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Introduction

As leaves grow, they transition from a low-microbe environment embedded in shoot apex to a more complex one exposed to phyllosphere microbiomes. Such change requires a coordinated reprogramming of cellular responses to biotic stresses. It remains unclear how plants shift from fast growth to robust resistance during organ development.





Results

Here, we reported that salicylic acid (SA) accumulation and response were temporarily increased during leaf maturation in herbaceous annual Arabidopsis. Leaf primordia undergoing active cell division were insensitive to the elicitor-induced SA response. This age-dependent increase in SA response was not due to prolonged exposure to environmental microbes. Autoimmune mutants with elevated SA levels did not alter the temporal pattern dependent on ontogenic stage. Young Arabidopsis leaves were more susceptible than mature leaves to Pseudomonas syringae pv. tomato (Pto) DC3000 cor− infection. Finally, we showed a broadly similar pattern in cotton, a woody perennial, where young leaves with reduced SA signaling were preferentially invaded by a Xanthomonas pathogen after leaf surface infection.





Discussion

Through this work, we provided insights in the SA-mediated ontogenic resistance in Arabidopsis and tomato.
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Introduction

Plant lateral organs start as small clusters of cells in the shoot apex and eventually grow into complex structures that are exposed to a diverse range of environmental microbes, including beneficial, commensal, and pathogenic microbes (Sinha, 1999; Bar and Ori, 2014). Young tissues are generally protected by surrounding pre-existing organs and therefore have limited exposure to microbes in their environment. During their development, these organs may shift from being susceptible to resistant to certain pathogens, which is referred to as ontogenic resistance or age-related resistance (ARR) (Develey-Riviere and Galiana, 2007; Berens et al., 2019; Hu and Yang, 2019). This phenomenon has been observed in various pathosystems (Bowling et al., 1994; Gusberti et al., 2013; Asalf et al., 2014; Twomey et al., 2015; Mansfeld et al., 2017). For instance, susceptibility of hop cones to powdery mildew gradually decreases after the transition from bloom to cone development (Twomey et al., 2015). Fruits of several cucurbit crops, including melon, butternut squash, watermelon, zucchini, squash, and pumpkin, also enhanced resistance to the oomycete pathogen Phytophthora capsica, as they increase in fruit size (Ando et al., 2009). Young cucumber (Cucumis sativus) fruits from some cultivars are highly susceptible to infection to the oomycete pathogen, P. capsica. However, they become resistant once they complete their exponential growth (Ando et al., 2009). Genes involved in multiple defense pathways, including physical barriers (e.g., cuticle thickness), penetration defense, flavonoid biosynthesis, oxidative stress, and microbe-associated molecular pattern (MAMP)- or effector-triggered immune responses, are enhanced in mature fruits (Ando et al., 2015). Comparing peel transcriptomes and metabolomes from mature “ARR-capable” and “ARR-defective” cucumber lines have linked an upregulation in terpenoid glycoside production during development to the ARR against P. capsica (Mansfeld et al., 2017). The regulatory mechanisms upstream of those age-related metabolisms and whether there are any signaling pathways conserved in operating ontogenic resistance are less clear.

Salicylic acid (SA) is a plant hormone vital in promoting resistance against biotrophic and hemibiotrophic pathogens (Huot et al., 2014; Berens et al., 2019; van Butselaar and Van den Ackerveken, 2020; Chan, 2022). The isochorismate synthase (ICS) pathway contributes to the pathogen-induced SA accumulation in Arabidopsis (Nawrath and Metraux, 1999). The AVRPPHB SUSCEPTIBLE 3 (PBS3) enzyme converts IC to SA by catalyzing the conjugation of IC and glutamate to produce isochorismate-9-glutamate (Rekhter et al., 2019). Then, the multidrug and toxin extrusion (MATE) transporter ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5) is responsible for transporting SA from chloroplast to cytosol. Mutations in EDS5, also known as sid1, lead to lower levels of SA upon pathogen infection (Nawrath and Metraux, 1999; Nawrath et al., 2002; Rekhter et al., 2019). In Arabidopsis, NONEXPRESSER OF PR GENES (NPR) family members act as major SA receptors in conducting SA-mediated defense signaling (Zhou et al., 2023). NPR1 and NPR3/4 can bind to SA with varying affinities, and a key conserved arginine residue in NPR1 (NPR1R432) and NPR3/4 (NPR3R428 and NPR4R419) is indispensable for SA binding (Fu et al., 2012; Ding et al., 2018; Liu et al., 2020). When associated with transcription factors, such as TGACG-binding (TGA) family members, NPR proteins act as either transcriptional co-activators (NPR1) or co-repressors (NPR3/4) to play opposing roles in regulating the transcription of downstream genes, including CAM-BINDING PROTEIN 60-LIKE G (CBP60g, AT5G26920) and SAR DEFICIENT 1 (SARD1, AT1G73805) (Fan and Dong, 2002; Despres et al., 2003; Ding et al., 2018). On the other hand, SA plays a pivotal role in plant development (Rivas-San Vicente and Plasencia, 2011; Li et al., 2022). SA modulates cell cycle transition in both positive and negative manners (Vanacker et al., 2001; Xia et al., 2009; Xu et al., 2017). SA also regulates specific developmental processes such as apical hook formation (Huang et al., 2020), flowering time (Martínez et al., 2004), root patterning (Pasternak et al., 2019), and leaf senescence (Morris et al., 2000).

