Phenylpropanoid biosynthesis-

. .
® .
s s
s $
o &
& &





OEBPS/Images/fpls-15-1435440-g009.jpg
C€CG025310.1

CCG004478.1

€CG025276.1

€CG018227.1

€CG013975.1

€CG000529.1

€CG028382.1

C€CG025037.1

C€CG006683.1

€CG003025.1

€CG008632.1

€CG003678.2

C€CGO15779.1

€CG024927.1

€CG003656.1

€CG002368.1

€CG011840.1

€CG003658.1

€CG027310.1

C€CG000671.2

CCG004714.1

€CG020979.1

€CG006932.1

€CG002155.1

€CG000551.1

€CGO012137.1

C€CG003821.1

€CG013770.1

€CG027277.1

€CGO18015.1

€CG023247.1

€CG006933.1

CCG004509.1

€CG023092.1

€CG023091.1

€CG025012.1

CCGO14691.1

€CG001860.1

€CG013977.1

€CG018808.1

CCGO14856.1

€CG027872.1

€CG023869.1

CCG004825.1

€CG014728.1

€CG018809.1

€CG019011.1

€CGO11359.1

€CG023407.1

€CGO13868.2

€CGO11539.1

€CG004266.1

C€CG013304.1

€CG000922.1

€CGO11722.1

CCG007463.1

€CG028543.1

€CG025611.1

€CGO12871.1

€CG009626.1

€CG002896.1

CCG004476.1

€CG005947.1

C€CGO11166.1

€CG017927.1

€CG003003.1

CCG024749.1

€CG026264.1

€CG006679.1

€CG010314.1

€CG008762.1

€CG003933.1

€CG014721.1

C€CGO012681.1

Cytochrome P450 90B1

Cytochrome family subfamily polypeptide [Theobroma cacao]
anthocyanidin 3-O-glucosyltransferase 5-like

RNA dimethylallyltransferase 9

spermidine hydroxycinnamoyl transferase-like

zeaxanthin chloroplastic-like

probable 1-deoxy-D-xylulose-S-phosphate chloroplastic
aldebyde debydrogenase family 2 member mitochondsial-like
primary amine oxidase-like

acetyl- carboxylase family [Populus trichocarpa]

peroxidase 42-like

abscisic acid 8 -hydroxylase 1-like

2+

methyl-D-erythritol 4-phosphate chloroplastic isoform X1
cytokinin hydroxylase-like

probable carotenoid cleavage dioxygenase chloroplastic
ent-kaurene chloroplastic-like

UDP-glucose:flavonoid 3-O-glucosyltransferase [Vitis vinifera]
probable carotenoid cleavage dioxygenase chloroplastic
cytokinin dehydrogenase S-like

abscisic acid § -hydroxylase 2

cytochrome P450 71A1-like

probable chalcone--flavonone isomerase 3

Iysosomal beta glucosidase-like

gibberellin 20 oxidase 2-like

gibberellin 20 oxidase 1

flavanone 3-hydroxylase

chalcone isomerase

Tyrosine DOPA decarboxylase [Theobroma cacao)
dilydroflavonol 4-reductase

chalcone synthase

tropinone reductase homolog At107440-like
lysosomal beta glicosidase-like

cytochrome P450 98A2

Flavonoid 3 .5 -hydroxylase 2 [Gossypium arboreum]
Flavonoid 3 .5 -hydroxylase 2 [Gossypium arboreum]
peroxidase 63-like

peroxidase 3

probable aminotransferase TAT2

spermidine hydroxycinnamoyl transferase-like
cytochrome P450 CYP73A100-like
anthocyanidin synthase

anthocyanidin reductase

cytochrome P450 734A1-like

cinnamoyl- reductase 1-like

scopoletin ghicosyltransferase-like
cytochrome P450 CYP73A100-like
4-coumarate-- ligase 2

