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Abstract

:

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) is able to infect many economically important crops and thus causes substantial losses in the global agricultural economy. Pst DC3000 can be divided into virulent lines and avirulent lines. For instance, the pathogen effector avrRPM1 of avirulent line Pst-avrRpm1 (Pst DC3000 avrRpm1) can be recognized and detoxified by the plant. To further compare the pathogenicity mechanisms of virulent and avirulent Pst DC3000, a comprehensive analysis of the acetylome and succinylome in Arabidopsis thaliana was conducted following infection with virulent line Pst DC3000 and avirulent line Pst-avrRpm1. In this study, a total of 1625 acetylated proteins encompassing 3423 distinct acetylation sites were successfully identified. Additionally, 229 succinylated proteins with 527 unique succinylation sites were detected. A comparison of these modification profiles between plants infected with Pst DC3000 and Pst-avrRpm1 revealed significant differences. Specifically, modification sites demonstrated inconsistencies, with a variance of up to 10% compared to the control group. Moreover, lysine acetylation (Kac) and lysine succinylation (Ksu) displayed distinct preferences in their modification patterns. Lysine acetylation is observed to exhibit a tendency towards up-regulation in Arabidopsis infected with Pst-avrRpm1. Conversely, the disparity in the number of Ksu up-regulated and down-regulated sites was not as pronounced. Motif enrichment analysis disclosed that acetylation modification sequences are relatively conserved, and regions rich in polar acidic/basic and non-polar hydrophobic amino acids are hotspots for acetylation modifications. Functional enrichment analysis indicated that the differentially modified proteins are primarily enriched in the photosynthesis pathway, particularly in relation to light-capturing proteins. In conclusion, this study provides an insightful profile of the lysine acetylome and succinylome in A. thaliana infected with virulent and avirulent lines of Pst DC3000. Our findings revealed the potential impact of these post-translational modifications (PTMs) on the physiological functions of the host plant during pathogen infection. This study offers valuable insights into the complex interactions between plant pathogens and their hosts, laying the groundwork for future research on disease resistance and pathogenesis mechanisms.
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1. Introduction


Plants are frequently subjected to numerous pathogenic bacteria, which adversely affect their growth and productivity. These plant diseases result in significant crop losses, posing a persistent challenge to global food security [1]. Bacterial plant pathogens, such as Pseudomonas, Ralstonia, Xanthomonas, and Erwinia, have been known to cause a variety of diseases in important crop plants [2]. Over extended periods of coexistence, both hosts and pathogens have evolved intricate strategies to counter each other’s attacks [3]. The virulent strain Pst DC3000, serving as a model strain for elucidating plant–pathogen interactions, can induce bacterial speck disease in its host plants, compromising their growth, development, and reproductive capabilities [4,5]. To date, over 50 bacterial effector proteins have been identified from the Pst DC3000 strain [6]. The intricate interplay between P. syringae and plants holds immense significance for further exploring the specific molecular mechanisms underlying plant responses to pathogenic bacteria and for developing effective control measures.



Pst DC3000 is a pivotal model for elucidating the functional mechanisms of diverse effectors. This strain secretes numerous effectors through the type III secretion system, including AvrPto and AvrPtoB, which play crucial roles in plant–pathogen interactions [6]. In resistant plant varieties, AvrPto and AvrPtoB are specifically recognized by the serine–threonine kinase Pto. This recognition triggers the activation of the NB-LRR protein Prf, leading to localized cell death and conferring resistance against the pathogen [7,8]. Additionally, two type III effectors, AvrRpm1 and AvrB, have been shown to interact with the RPM1-interacting protein 4 (RIN4), resulting in its phosphorylation [6]. AvrRpm1, as an ADP-ribosyltransferase, modifies the resistance protein RIN4 in Arabidopsis, ultimately activating the Arabidopsis protein RPM1. Similarly, AvrB is recognized in Arabidopsis, and the activation of RPM1 is closely associated with the phosphorylation of a conserved threonine residue (T166) within RIN4. Previous studies have demonstrated that the ADP-ribosylation of RIN4 by AvrRpm1 triggers the phosphorylation of T166, subsequently eliciting an RPM1-mediated defense response in the host plant [9]. Mutant strains exhibiting dysfunctional effectors are frequently employed in comparative studies involving pathogenic strains, including DC3000, to explore the functionalities of these effectors. For instance, the pathogen effector avrRPM1 of the avirulent line Pst-avrRpm1 (Pst DC3000 avrRpm1) is frequently used in such comparisons. Understanding these intricate interactions between effectors and host proteins carries significant implications for developing novel strategies to combat plant diseases.