Organ maturation has been associated with changes in disease resistance in several pathosystems, with varying hormone and metabolic pathways modulating these processes in coordination with ontogenic stages (Gusberti et al., 2013; Asalf et al., 2014; Twomey et al., 2015; Mansfeld et al., 2017). In Arabidopsis, a priority was given to either ABA-mediated abiotic or SA-mediated biotic stress responses at different leaf ages, enabling plants to balance abiotic and biotic stresses during growth (Berens et al., 2019). This suggests a temporal signaling coordination between fast growth and potent resistance during organ development. Still, much remains unknown about the amplitude and regulation of innate immunity during distinct developmental stages of an organ and if they are conserved across species. Our study revealed an ontogenic increase in SA accumulation and response during the maturation of Arabidopsis leaves. At the stage and the location of active cell division, leaves were compromised in activating SA responses and were associated with high susceptibility to pathogen. This age-dependent increase in SA response is not a result of prolonged exposure to environmental microbes. Furthermore, we found that auto-immune mutants with elevated SA did not alter the temporal pattern of SA response. Similar to the observations in Arabidopsis, we found that Xanthomonas citri pv. malvacearum displayed enhanced colonization in young cotton leaves. Likewise, SA signaling was reduced in young cotton leaves relative to expanded leaves. This implies a potential shared mechanism of ontogenic ARR between Brassicales and Malvales sister taxa.





Results




Arabidopsis mature leaves showed higher SA response than young leaves

PATHOGENESIS-RELATED 1 and 2 (PR1 and PR2) are canonical markers for SA-induced response (Cao et al., 1997; Nawrath and Metraux, 1999; Vogel and Somerville, 2000). In soil grown plants, we observed that the activity of β-glucuronidase (GUS) driven by the promoters of PR1 and PR2 were preferentially activated in mature leaves after treatment with benzothiadiazole (BTH), an SA analogue (Figures 1A–C), which is consistent with previously reported age-dependent accumulation of PR1 transcripts (Berens et al., 2019). To better understand the cellular status of leaves at different ages, we examined the expression of proCyclinB1::GUS, a marker for actively dividing cells, in successive leaves and defined young, expanding, and mature leaves based on their staining pattern (Figure 1C). Leaves first mature at the distal end, indicated as the lack of proCyclinB1::GUS at leaf tip (arrowhead in Figure 1C), while proPR2::GUS often first appeared at the distal end of leaves (arrowhead in Figure 1C). We defined young leaves as those showing active cell division in the whole or a part of a leaf (>50% leaf area); expanding leaves have not reached their full size but with limited cell division; mature leaves reach full size without signs of senescence (Figure 1A). We noticed that proPR2::GUS was mostly evident in the tips of premature leaves, complementary to the staining pattern of proCyclinB1::GUS, indicating a suppression of SA response in actively dividing cells (Figure 1C). The ontogenic expression pattern was confirmed with qPCR-based quantification for transcript levels of these marker genes (Figure 1D). To further validate the observation, we tested the ontogenic stage expression of four additional SA-activated genes (AT2G15080, AT4G21380, AT2G38470, and AT2G40750) during leaf maturation (Yang et al., 2017) (Supplementary Table S1). Like PR1 and PR2, these genes also showed high expressions in mature leaves after the BTH treatment (Figure 1D, E). Interestingly, despite the relatively low expression in mock-treated samples, the ontogenic increasing pattern remained, suggesting that endogenous SA accumulation or response was enhanced in mature leaves (Figure 1E). Indeed, mature leaves accumulated high level of free SA and SA metabolites, salicylic acid beta-glucoside (SAG), compared to young leaves or expanding leaves (Figure 1F). Taken together, our analysis suggested that both the SA accumulation and signaling pathway were temporally derepressed during leaf expansion.