Cinnamyl-alcohol dehydrogenase isoform 1 [Theobroma cacao]
chalcone synthase

isoflavone reductase homolog

gibberellin 2-beta-dioxygenase 2-like
anthocyanidin 3-O-glucosyltransferase 7-like
Cinnamyl-alcohol dehydrogenase isoform 1 [Theobroma cacao]
peroxidase 72-like

peroxidase A2-like

bota-glucosidase 11-like

zeatin O-glucosyltransferase-like
beta-glucosidase 12-like

peroxidase 66

4-coumarate~ ligase 2-like

peroxidase 5-like

isoflavone 2 -hydroxylase-like

phenylalanine ammonia-lyase

caffeoyl- O-methyltransferase
UDP-glycosyltransferase 74B1-like

acetyl- carboxylase I-like [Pyrus x bretschneideri]
cationic peroxidase 1-like

tropinone reductase homolog.

primary amine oxidase-like

peroxidase 64

UDP-glycosyliansferase 73C1-like
Peroxidase [Medicago truncatula]

scopoletin glucosyliransferase-like

cytokinin dehydrogenase 3-like

4.06793E-11
1.86743E-08
2.13998E-08
5.47268E-07
6.38991E-07
7.01589E-07
7.36109E-07
2.07108E-06
2.67101E-06
3.27772E-06
6.77287E-06
1.06449E-05
1.07729E-05
1.56375E-05
2.4826E-05
4.96867E-05
8.11402E-05
9.96951E-05
0.0001
0.0001
0.0004
0.0005
0.0005
0.0006
0.0007
0.0007
0.0007
0.0010
0.0011
0.0012
0.0014
0.0015
0.0015
0.0015
0.0016
0.0017

0.0023

0.0024
0.0031
0.0035
0.0036
0.0037
0.0041
0.0041
0.0042
0.0045
0.0057
0.0062
0.0066
0.0072
0.0079
0.0082
0.0083
0.0085
0.0085
0.0094
0.0109
0.0129
0.0131
0.0139
0.0147
0.0163
0.0165
0.0170
0.0173
0.0218
0.0254
0.0266
0.0312
0.0339
0.0362
0.0435
0.0447