Emerging evidence emphasizes the critical role of protein PTMs in mediating plant–pathogen interactions [10,11]. Among the 20 canonical amino acid residues, lysine (K) residues are frequently subjected to various PTMs, collectively referred to as K-PTMs, which are among the most commonly observed modifications [12]. Notably, lysine residues are susceptible to a range of sequential or cascading covalent modifications, including acetylation, phosphorylation, crotonylation, butyrylation, propionylation, glutarylation, methylation, and succinylation. These diverse PTMs are hypothesized to play pivotal roles in regulating gene expression in microorganisms [13,14].



Lysine acetylation, a dynamic and reversible PTM tightly regulated by the balanced activities of acetyltransferases and deacetylases, is of particular interest [15]. This modification, commonly observed on histones and widespread among non-histone proteins as well [10,11], influences protein functions through multiple mechanisms, including modulating protein stability, subcellular localization, protein–protein interactions, and crosstalk with other PTMs [15]. Given its widespread occurrence and diverse functional implications, lysine acetylation represents a compelling target for future investigations aimed at elucidating the complex mechanisms underlying plant–pathogen interactions.



The amino group of lysine serves as a diverse substrate for various modifications, including acetylation, acylations, methylation, ubiquitylation, and ubiquitin-like modifiers. This versatility gives rise to competitive PTM crosstalk, where different PTMs compete for the same lysine residue [16]. Proteomic investigations have revealed that a significant proportion of acetylated lysines are also targets of other PTMs, such as ubiquitylation and succinylation [17,18]. Previous studies have elucidated that the interplay between lysine acetylation and succinylation modulates bacterial quorum sensing [19].



Succinylation, a recently discovered reversible PTM, entails the transfer of a succinyl group from succinyl-CoA to the ε-amino group of a specific lysine residue, leading to the formation of succinyl-lysine [20,21]. Succinylation introduces a larger structural moiety compared to acetylation or methylation, potentially leading to more significant alterations in protein structure and function [20,21]. However, the mechanisms underlying the interaction between succinylation and other metabolic pathways remain elusive. Further exploration is required to deepen our understanding of the regulatory mechanisms governing succinylation, and there is a pressing need for the functional validation of succinylation-related genes. Previous studies have reported the presence of acetylation [22] and succinylation [23] modifications in Candida albicans. Acetylation has been shown to regulate the stability of effectors in fungal plant pathogens, thereby affecting virulence [10]. Nevertheless, the impact of lysine acetylation and succinylation on the pathogenicity of Pst DC3000 remains largely unexplored.



In this study, high-resolution liquid chromatography–mass spectrometry (LC-MS/MS) was employed to investigate the lysine acetylation and succinylation profiles of A. thaliana infected with virulent Pst DC3000 and avirulent Pst-avrRpm1. The results revealed a widespread occurrence of these modifications, with a total of 3423 acetylation sites identified within 1625 proteins and 527 succinylation sites within 229 proteins. To gain further insights, the functions of the substrate proteins subject to acetylation and succinylation were categorized, and the local amino acid sequences surrounding the acetylated and succinylated lysine residues were analyzed. These findings provide valuable insights into the role of lysine acetylation and succinylation and their potential impact on the pathogenicity of Pst DC3000.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


The Arabidopsis thaliana ecotype Columbia (Col-0) served as the wild-type control in this study. Seeds of Col-0 were obtained from the Arabidopsis Biological Resource Center (ABRC) at Ohio State University, Columbus, OH, USA. Plants were cultivated in a greenhouse maintained at optimal conditions for their growth and development, with a temperature of 22/20 °C (day/night) and a photoperiod of 14/10 h (light/dark).