Figure 1 | Mature leaves showed elevated SA accumulation and response. (A) A 5-week-old Arabidopsis plant grown in short-day condition. Y, young leaves; E, expanding leaves; M, mature leaves. Plants used in Figure 1 were grown in soil. (B) The expression of proPR1::GUS at 24 h after mock or BTH treatment. Note the lack of induction in the center of BTH-treated plant where young (newly emerging) leaves were located (n>12 plants grown in soil were used for each treatment). (C) Complementary staining pattern between proPR2::GUS and proCyclinB1::GUS. The middle panel shows enlarged view of proPR2::GUS staining in young leaves. Note the staining first appeared at tip of leaves, which is complementary to the staining pattern of proCyclinB1::GUS. The lack of proCyclinB1::GUS and appearance of proPR2::GUS at the leaf tip is indicated by arrowheads (n>10 plants grown in soil were used for each treatment). (D) Expression patterns of CyclinB1, PR1, and PR2 in young, expanding, and mature leaves. The fold change is relative to the expression of each gene in young leaves. Different letters above each date set indicate significant difference based on one-way ANOVA. Similar results were seen in two biological replicates. (E) Expression patterns of SA-responsive genes in young, expanding, and mature leaves. Leaves were harvested from 5-week-old plants grown in SD conditions. Error bars: standard error of three technical repeats. Similar results were observed in three independent biological replicates. Each biological replicate contained at least six leaves. Fold change is relative to the expression of each gene in mock-treated young leaves. (F) Accumulation of SA and SAG in young, expanding, and mature leaves. Young, expanding, and mature leaves were harvested from 5–7-week-old plants grown in SD conditions. Same plants were used to harvest young, expanding, and mature leaves. Different letters above each data set indicate significant difference based on one-way ANOVA.







The ontogenic increase in SA response was not due to prolonged exposure to the phyllosphere microbiome

To test if the ontogenic increase in SA response in mature leaves was due to prolonged exposure to the phyllosphere microbiome, we grew Arabidopsis seedlings under axenic short-day conditions and measured the basal expression levels of the forementioned four SA-responsive genes in young, expanding, and mature leaves harvested 4 weeks after planting (Figure 2A). All four genes showed higher expression in mature leaves, suggesting that ontogenic maturation of SA responses can occur independently of phyllosphere microbes. Nevertheless, we cannot exclude the possibility that prolonged exposure to environmental microbes may also contribute to the age-dependent enhancement of SA signaling. To obtain a global view of SA response during leaf expansion, we re-analyzed published transcriptomes of young, expanding, and mature leaves from plants grown in axenic conditions (Pan et al., 2019). A total of 4,718 and 3,343 genes showed ontogenic increases and decreases during leaf growth, respectively (Pan et al., 2019). Using SA-responsive genes defined by Yang et al. (2017), we found that 26.8% of ontogenic-increased genes were upregulated by SA (Figure 2B, Supplementary Table S2), including CBP60g and SARD1. Similarly, 27.1% of the temporally decreased genes were suppressed by SA (Figure 2B, Supplementary Table S2). In summary, SA-responsive genes counted for at least a quarter of genes that were temporally expressed during leaf maturation, suggesting an age-dependent tradeoff between growth and defense.




Figure 2 | SA-responsive genes were upregulated during leaf expansion in sterile conditions. (A) The expression of SA-responsive genes in young, expanding, and mature leaves. Plants were grown in deep Petri dish (15 mm depth) and kept in an SD condition (see the image insert) for 3 weeks. The fold change is relative to the expression of each gene in young leaves. Error bars: standard error of three technical repeats. Different letters above each data set indicate significant difference based on one-way ANOVA. Similar results were observed from two independent experiments, each with 8–10 leaves at their respective ages. (B) Gene clusters show ontogenic stage expression pattern during leaf expansion. The left panel shows the increasing expression trajectory of 4,718 genes during leaf maturation; right panel shows the expression trajectory of 3,343 genes with decreasing patterns. These genes were detected in Pan et al. (2019) and combined in this work (see Materials and methods). SA-responsive genes were defined by Yang et al. (2017). Red and blue bars on the right side of the heatmap indicate BTH-activated and repressed genes, respectively. The heatmap position of FLS2, BAK1, and CERK1 was indicated by arrows (see Supplementary Table S2).







Arabidopsis auto-immune mutants did not alter the temporal pattern of SA response

Auto-immune mutants have enhanced disease resistance due to hyperactivation of a branch of plant innate immunity, including the SA signaling (van Wersch et al., 2016). To investigate if the temporal pattern of SA response could be maintained in auto-immune mutants, we measured the activity of the PR2 promoter in gain of function SUPPRESSOR OF NPR1–1, CONSTITUTIVE 1 (snc1), and loss-of-function CONSTITUTIVE EXPRESSER OF PR GENES 1 (cpr1) mutants (Bowling et al., 1994; Li et al., 2001). Both mutants accumulate a higher level of SA than Col-0 wild type and are more resistant to biotrophic pathogens (Bowling et al., 1994; Li et al., 2001). As previously reported, cpr1 mutant was smaller than Col-0 (Figure 3A). Notably, we found that although these mutants exhibited intense proPR2::GUS staining, their young leaves were still compromised in PR2 promoter activity, indicating that the SA response was constrained in auto-immune young leaves (Figures 3B, C). Consistent with the staining pattern of proPR2::GUS, expressions of SA-responsive genes showed temporal increases from young to mature leaves in the snc1 mutant background (Figure 3D). Thus, the hyperactivation of SA response in autoimmune mutants was not due to a precocious activation in young leaves.