0.0482

2.49504E-08,

1.67914E-06

1.84372E-06

1.76144E-05

1.98231E-05

2.13961E-05

2.20628E-05

4.76432E-05

5.81079E-05

6.67295E-05

0.0001

0.0002

0.0002

0.0002

0.0003

0.0005

0.0007

0.0009

0.0009

0.0012

0.0023

0.0031

0.0031

0.0034

0.0038

0.0039

0.0041

0.0052

0.0057

0.0061

0.0067

0.0069

0.0069

0.0071

0.0073

0.0076

0.0096

0.0101

0.0123

0.0135

0.0138

0.0142

0.0151

0.0153

0.0154

0.0163

0.0195

0.0211

0.0219

0.0236

0.0253

0.0262

0.0263

0.0269

0.0269

0.0290

0.0326

0.0371

0.0375

0.0392

0.0408

0.0444

0.0447

0.0460

0.0466

0.0559

0.0633

0.0655

0.0743

0.0795

0.0836

0.0964

0.0984

0.1046

35.832

19.823

13.148

10.613

113442

56.803

69.057

278.222

235.962

16.735

6.498

139.545

21157

1513

55.683

6.608

3462

60.352

1.592

8.162

140,490

53.080

12.647

15.167

6.075

65.050

52.503

0.018

33.558

405.178

0.308

17.153

27.712

101477

8.265

3.592

28.815

383.752

211.945

7.075

18.243

48.965

2.067

11.398

0.057

26.077

13.235

111.043

11412

1.898

0.382

3.837

8347

24375

8.202

0.000

70.703

1.505

3.265

27.408

52.697

0.797

125.983

40.815

0.687

15.993

0912

0215

3253

1.093

0413

0.058

0.068

1672

20.722

9.905

85.068

37723

38.807

155.420

268.367

15.242

16.147

104.427

29.903

0.260

67.410

9.877

9.643

37.042

1.208

7.105

126.398

198.557

18.550

2.520

2.793

265.925

141972

0.235

144.598

1201.498

1.250

41.562

67.043

656.822

50.978

7.887

94.872

182,390

142.777

6.585

155.755

114.847

2.660

35.283

0.995

25.740

43.940

71.220

91312

1.740

0.610

9.098

15.988

67.318

17.787

0.000

52.153

4510

5.235

58.185

35.043

2075

344.772

106.275

2.100

34.767

3.767

1445

1618

11.228

0.668

1.380

0.023

1.100

BYRG
10038
14.677
28.813
8.943
54.288
21173
34673
135.987
146.670
27.738
8518
250.047
18.020
0.182
11.665
7.460
4223
24.027
3.972
3.430
61.003
80767
11562
5.423
3122
100.413
93.707
0.000
62797
781.018
4238
39.145
47.580
305243
23513
4722

60.647

128.320
116.045
18.458
40.683
52.308
1752
27.738
1278
47.295
17.115
49.487
34587
3.633
0.485
9.395
19.988
51.607
10.693
0310
16.290
8.227
2.745
44973
40.812
0.437
194327
73.792
1.898
23.835
1012
0.558
1.250
5.085
0.952
0.568
0.052

3122

8.048

8.987

27.043

4971

53.520

21.987

38.578

140370

128.793

36.962

13.373

258463

13.630

0.158

11.058

4.990

3.230

21.768

3.165

3737

66.203

81.447

9.472

4415

2.038

105.528

90.103

0.030

65.930

789.902

2.390

34.053

62.572

232,092

18.398

5.653

70.532

243.112

144.140

25.013

44.283

56.260

1333

34.617

0.635

76.028

16.950

25437

37.888

6.215

0.092

6.020

60.585

13.785

0.017

16.060

6.680

3.423

63.770

24.207

0.515

257.853

105.833

1452

30.440

1458

0.582

1.543

5.060

0.552

0.590

1397

3.563





OEBPS/Images/fpls-15-1435440-g013.jpg





OEBPS/Images/fpls-15-1435440-g005.jpg





OEBPS/Images/fpls-15-1435440-g002.jpg
¥ cluster]_lanthipeptide
® cluster2_bacteriocin
¥ cluster3_terpene
 clusterd_lassopeptide

Carbohydrate Esterases # clusterS_T3PKS

Carbohydrate-Binding Modules: W cluster6_terpene

A CAZyme B
Polysaccharide Lyases
I XAG3
Gl | Transferases
e —
tyeosy = XYG6
Glycoside Hydrolases: '

W cluster7_terpene
Auxiliary Activities-
H cluster8_siderophore

S s S e

Total=166

¥ clusterl_NRPS

® cluster2_ladderane

# cluster3_lanthipeptide
 clusterd_PKS-like

W clusterS_terpene

® cluster6_transAT-PKS
B cluster7_transAT-PKS
H cluster8_NRPS

B cluster9_terpene

® cluster10_T3PKS

W cluster11_NRPS

W cluster12_other

Total=479





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1435440-g004.jpg
BAR3 BYRG6

3-0-Acetylepisamarcandin
2/2/6/6-Tetramethyl-4-piperidinone

Silibinin
(R)-1-O-b-D-glucopyranosyl-1/3-octanediol
Isovalerylglutamic acid
4'-Hydroxy-5/6/7/8-tetramethoxyflavone
2/4-Dihydroxy-2H-1/4-benzoxazin-3(4H)-one
Salviaflaside
(1S/2S/4R)-p-Menth-8-ene-1/2/10-triol 2-glucoside
Ganoderic acid H