2.2. Inoculation of A. thaliana with Pst DC3000


The pathogenic bacterium Pst DC3000 and an avirulent pathogen Pst-avrRpm1 were used in this study. They were provided by WenMing Wang from Sichuan Agricultural University [24]. Pst DC3000 and Pst-avrRpm1 were propagated in liquid King’s B medium supplemented with rifampicin to ensure the purity of the culture. When the bacterial growth reached the late log phase of growth (OD600 = 0.6–1.0), bacteria were diluted to the required concentration in 10 mM MgCl2. Bacteria were diluted to OD600 = 0.2 (~1 × 108 cfu mL−1) and sprayed onto plants until dripping according to the literature [24]. Following a 24 h incubation in the dark in a growth chamber, the plants were returned to their regular growth conditions. Disease symptoms were monitored daily, and samples were collected when phenotypic differences became apparent.




2.3. LC-MS/MS Analysis of Lysine Acetylation and Succinylation


To investigate lysine acetylation and succinylation in Arabidopsis infected with Pst DC3000 and Pst-avrRpm1, the tryptic peptides were dissolved in solvent A (consisting of 0.1% formic acid in 2% acetonitrile and 98% water). The peptides were then separated using the EASY-nLC 1000 system (Thermo, Saint Louis, MO, USA) at a flow rate of 700 nL/min. A gradient elution with solvent B (0.1% formic acid in 90% acetonitrile) was employed, increasing from 8% to 23% over 36 min, followed by a rise to 35% over 18 min, and maintained at 80% for 3 min. Chromatographic separation was performed on a custom-made analytical column, featuring an integrated spray tip (150 μm internal diameter, 20 cm length), packed with 1.9 μm/120 Å ReproSil-Pur C18 resins (Dr. Maisch GmbH, Ammerbuch, Germany).




2.4. Motif Identification and Residues Heat Map


Pre-aligned modification site windows of 21 residues (centered at K ± 10 residues) were input into MOMO to obtain motifs. MEME was subsequently utilized to identify overrepresented motifs with a high-frequency lysine. For MEME, the peptide windows were converted to FASTA format and input as a single peptide enriched with target motifs. MEME was also employed to generate a matrix of residue counts (position frequency matrix) for sequence windows centered on acetylated lysine, which was then used to perform Fisher’s exact test. The filtered p-value matrix was standardized using the function x = −log10 (p-value). Subsequently, the x values were z-transformed for each substrate category, ensuring a normalized representation across all categories. The z scores were clustered by one-way hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis. Cluster membership was visualized by a heat map using the “heatmap.2” function from the “gplots” R-package (version 3.1.3.1).




2.5. Functional Enrichment Analysis


Functional enrichment analysis was conducted using the DAVID Bioinformatics Resources 6.7 platform [25]. This analysis aimed to identify enriched Gene Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes (KEGG) IDs, and domains within our dataset. The significance of enrichment was evaluated using a two-tailed Fisher’s exact test, comparing the protein-containing international protein index (IPI) entries against all IPI proteins. To account for multiple hypothesis testing, standard false discovery rate control methods were applied. Terms with a corrected p-value < 0.05 were considered statistically significant.