Figure 3 | Young leaves had compromised SA response in autoimmune mutants cpr1 and snc1. (A) cpr1 mutant showing dwarf phenotype. (B) Staining of proPR2::GUS in cpr1. Note the reduced staining in the center of plants where young leaves were located (n>20 plants grown in soil for each genotype). (C) Staining of proPR2::GUS in snc1 gain-of-function mutant. Note the gradual increase in staining during leaf (arrowhead) and cotyledon (arrow) expansion. C, cotyledon; 1, first leaf (n>20 plants grown in soil for each genotype). (D) The expression of SA-responsive genes in young and mature leaves from snc1 mutant. Error bars: standard error of three technical repeats. Similar results were observed in two independent biological replicates. *Significant difference between young and mature leaves using Student’s t-test. Y, young leaves; M, mature leaves. Similar results were obtained from two independent experiments. Fold change is relative to the expression of each gene in young leaves.







Premature Arabidopsis leaves were more susceptible to Pseudomonas syringae pv. tomato DC3000 coronatine−

Next, we tested whether young and mature leaves differentially activate SA response during pathogen infection. We challenged young and mature Arabidopsis leaves with Pseudomonas syringae pv. tomato (Pto) DC3000, a hemibiotrophic bacterial pathogen. As their responses to BTH, mature leaves showed a strong response to Pto DC3000 infection indicated by a high activation of proPR1::GUS (Figure 4A). In contrast, the amplitude of activation was compromised in young leaves (Figure 4A). This suggests that the pathogen-triggered SA signaling was temporally elevated during leaf ontogenesis.




Figure 4 | Young Arabidopsis leaves were compromised in defense against Pto DC3000 cor− stain. (A) Pto DC3000 and BTH triggered proPR1::GUS expressions in mature (M) but not young (Y) leaves. Leaves were sampled 24 h after BTH or Pto DC3000 infiltration. (B) Mature and young leaves showed the same level of susceptibility to Pto DC3000. Samples were collected at 48 h after Pto DC3000 infiltration (n=8). (C) Young leaves were more susceptible to Pto DC3000 cor− than mature leaves. Samples were collected at 48 h after Pto DC3000 cor− infiltration (n=8). (D) The difference in susceptibility between young and mature leaves were maintained in npr1–1 mutant. Samples were collected at 48 h after Pto DC3000 infiltration. From panels (B–D) ns, no significance. *Significant difference between young and mature leaves using Student’s t-test. Similar results were obtained from at least three independent experiments.



We further assessed whether the ontogenic maturation of SA response contributes to disease resistance by challenging premature and mature leaves with Pto DC3000 and Pto DC3000 cor− (coronatine defective) strains. Coronatine, a phytotoxin produced by Pto DC3000, dampens Arabidopsis SA-mediated immunity by activating jasmonic acid responses (Zheng et al., 2012). Consistent with the previous report, Pto DC3000 multiplication was not affected by leaf age (Figure 4B) (Berens et al., 2019). We reasoned that the presence of coronatine in wild-type Pto DC3000 may help it counteract the enhancement of the SA pathway from young to mature leaves (Zheng et al., 2012). In line with this, we found that mature leaves were more resistant than young leaves to the Pto DC3000 cor− strain, implying that the ontogenic resistance in mature leaves can be linked to the enhanced SA-mediated defense (Figure 4C). Surprisingly, blocking SA signaling in npr1 mutant did not abolish the difference of bacterial multiplication between young and mature leaves (Figure 4D), suggesting NPR1-independent pathways contribute to ontogenic resistance. In support of this, the expressions of pattern-triggered immunity (PTI) components including FLAGELLIN SENSING2 (FLS2, AT5G46330), BRI1 ASSOCIATED RECEPTOR KINASE 1 (BAK1, AT4G33430), and CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1, AT3G21630) were higher in mature leaves than in young leaves (Figure 2B, Supplementary Table S2), with the expression pattern of FLS2 being consistent with what was reported previously (Zou et al., 2018).





Young cotton leaves were more susceptible to Xanthomonas citri pv. malvacearum infection than mature leaves