Methionyl-Proline

(R)-2-Hydroxycaprylic acid
2/4/6-Trihydroxybenzoic acid

Ethyl gallate
3/4/5-trihydroxy-6-[(2-methylpropanoyl)oxy]oxane-2-carboxylic acid

1-Arachidonoylglycerophosphoinositol
2-ISOPROPYL-3-METHOXY CINNAMIC ACID
MG(0:0/14:1(9Z)/0:0)

Kaempferol-3-Glucuronide

S-(PGA2)-glutathione

Isonicotinic acid

3/4/5-trihydroxy-6-[4-hydroxy-3-(phenoxycarbonyl)phenoxy]oxane-2-carboxylic acid
(8)-3-Octanol glucoside

Pulverochromenol

Tenulin

1/3/11(13)-Eudesmatrien-12-oic acid
(R)-Pelletierine

3-Pyridinaldehyde
3-(3/4-Dihydroxy-5-methoxy)-2-propenoic acid
2/3-Dimethyl-2-cyclohexen-1-one
3/6-Dihydronicotinic acid
6-hydroxy-4-Undecanolide

Sorbitan palmitate

2-(1-Aziridinyl)ethanol

D-Urobilinogen

3-O-Methylisoetharine
Nb-Acetyl-Nb-methyltryptamine

Ligustroside

MDMA methylene homolog

Linalyl formate

N-Acetyl-DL-glutamic acid
97/13-Tetradecadien-11-ynal

2-Phenylethyl formate

Tetracosapentaenoic acid (24:5n-3)
Eriojaposide B

Gingerglycolipid C

Sinapic acid

2-hydroxyhexadecanoic acid
4-Hydroxycyclohexylacetic acid
3/5/5-Trimethyl-3-cyclohexen-1-one
6-hydroxysphingosine

UMBELLIFERONE
5-(3/5-dihydroxyphenyl)-4-hydroxypentanoic acid
Ethyl sorbate

N-Decanoylglycine

Trandolapril-dS Diketopiperazine
MG(15:0/0:0/0:0)

(4E/6E/d14:2) sphingosine

Fagomine

Nepetaside

Chorismate

3-Methyl-2E-hexenoic acid
(2-Butylbenzofuran-3-yl)(4-hydroxyphenyl)ketone
M-Xylene
2/4/5/7alpha-Tetrahydro-1/4/4/7a-tetramethyl-1H-inden-2-ol
(Z/7)-3/6-Dodecadien-1-ol
(E)-4/8-Dimethyl-1/3/7-nonatriene
4'-O-Galloylsucrose

Cer(d18:0/16:0)

(-)-Naringenin

Aminohydroquinone

2-Hydroxypropyl 2-isopropyl-S-methylcyclohexyl carbonate
9/10-DIHOME

2/3-dinor Prostaglandin E1

Cer(t18:0/16:0)

Isopropyl linoleate

D-Urobilin |
(4E)-1-(3/4-dihydroxy-5-methoxyphenyl)dec-4-en-3-one
5-Octen-2-one

2/4-Dimethylpyridine

Gingerglycolipid B

Monic acid

Feruloyl-beta-sitosterol

DG(8:0/13:0/0:0)

Lys Lys Val Lys

(2'E/4'Z/7' Z/8E)-Colnelenic acid

CP 47/497-C8-homolog C-8-hydroxy metabolite
Kiwiionoside

NIPECOTIC ACID

Bis(2-ethylhexyl) phthalate
DG(18:0/18:3(6Z/97/127)/0:0)
(E)-2/6-Dimethyl-2/5-heptadienoic acid
DG(18:0/18:2(9Z/127)/0:0)

Homoorietin

Erinapyrone C

Dihydroroseoside

Melleolide

3-Hydroxydodecanoic acid

Lubiprostone

Chalcolactone

L-Ornithine
Sebacic acid 67
L-beta-homothreonine IE??
Citrulline B
(-)-Catechin gallate .