3. Results


3.1. Systematic Identification of Lysine Acetylome and Succinylation in A. thaliana


Insights into the lysine acetylome and succinylation in A. thaliana were sought through a proteomic analysis of plants infected with Pst DC3000 and Pst-avrRpm1 using LC-MS. The site-specific mass error data were further analyzed in MATLAB. Scatter plots were generated to visualize the distribution of mass errors for acetylation and succinylation sites (Figure S1). Notably, the mass error distribution for lysine acetylation peptides clustered tightly within 6 ppm, whereas the mass error distribution for lysine succinylation peptides was even narrower, falling below 4 ppm. These results underscore the high quality and precision of our MS data, suitable for subsequent bioinformatics analysis. A two-dimensional distribution plot was constructed to assess the lengths of the cleaved peptide fragments. The plot revealed that the majority of peptides had lengths ranging from 7 to 20 amino acids (Figure S2). Specifically, 78.48% of acetylated peptides and a remarkable 88.98% of succinylated peptides fell within this range, reflecting the characteristic patterns of trypsin digestion. Employing this comprehensive proteomic approach, 3423 lysine acetylome (Kac) sites distributed across 1625 proteins (Figure 1A) and 527 lysine succinylation (Ksu) sites on 229 proteins (Figure 1B) were identified. To further explore the distribution of acetylation and succinylation sites, the number of modification sites per protein was analyzed. As shown in Figure S3, acetylation modifications were predominantly found at a single lysine residue in 58% of proteins, while 18% of proteins exhibited modifications at two lysine residues. The remaining proteins displayed modifications at three or more lysine residues, with a maximum of 22 Kac modification sites observed. In contrast, succinylation modifications exhibited a similar distribution pattern, with 50% of proteins modified at a single lysine residue, 19% modified at two lysine residues, and 15% modified at three or more lysine residues.



To identify the differential modification sites, a threshold for relative abundance ratios was established. The relative abundance ratio of modification sites was calculated by the intensity ratio of peptides containing acetylation or succinylation separately in each sample compared to the control. Ratios exceeding 1.3-fold were deemed indicative of significant up-regulation, while ratios less than 1/1.3 were considered to represent a significant down-regulation. Upon comparing the DC3000/Con samples, no significant disparity was observed in the counts of up-regulated Kac sites (379) versus down-regulated sites (467) (Figure 2A). Interestingly, a distinct trend was observed in the rmp1/Con and rmp1/DC3000 samples. Here, the count of up-regulated Kac sites was markedly higher than that of the down-regulated sites, with approximately 4.5-fold and 5-fold differences, respectively (Figure 2A).



However, in the case of Ksu sites, a notable finding emerged that the number of up-regulated sites was twice that of the down-regulated ones between DC3000/Con (Figure 2B). Conversely, the disparity in the number of up-regulated and down-regulated Ksu sites in the rmp1/Con and rmp1/DC3000 samples was not as pronounced (Figure 2B). These findings suggest that upon infection with Pst-avrRpm1, Arabidopsis plants tend towards an up-regulation of lysine acetylation. A similar, albeit less pronounced, pattern was also observed for succinylation.




3.2. Motif Analysis of Lysine Acetylation and Succinylation Sites


To gain deeper insights into the characteristics of lysine acetylation and succinylation sites in Arabidopsis, the Motif-x program was employed to scrutinize the sequence motifs present in the identified peptides. This comprehensive analysis revealed 21 conserved acetylation motifs, encompassing 2681 acetylation modification sites, which accounted for a substantial 78.32% of the total Kac sites. These 21 motifs are summarized and described as follows (Kac represents the modified site, and the subscript indicates the relative position of the amino acid):




	
A−1\F−1\G−1\L−1\P−1\V−1\Y−1KacN+1



	
KacF+1\N+1\S+1\T+1\Y+1\H+1\R+1\R+2



	
KacK+1\+5\+7



	
A-2E-2KacP+2



	
KacK+1A+2



	
Y−1Kac.








Furthermore, to facilitate a more intuitive understanding of the amino acid distributions around the acetylation sites, a heatmap was generated based on motif logo clustering analysis. This heatmap provides a visual representation of the frequency of amino acids spanning 10 positions upstream and downstream of the acetylation sites (Figure 3A). Notably, non-polar amino acids such as alanine (A), leucine (L), proline (P), and valine (V) exhibited significant enrichment in the −1 position, with the exception of glycine (G). Intriguingly, asparagine (N) consistently showed enrichment in the +1 position in this context. Additionally, polar amino acids, including asparagine (N), serine (S), threonine (T), and histidine (H), along with basic amino acids, were found to be significantly enriched in the +1 position. Lysine (K) demonstrated enrichment in the +1, +5, and +7 positions surrounding the acetylated lysine. Both phenylalanine (F) and tyrosine (Y) exhibited significant enrichment upstream and downstream of the acetylation sites. Additionally, the heatmap analysis unveils a noteworthy enrichment of alanine (A), glycine (G), and lysine (K) within Ksu (Figure 3B). Proline and threonine demonstrate elevated frequencies in the +6 and −5 positions, respectively.