To test whether the findings in herbaceous Arabidopsis could be generalized in distantly related species such as cotton, we dip inoculated 2-week-old cotton seedlings with at least one fully expanded true leaves with Xcm 4.02 wild-type Tn7LUX or Xcm 4.02 ΔhrcV Tn7LUX (T3SS-, defective in Type III secretion systems) (Mijatović et al., 2021). To track the pattern of Xcm colonization, we recorded bacterial auto-bioluminescence and examined bacterial population in leaves at different levels of maturity (Figure 5). As it takes up to 3 weeks for disease development in cotton, we marked the youngest actively expanding leaf (leaf “0”) at the time of inoculation to monitor relative leaf age (Figure 5A). Image overlay of auto-bioluminescence patterns revealed variable colonization dependent on leaf age at the time of inoculation (Figure 5B). As observed in our previous work (Mijatović et al., 2021), both Xcm 4.02 WT Tn7LUX (Figures 5C, D) and Xcm 4.02 ΔhrcV Tn7LUX (Figure 5E) can colonize cotton tissue, but at different bacterial loads. The youngest actively developing leaves (leaf “0”) at the time of inoculation consistently showed increased Xcm auto-bioluminescence when compared to leaves developed pre-noculation (leaf “−1”) and post-inoculation (leaf “+1”) (Figure 5B). It is worth noting that auto-bioluminescence observed from overlayed images corresponds with the location of water-soaking disease symptoms in Xcm 4.02 WT Tn7LUX inoculated seedlings (Figure 5C). Comparison of Xcm loads in tested leaf samples revealed differences in bacterial population of both the WT and hrcV mutant between leaves of different age (Figures 5D, E), consistent with the ontogenic enhancement in basal resistance observed in Arabidopsis. Both pathogens consistently displayed higher colonization in the youngest actively developing leaves (leaf 0) at the time of inoculation (Figures 5C, D). Lower bacterial populations in leaves developed pre-inoculation (leaf “−1”) indicate that more mature cotton leaves have enhanced defense responses to Xcm infection. This is in line with the compromised basal defense response observed in young leaves of Arabidopsis.




Figure 5 | Young cotton leaves were preferentially colonized by Xcm. (A) A 2-week-old cotton plant. “−1”, mature leaves developed pre inoculation; “0”, young leaves actively developing at the time of inoculation; “+1”, young leaves actively developing post-inoculation. (B) Representative color and 2-min exposure auto-bioluminescence overlay images of infected cotton true leaves developed pre and post Xcm 4.02 WT Tn7LUX dip inoculation. (C) Correlation of symptoms developed 2 weeks post-Xcm 4.02 WT Tn7LUX dip inoculation and the zones of auto-bioluminescence. (D, E) Bacterial populations in log10 CFU/cm2 value post-Xcm 4.02 WT Tn7LUX (D) and Xcm 4.02 ΔhrcV Tn7LUX (E) infection, combined from three experimental replicates. Boxplots show mean ± SD. p-values were calculated using Student’s t-test.







SA and SAG accumulation varied in young and mature cotton leaves

Having determined that young leaves at the time of inoculation are more heavily colonized, we hypothesized that, similar to Arabidopsis, ontogenic differences in SA accumulation or SA signaling might mediate age-related susceptibility to Xcm in cotton. Samples representing mature and young cotton leaves (Figure 6A) were collected, lyophilized, macerated, and examined by quadrupole time-of-flight mass spectrometry (QTOF-MS). Analysis of accumulation of free SA revealed higher concentration in young leaves than in mature leaves (Figure 6B). Conversely, the inactive vacuole stored SAG was at a higher concentration in mature leaves compared to young leaves (Figure 6C). These results indicate that the cause of young leaf age-related immunodeficiency in cotton is likely not linked to the free SA level but may be correlated with accumulations of SAG or impaired SA signaling.




Figure 6 | Young cotton leaves were compromised in SA signaling. (A) Visual representation of the morphology of collected mature and young leaf samples. Bars represent 1 cm length. (B) Concentration of free SA in ng/mg of dry leaf weight. (C) Concentration of SAG in ng/mg of dry leaf weight. Boxplots show mean ± SD. Eight samples of five pooled biological replicates each represented as jitter dots on boxplots. Two dots representing two samples (white filled) were not used in statistical analysis, as they were found to be outliers outside of the first and third quartile. Data were analyzed by Kruskal–Wallis test because the results met non-parametric requirements. (D) Expression of SA-responsive genes in mature and young cotton leaves at 24-h post-BTH treatment. Points represent biological replicates from three experimental replicates. Boxplots show mean ± SD. Differences in gene expression from 3 experimental replicates were pooled and analyzed using ANOVA. *Significant difference between GhPR1 expression in young and mature leaves.







GhPR1 induction by BTH differs between young and mature cotton leaves

To further elucidate the contribution of SA to the immunodeficiency in young cotton leaves, we investigated the accumulation of GhPR1, an SA-responsive gene in cotton and an orthologue of Arabidopsis PR1. We dip inoculated cotton leaves with BTH and recorded expression of GhPR1 at 24 h after treatment in mature and young (Figure 6D) leaves. GhPR1 was induced by BTH treatment in mature leaves at 24 h post-inoculation, but induction in young leaves was not statistically significant (Figure 6D). Thus, the SA signaling response was elevated in mature leaves in cotton, which correlated with the enhanced disease resistance against Xcm 4.02 strains (Figures 5D, E).