4.20
382

Choline
Propyl 2/4-decadienoate B
9/10-DHOME I§:§§

1.92
154

Isobutylpropylamine





OEBPS/Images/fpls-15-1435440-g010.jpg
PHENYLPROPANOID BIOSYNTHESIS

Spemidine
¢ s NLNS.N10- NENSN10. NLNSN10-Tr- NLNS.
Phenglalaning,tyrosie  } Tridoutaroyl- Tricafleoyl- Trferulo (hydroxyferulogl)-  Dithydroxyferuloyi)
e D hesis VL s i ot ol y"“’u—l’n‘, e e
RS R N i~ [ PN »0— 201 0 TRPYER % 201 »0
| |
¢ Hychoxy-
Paas I %T}mm SR 14161 erufdmooyl._.gl\ whn
43125 I 43125 Atznzpro — Scopoltin i oSt
PAL 1 Ginng, id | p-Counaric acid S-Hydroxyferulic Sinapic acid -D- glut:g:e
‘5( %73»\ >3 24168 241120 23192
| o
1aBH 40l ALz
Chivaiiey CCoAOMT
IOGIETY i e
{( e 168] Jccr
N o
| | CYPISAICIH  Caffeoyd
| i
i
x ! H 11413. _FSSmpuldehydz
D-Glucost.
Bodet & e v g0
seLu2 [N
S tlbenoid,di dand Caffoyt- )
gme’n‘ﬁlg\wsayxﬁh;g?nm ypCounaideotol R iy ¥ Sinapyl alcokol
g p-Coumaryl acetate Coniferyl acetate —
Coumarinate le—r—a
Q4 CRAT | 321126 i {cmar | 321126
(¥R R (NYETS || | Ti3E  [3e [NINE
v v peroxidase v v peroxidase| peroxidase
) I 1
Counarine & QOhicol Dlooshvicl b ¥ Uorrze OBugeral  O'e0*vE™! 3 UGTT2E X I¥ voTr2e
i) [2120 oH 21114 (21202 i i n S . Syingsilignn S
W EE pg Sgewm, g cain gk, SR Spies
o o o

Methylchavicol  Anethole Methyleugenol  Isomethyleugenol





OEBPS/Images/fpls-15-1435440-g008.jpg
A

GO term

GO enrichment analysis

photosystem 11
photosynthesis,

t harvesting in photosystem |
photosystem I
Photosynthesis,light harvesting
microtubule binding

photosystem

protein-chromophore linkage

chlorophyll binding

microtubule motor activy-
‘microtubule-based movement

tubulin binding:

microtubule-based process

response to abiotic stimulus

plastoglobule

‘movement of cell or subcellular component.
lucosyltransferase activity

cytoskeletal motor actvity

anchored component of membrane.
response to light stimulus
microtubule

Pyalue

001
001
0.00

Number
.6

o8
o
X

%@ o000 00 - 00000 o e @ s o o
“%kle 00000 c@QO0O00co 0000 o0
“%le 00000 @00 00000000 o0

&,
s,
&
g,
2y

GO term

GO enrichment analysis

response to abiotic stimulus
tetrapyrrole binding
heme binding
iron ion binding:
oxidoreductase activity, acting on paired donors,
glucosyltransferase activity
monooxygenase activity
16:0 monogalactosyldiacylglycerol desaturase act...
alkaloid metabolic process
nicotinate N-methyltrans ferase activity
nicotinate metabolic process
omega-3 fatty acid desaturase activity
regulation of circadian thythm
cinnamyl-alcohol dehydrogenase activity.
lignin biosynthetic process
thythmic process
photosystem 11

phenylpropanoid

‘oxazole or thiazole biosynthetic process:

ynthetic process

oxazole or thiazole metabolic process

° .
® .
'Y .
@ .
® .
° .
@ .
. .
. .
. .
. .
S s
& §
5 F
& &7
7 o
& &

Pualue
004

003
002
001

Number

o
o
@