3.3. Functional Annotation of Lysine-Acetylated and Lysine-Succinylated Proteins


To gain deeper insights into the functional roles of the identified acetylated sites, GO analyses were conducted in DC3000/rpm1. The results reveal that Kac proteins exhibit significant enrichment in bacterial defense responses and ribosomal large subunit biogenesis within the Biological Process (BP) category (Figure 4A). Within the Molecular Function (MF) category, ribosome structure constitution, chlorophyll binding, and tetrapyrrole binding are notably enriched. Regarding the Cellular Component (CC) category, cytosol, ribosome, and photosystem emerge as significantly enriched terms.



Turning attention to succinylation-differentially modified proteins, significant enrichment is observed in intracellular protein transport, protein localization to organelles, and the establishment of organelles within the BP category (Figure 4B). Notably, the photosystem II term stands out as significantly enriched within the CC category. Surprisingly, no specific categories are enriched within the MF category for these proteins (Figure 4B).



When focusing exclusively on proteins down-regulated in DC3000 compared to rpm1, a more pronounced enrichment of Ksu modifications is observed. This suggests that these down-regulated proteins harbor more specific and unique functional enrichments. Mirroring the enrichment patterns seen in all Kac-differentially modified proteins, the BP category is enriched in amide or peptide biosynthesis and biogenesis of the large ribosomal subunit. Within the MF category, ribosomal structural components, mRNA binding, and rRNA binding are enriched. Additionally, ribosomes and their S subunits are enriched in the CC category, all pointing to roles related to protein biosynthesis (Figure S4A).



Likewise, the enrichment analysis of distinct succinylated proteins hints at their involvement in photosynthesis. Specifically, in Figure S4B, the MF category is enriched in oxidoreductase activity, antioxidant activity, and peroxidase activity, while the CC category is enriched in mitochondria. These findings suggest potential roles for these proteins in redox reactions and respiration. Furthermore, the BP category is enriched in cell maturation, plant organ morphogenesis, and plant epidermal cell differentiation, implicating these proteins in plant growth processes.




3.4. KEGG Pathway Enrichment Analysis


To deepen the understanding of the metabolic regulation mediated by protein acetylation and succinylation, KEGG pathway enrichment analysis was conducted in DC3000/rpm1. The findings reveal that Kac-differentially modified proteins are enriched in the folate one-carbon pool and peroxisome pathways (Figure 5A). Meanwhile, proteins modified by Ksu exhibit enrichment in propanoate metabolism, glycine, serine, and threonine metabolism, as well as glyoxylate and dicarboxylate metabolism (Figure 5B). Notably, both PTMs show enrichment in photosynthesis-related antenna proteins. These results suggest that photosynthesis and carbohydrate metabolism are particularly susceptible to regulation by acetylation and succinylation, underscoring their critical roles in plant cellular metabolism.




3.5. Protein Domain Analysis


The protein domain analysis conducted in DC3000/rpm1 provided intriguing insights into the modifications of Kac and Ksu. The findings indicate that both Kac and Ksu modifications are enriched in the chlorophyll a/b binding protein domain, a key component of photosynthesis. Kac-modified proteins also exhibited enrichment in glutathione S-transferase domains, translation protein SH3-like domains, ribosomal protein L2 domain 2, and zinc-binding ribosomal proteins (Figure 6A). Conversely, Ksu-modified proteins were enriched in ketol-like, pyrimidine binding domains; ATPase N-terminal domains; and nucleotide binding domains (Figure 6B).



Furthermore, a detailed examination of photosynthesis-antenna proteins commonly enriched in Kac and Ksu (Figure 7) revealed that acetylated and succinylated proteins are present in the light-harvesting chlorophyll protein complex (LHC), with a majority of them being down-regulated in the DC3000 VS rpm1 comparison. Notably, lhcb1, lhcb2, lhcb5, and lhcb6 underwent both Kac and Ksu modifications, which demonstrated synergistic effects of these two PTMs in photosynthesis. These findings suggest that Kac and Ksu play crucial roles in regulating photosynthesis and carbohydrate metabolism in plants, providing valuable insights into the complex metabolic networks that underlie plant growth and development.