Discussion

Leaf development involves two types of cell divisions. In the first type, cells undergo rapid proliferation with a high incidence in the initial primordium. When these cells exit the mitotic cycle, they continuously expand in volume and increase further in size. Endoreduplication is a variant of the cell cycle in which cells undergo DNA replication without subsequent mitosis. During plant organ ontogenesis, cell division often first occurs densely at the distal half of an organ and then progresses toward the base over time. This common spatial pattern is known as the basipetal gradient (Nath et al., 2003; Ori et al., 2007; Nelissen et al., 2012; Du et al., 2018). Resemble to this gradient of cell proliferation, in our work, we observed that SA response indicated by PR1 and PR2 promoter activities first appeared in the distal part of an expanding leaf where cells mature earlier than those in the proximal end of a leaf (Figure 1), suggesting that the elevated SA response is associated with cellular maturation status in a leaf. On the other hand, genes involved in regulating endoreduplication could play dual roles in plant immunity. For example, SIAMESE (SIM) and SIAMESE RELATED 1 (SMR1) act synergistically to promote endoreplication (Churchman et al., 2006; Hamdoun et al., 2016). Cells in a sim smr1 double mutant showed a low endoreduplication index. Interestingly, smr1 mutant also partially suppressed the dwarfism and cell death phenotypes caused by high SA levels in acd6–1, indicating that SMR1 may be a positive regulator of plant defense (Hamdoun et al., 2016). These studies indicate that SMR1 may coordinate the increase in ploidy level and SA response during leaf maturation. On the other side, overexpressing a D-type CYCLIN 3;1 (CYCD3;1) restrains endoreduplication (Menges et al., 2006). Cycd3;1,2,3 mutants showed a higher ploidy level than wild type and were more susceptible to a virulent strain Pseudomonas syringae pv. maculicola ES4326, which could be rescued by BTH (Hamdoun et al., 2016). In another case, OMISSION OF SECOND DIVISION (OSD1) and UV-B-INSENSITIVE 4 (UVI4) inhibited endoreduplication because their loss-of-function mutants showed high endoreduplication indices (Bao and Hua, 2014). However, overexpressing OSD1 and UVI4 can enhance immunity to a bacterial pathogen (Bao and Hua, 2014). Thus, the level of endoreduplication is not always positively correlated with high SA response or elevated defense, indicating a more complex crosstalk.

Despite cell division, other developmental constraints may contribute to SA-mediated ontogenic resistance. Key steps of SA biosynthesis include the synthesis of isochorismate that are processed in chloroplasts and then transported to cytoplasm by EDS5, a MATE family transporter (Serrano et al., 2013; Rekhter et al., 2019; Lefevere et al., 2020). Chloroplast differentiation is tightly associated with leaf maturation, from proplastids in cells of primordia to chloroplasts in mature leaves. During chloroplast biogenesis, thylakoids are formed, and proteins required for photosynthesis are arranged within the thylakoid (Jarvis and López-Juez, 2013; Gugel and Soll, 2017; Cackett et al., 2022). Premature leaves contain a reduced number of thylakoids per chloroplast (Gugel and Soll, 2017). The transition from plastids to mature chloroplasts during leaf development is shared between monocots and dicots seedlings (Pogson et al., 2015), although it is not clear if fully differentiated chloroplasts are more potent in producing SA precursors. Still, reduced SA biogenesis alone is not sufficient to explain the diminished SA response because young leaves were also compromised in SA signaling transduction upon SA treatment or pathogen infection (Figures 2, 3, 6).

In our research, both SA biogenesis and signaling were developmentally regulated. In Arabidopsis, SA is glucosylated to SAG or SA glucose ester (SGE) (George Thompson et al., 2017). SAG is mostly accumulated in the vacuole, and the majority of SGE is located in the cytosol (Vaca et al., 2017). It is proposed that in Arabidopsis, SAG acts as a long-term storage form of SA, while SGE, due to its ease of modification for active SA release, acts as a mobile SA factor (Vaca et al., 2017). Our results indicate that, unlike Arabidopsis, free SA is more abundant in young cotton leaves than that in mature leaves (Figure 6B), while the SAG concentration was consistently higher in mature than in young leaves (Figures 1E, 6C). It is possible that free SA and SAG played distinct roles in ontogenic resistance of Arabidopsis and cotton leaves, which remain to be investigated. We also observed a significant induction of GhPR1 in mature but not young cotton leaves at 24 h post-BTH treatment. These data were further supported by the disease resistance output.

Like many Xanthomonas pathogens, Xcm infection of cotton takes place over the course of weeks rather than over the course days as seen for the Pto DC3000-Arabidopsis interaction. However, a similar pattern of ontogenic resistance was observed in both pathosystems. We observed increased Xcm colonization of young cotton leaves actively developing at the time of inoculation based on both bacterial load and auto-bioluminescence localization pattern. Similar age-dependent reductions in bacterial loads were observed for both the WT and disarmed Xcm hrcV T3SS mutant, which is consistent with decreased basal immunity in young cotton leaves. Although cotton is grown as an annual crop, it is a perennial plant that develops a woody stem. These observations suggest an SA-dependent ontogenic resistance pathway exists in both herbaceous annual and woody perennial plants, despite the differences in infection strategies and disease progression.

It is interesting that the mutation in NPR1 did not fully abolish the ontogenic resistance as we observed in Arabidopsis. Other genetic factors in charge of ontogenic resistance may be tied to genes involved in the downstream function of different NPR proteins, such as key transcription factors in SA signaling: TGAs and WRKYs. In addition to genes involved in SA pathway, we also noticed that key components of the PTI signaling in Arabidopsis were upregulated during leaf maturation (Figure 2B, Supplementary Table S2). The activation of either SA or PTI responses can result in stunted growth, spontaneous cell death, and other developmental defects. These negative impacts on plant growth could be more detrimental in young tissues than in old tissues. Thus, the age-dependent activating of PTI or SA responses may have evolved to protect young tissues from strong immune damages.

Overall, we showed that age-dependent SA signaling, and part of the SA accumulation, are positively associated with the enhanced disease resistance in both mature Arabidopsis and cotton leaves. This positions SA as a potentially conserved pathway regulating ontogenic resistance across woody and herbaceous species. As cotton displays both apical and axillary growth throughout the growing season, young cotton leaves are continuously available as a potential entry point for pathogen invasion. Given the diversity of SA biogenesis and signaling mechanisms (Ullah et al., 2023), further investigations of SA molecular components in cotton and other plants could shed lights on the conservation and divergence of SA-mediated ontogenic resistances.





Materials and methods




Plant material, growth conditions, and bacterial strains

For Arabidopsis, wild type, transgenic lines, and mutants utilized in this study were in a Columbia-0 (Col-0) genetic background. The plants were sown on Fafard #3 Mix propagation soil, and the planted seeds were placed under 4°C for 2 days before transferring to a growth room with a temperature of 22°C and 45% humidity. A short-day condition with a photoperiod of 9 h light and 15 h dark and 180 μmol m−2 s−1 was employed, and the lighting was provided by a 5:3 combination of white (USHIO F32T8/741) and red-enriched (interlectric F32/T8/WS Gro-Lite) fluorescent lights. Plant age was counted from the day when seeds were transferred to the growth room. Young, expanding, and mature leaves were collected from 5–7-week-old plants, using the same plants for each leaf age. These leaves were in adult stage beyond leaf 10. Under axenic conditions, plants grown on autoclaved 1/2 MS media had leaves harvested from 3-week-old plants in the same manner as those grown in soil.

For cotton, seeds of an Xcm-susceptible cotton cultivar Deltapine 1747NR B2XF (DP 1747NR B2XF) were sown (one to two seeds/pot) directly in SunGrow Professional growing potting mix (Farfard 3B, Sungro; Agawam, MA) in 9-cm pots. Pots were incubated in a growth chamber (Conviron A1000) with a 12-h day at 26°C and a 12-h night at 23°C.

P. syringae DC3000 wild type and DC3000 cor− mutant strains were described in (Yang et al., 2017). Xanthomonas 4.02 WT and ΔhrcV mutant creation and Lux Tn7 tagging were described previously (Mijatović et al., 2021).





Bacterial infection

Arabidopsis infection with P. syringae. Bacteria strains were cultivated on King’s B solid medium [10 g/L peptone, 10 g/L glycerol, 15 g/L agar, 10 g/L Tryptone, 10 mL 10% K2HPO4 (10 g K2HPO4/100 mL), and 10 mL 10% MgSO4 (10 g MgSO4 anhydrous/100 mL)] at 28°C. The medium was supplemented with rifamycin for selection, and cycloheximide was added to prevent fungal growth. Before inoculation, bacterial stocks were streaked on a plate and allowed to grow for 2 days before being re-streaked one day prior to hand inoculation. To initiate infiltration, bacteria were collected from the plate and suspended in a 10-mM MgCl2 solution. Bacteria were inoculated into Arabidopsis leaves using a needless syringe. The initial inoculum was at OD = 0.1 and with 500 times dilution. After inoculation, plants were covered with transparent lids for 1 h. Each sample was composed of four-leaf disks obtained from four individual leaves using a corer. Two days after infiltration, leaf samples were collected and homogenized using an OMNI International homogenizer, diluted serially, and plated on KB plates with 10 µL of bacterial suspension per sample. The plates were incubated in a 28°C incubator for 2 days, and colony forming units were counted manually and normalized based on the inside area of the corer.

Cotton infection with Xanthomonas citri pv. malvacearum. Two-week-old cotton seedlings of the Xcm-susceptible (DP 1747NR B2XF) cotton cultivar, with the first two true leaves developed, were dip inoculated by submerging in 400 mL of bacterial cell suspension for 30 s. Inoculum (∼5 × 108 CFU/mL) was made by suspending plate-cultured cells cultured 48 h on LB agar augmented with 50 µg/mL Kanamycin of Xcm 4.02 WT Tn7LUX or Xcm 4.02 ΔhrcV Tn7LUX in Milli-Q H2O with 0.02% Silwet adjuvant (Silwet L-77 Ag, PhytoTech). The youngest actively developing leaf at the time of inoculation was marked with plastic flagging for future analysis. This experiment was repeated three times. The Student’s t-test was conducted to analyze Xcm load using R studio.