4. Discussion


Biological stressors, particularly pathogenic bacterial infections, significantly impact the normal growth and developmental trajectories of plants, ultimately compromising crop yield and quality [26,27]. In the perpetual arms race between plants and pathogens, plants have evolved intricate defense mechanisms [28,29]. Notably, plants maintain a delicate balance between resisting pathogenic bacteria and supporting their own growth and development through a range of regulatory processes, including various protein PTMs. Lysine acetylation and succinylation emerge as prevalent PTMs in plants, playing pivotal roles in these regulatory networks [30,31].



In this study, a comprehensive analysis was undertaken to identify Kac and Ksu sites in Arabidopsis seedlings infected with Pst DC3000. A total of 3423 Kac sites on 1625 proteins (Figure 1A) and 527 Ksu sites on 229 proteins (Figure 1B) were identified. A comparative analysis between AIPD (Arabidopsis infected with Pst DC3000) and AIPA (Arabidopsis infected with Pst-AvrRpm1) samples revealed that 1225 Kac sites were unique, accounting for 41% of the total Kac sites. Similarly, a substantial proportion (48%) of Ksu sites were unique to these samples. While both AIPD and AIPA exhibited a subset of uniquely modified sites, these comprised less than 10% of the total sites identified. The majority of sites were consistently modified across all three sample groups. However, the abundance values of these co-modified sites varied, indicating a potential role for lysine acetylation and succinylation in mediating Arabidopsis resistance to Pst DC3000. Previous studies have reported on the Lys-acetylproteomes of plants in response to various biotic stresses, including pests, fungi, phytoplasma, and viruses [32,33,34,35]. Nonetheless, the concurrent regulation of plant disease resistance by lysine acetylation and succinylation remains underexplored. Our findings provide novel insights into the intricate regulatory networks underlying plant defense mechanisms and highlight the need for further investigation into the synergistic effects of these PTMs in mediating plant responses to biotic stress.



In the samples infected with Pst-avrRpm1/DC3000, an interesting pattern emerged: the number of Kac sites exhibiting up-regulation was more than fivefold greater than that down-regulated (Figure 2A). Meanwhile, the distribution of up- and down-regulated Ksu sites was relatively balanced (Figure 2B). Upon infection with Pst-avrRpm1, Arabidopsis exhibits a tendency towards increased lysine acetylation, accompanied by a comparable trend in succinylation, suggesting a coordinated modulation of these post-translational modifications in response to the pathogen. The marked contrast in acetylation patterns between AIPD and AIPA indicates that the two PTMs—acetylation and succinylation—may be differentially regulated in Arabidopsis during infection by distinct Pst strains.



Further analysis revealed 21 conserved acetylation motifs, encompassing 2681 Kac sites, which constitute 78.32% of the total identified Kac sites. Both the sequence logos and heatmaps clearly showed a preponderance of non-polar amino acids, polar uncharged amino acids, and basic amino acids (excluding the acidic amino acids Asp and Glu) in the vicinity of acetylation sites. This suggests that regions rich in polar acidic/basic and non-polar hydrophobic amino acids are hotspots for acetylation modifications. In a broader context, the acetylation of lysine residues serves to mask their positive charges, disrupting ionic and hydrogen bonding while increasing the hydrophobicity of proteins. This, in turn, can profoundly impact protein structure, function, and interactions with other cellular components, including DNA and proteins [36,37,38,39].



Intriguingly, despite concerted efforts, distinct succinylation modification motifs could not be identified. Nonetheless, analysis of the amino acid distribution around succinylated lysine residues revealed a similar pattern to that observed for acetylation: an enrichment of non-polar, polar basic, and polar uncharged amino acids, with acidic amino acids being underrepresented. Notably, the overall level of succinylation appeared to be lower than that of acetylation. Among the proteins that were found to be modified by both acetylation and succinylation, a significant overlap in modified sites within polar/basic and non-polar hydrophobic regions was detected [17,40,41]. These findings hint at a close relationship between acetylation and succinylation in plants, suggesting a possible synergistic role in mediating Arabidopsis’s response to biotic stress.



The enrichment patterns of down-regulated proteins mirror those observed for all differentially modified Kac proteins, pointing to their involvement in photosynthesis and bacterial defense mechanisms. Specifically, acetylated proteins exhibiting chlorophyll binding, pigment binding, and antioxidant activities predominantly populate the MF category. These proteins are primarily implicated in photosynthetic processes, particularly photorespiration. Correspondingly, photosynthesis-related terms such as light harvesting, response to red light, and response to blue light are enriched in the BP category, while photosystem components, notably photosystem I, are significantly enriched in the CC category. Proteins enriched in BP are predominantly linked to protein biosynthesis. Analogously, the enrichment of distinct succinylated proteins underscores their association with photosynthesis. Furthermore, the enrichment of oxidoreductase activity, antioxidant activity, peroxidase activity in MF, and mitochondria in CC hints at the potential roles of these proteins in redox reactions and respiration. Additionally, BP enrichment in cellular maturation, plant organ morphogenesis, and plant epidermal cell differentiation implicates these proteins in plant growth processes. These findings align with previous studies in Escherichia coli, suggesting that Ksu exhibits greater dynamism than Kac in response to alterations in growth conditions or genetic mutations. Previous reports have established the pivotal role of Kac and Ksu in regulating photosynthesis [30,31]. In conclusion, the results of GO enrichment analysis suggest that lysine acetylation and succinylation play crucial roles in Arabidopsis’s response to bacterial infection.



The enriched protein domain analysis revealed an intriguing finding: both lysine acetylation and succinylation modifications are enriched in the chlorophyll a/b binding protein domain. Chlorophyll a/b binding protein, particularly prevalent in higher plants, is a constituent of the light-harvesting chlorophyll a/b binding protein (LHCB). This LHCB protein plays a pivotal role as the apolipoprotein component of the photosystem II (PSII) light-harvesting complex, often in conjunction with chlorophyll and xanthophyll, functioning as a crucial antenna complex. Remarkably, LHCB may very well be one of the most abundant membrane proteins in nature, significantly bolstering photosynthetic efficiency.



Furthermore, our observations suggest that differences in Kac proteins are closely associated with biotic stress responses. This is evident from the plant’s response to bacteria and the enrichment of jasmonic acid in the BP category. Jasmonic acid, a key plant hormone, is well known for its crucial roles in mediating plant responses to various abiotic and biotic stresses, as well as regulating plant growth and development [42,43].



Partially infected plants develop systemic acquired resistance (SAR) and show heightened resistance during subsequent infections [44]. GLUTATHIONE-S-TRANSFERASE THETA 2 (GSTT2) GSTT2 plays an important role in SAR. GSTT2 expression increases in pathogen-inoculated as well as pathogen-free distal tissues. The loss-of-function mutant of GSTT2 activates normal local resistance, and gstt2 mutant plants accumulate an enhanced level of methylated and acetylated histones in the promoters of WRKY6 and WRKY29 genes [44]. However, in our study, the protein domain analysis revealed that Kac-modified proteins also exhibited enrichment in glutathione S-transferase domains (Figure 6A). This means that the acetylation on Glutathione-S-transferase might inactivate its activity, since GSTT2 obviously plays a negative role in plant defense. Furthermore, GSST2 might regulate plant defense via regulating the acetylation of other defense-regulating genes such as WRKR6 and WKRY29.



Notably, while lysine acetylation and succinylation are widely implicated in numerous central metabolic processes, including glycolysis, gluconeogenesis, and the citric acid cycle in diverse organisms such as plants, bacteria, and mammals [30,45], these core metabolic pathways were not enriched in the differentially modified proteins identified in our study. This finding suggests that the pathogenic differences observed between Arabidopsis infected with Pst DC3000 and Pst-avrRpm1 do not primarily stem from alterations in central metabolism. Rather, they likely involve more complex regulatory mechanisms specific to plant–pathogen interactions, warranting further investigation.



Overall, our comparative analysis of acetylation and succinylation modifications between AIPD and AIPA reveals marked differences. These disparities are evident in the inconsistent modification sites and the varied abundance patterns observed in co-modifications when compared to the control group. Acetylation modifications demonstrate conserved sequence features, whereas succinylation exhibits significantly reduced sequence specificity. Furthermore, the enrichment of acidic amino acids flanking the modification sites is not pronounced. Drawing from the enrichment analysis that integrates both acetylation and succinylation data, we formulate an initial hypothesis that the differentially modified proteins predominantly participate in the photosynthesis pathway and are tightly associated with light-harvesting proteins. This leads us to speculate that one potential factor contributing to the differences in pathogenicity between AIPD and AIPA could be their distinct mechanisms or modes of influencing photosynthesis. This intriguing possibility warrants further investigation. To validate and refine our understanding of these modifications and their potential role in pathogenicity, a focused approach involving the detailed analysis of specific proteins is warranted. Such studies have the potential to elucidate the precise mechanisms that underlie the observed modifications and how they contribute to the pathogenicity phenotypes associated with AIPD and AIPA. In conclusion, our findings provide a foundation for future research aimed at deciphering the complex regulatory networks that govern these modifications and their implications for plant health and disease.




5. Conclusions


In summary, Kac and Ksu modification sites in Arabidopsis infected with virulent Pst DC3000 and avirulent Pst-avrRpm1 exhibit distinct preferences. Particularly, acetylation modifications displayed conserved sequence motifs, contrasting with the markedly reduced sequence specificity observed in succinylation events. The analysis of amino acids adjacent to these modification sites did not reveal a significant enrichment of acidic residues, suggesting a complex modulation of these post-translational modifications. By integrating acetylation and succinylation data, it is hypothesized that proteins carrying these modifications play pivotal roles in the photosynthesis pathway, particularly in light-harvesting complexes. Variations in pathogenicity might arise from divergent mechanisms by which acetylation and succinylation affect photosynthetic processes. This intriguing prospect warrants further exploration and may shed new light on the intricate regulatory networks governing plant–pathogen interactions.
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Figure 1. Venn diagrams of the identified acetylated (A) and succinylated (B) sites. The blue color represents the control, while the red and green color represent Arabidopsis leaf samples infected with Pst DC3000 and Pst-AvrRpm1, respectively. The numerical values correspond to the quantity of lysine modification sites in each category. 
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Figure 2. Column diagram depicting the distribution of Kac (A) and Ksu (B) sites across distinct comparison groups. Con represents the control, while DC3000 and rpm1 represent Arabidopsis leaf samples infected with Pst DC3000 and Pst-AvrRpm1, respectively. Kac: lysine acetylation; Ksu: lysine succinylation. Blue indicates the up while red indicates down. 
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Figure 3. Motif analysis of the detected lysine acetylation (Kac) and lysine succinylation (Ksu) sites. Heat map analysis of the amino acid compositions around the acetylated (A) and succinylated (B) sites. Red indicates an amino acid that is significantly enriched, while green indicates an amino acid that is significantly reduced. 
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Figure 4. GO-based enrichment analysis of identified proteins. Enrichment analyses of the identified lysine-acetylated (A) and lysine-succinylated (B) proteins in the GO annotation and pathway categories. GO: Gene Ontology; BP: Biological Process; MF: Molecular Function; CC: Cellular Component. 
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Figure 5. Enrichment analysis of KEGG pathways associated with down-regulated differentially modified Kac (A) and Ksu (B) proteins in A. thaliana. The significance of enrichment was evaluated using a two-tailed Fisher’s exact test. Terms with a corrected p-value < 0.05 were considered statistically significant. 
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Figure 6. Protein domain enrichment analysis of acetylated (A) and succinylated (B) proteins. The significance of enrichment was evaluated using a two-tailed Fisher’s exact test. Terms with a corrected p-value < 0.05 were considered statistically significant. 
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Figure 7. Detailed information on the photosynthesis-antenna protein pathway involving differentially modified Kac and Ksu proteins. The detected subunits of the light-harvesting chlorophyll protein complex are labeled with fold. White indicates non-significant change, red indicates down-regulation, while the yellow indicates both up-regulation and down-regulation. 
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