Leaves that developed from inoculated cotton seeds were collected and imaged at 2 weeks after transplanting into soil. For each sample, three images were taken with the following conditions: color (Samsung galaxy s10+), grayscale (70% aperture) (Analytic Jena UVP ChemStudio, Upland, CA), and no light with 2 min of exposure time (100% aperture) (Analytic Jena UVP ChemStudio, Upland, CA). Grayscale and 2-min exposure images were overlayed in Adobe Photoshop CC 2020. Details regarding image processing using Adobe Photoshop (2022) are as previously described (Mijatović et al., 2021).

Bacterial load quantification (CFU/cm2) was done by collecting 4 × 4 mm2 leaf disks with a biopsy punch, suspending it in 200 µL water in 2 mL, screw-cap with o-ring plastic tubes (Fisher Scientific) with three high-density 3 mm zirconium beads (Glen Mills). Maceration was done twice for 1 min each at 1,750 Hz, using a GenoGrinder (SPEX SamplePrep, Metuchen, NJ). The macerate was then 10-fold serially diluted and plated on LB agar media supplemented with 50 μg/mL of kanamycin and 80 μg/mL cephalexin. Bacterial populations were determined after incubation for 2 days at 28°C.





HPLC-QTOF-MS

For Arabidopsis, adult Col-0 leaves harvested from 5-, 6-, or 7-week-old plants grown in soil constituted one biological replicate for young (eight leaves per replicate), expanding (eight leaves per replicate), and fully mature leaves (three leaves per replicate). Five biological replicates were prepared for each developmental stage. Each biological replicate was flash frozen in a 50-mL falcon tube. The leaves were lyophilized and proceed for the high-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (HPLC-QTOF-MS) following the method described in Hu et al (Hu et al., 2023). The amount of salicylic acid beta-glucoside (SAG) and salicylic acid (SA) were quantified in the unit of nanogram metabolite per milligram of tissue (ng/mg tissue).

For cotton, eight samples, each consisting of five pooled biological replicates were flash frozen in 50-mL conical tubes and lyophilized for 24 h at 0.008 mbar and −84°C in a freeze dryer (Labconco). Following lyophilization, samples were macerated in 50 mL conical tubes with three 3-mm steel beads, two times for 2 min at 1,750 Hz, using a GenoGrinder (SPEX SamplePrep, Metuchen, NJ). Samples were then sent for metabolite extraction and QTOF analysis at Warnell School of Forestry and Natural Resources, UGA. The amount of SAG and SA were measured and calculated in the unit of nanogram metabolite per milligram of dry weight (ng/mg DW).





qRT-PCR

For Arabidopsis, RNA extraction was conducted using an Omega biotek EZNA plant RNA kit (Omega Biotek) or a RNeasy Plant Mini Kit (Qiagen), and quantitative PCR (qPCR) was performed on an Applied Biosystems QuantStudio 1 Real-Time PCR system with SYBR Green master mix (Applied Biosystems). The following PCR conditions were used: 95°C for 5 min, followed by 40 cycles of 95°C for 15 s, 56°C for 30 s, and 72°C for 20–30 s. Reference gene SAND (AT2G28390) was utilized. SAND expression was not affected by leaf age (Klepikova et al., 2016) (Pan et al., 2019) or infection (Yang et al., 2017). Relative expression was determined using the relative standard curve method, while delta–delta CT was used when the PCR efficiency for the primers was previously established to be at least 95%. The oligonucleotides used in this study are listed in Supplementary Table S1.

For cotton, RNA was extracted following the woody plant protocol from Gambino et al. (2008). Briefly, 900 µl of extraction buffer (2% CTAB, 2.5% PVP-40, 2M NaCl, 100 mM Tris–HCl pH 8.0 and 2% β-mercaptoethanol added just before use) preheated at 65°C were added to ~150 mg of cotton tissue sampled previously, ground in liquid nitrogen with three 3-mm zirconium beads (Glen Mills) and one metal bead, macerated two times for 1 min at 1,750 Hz, using a GenoGrinder (SPEX SamplePrep, Metuchen, NJ). The tubes were then vortexed and incubated at 65°C for 10 min. An equal volume of chloroform:isoamyl alcohol (24:1 v/v) was added. Tubes were then inverted vigorously and centrifuged in a pre-cooled centrifuge for 10 min at 4°C, 11,000 RCF. Following centrifugation, the supernatant was extracted into clean 1.5-mL tubes and a second chloroform:isoamyl alcohol extraction was done. The supernatant was then transferred into a new microcentrifuge tube with 400 µL 3M LiCl. The mixture was then incubated on ice for 30 min and incubated at −20°C overnight. The next day, the RNA was pelleted by centrifugation at 21,000 RCF for 20 min at 4°C. The supernatant was decanted, and the pellet was resuspended in 500 µL of SSTE buffer consisting of 10 mM Tris–HCl pH 8.0, 1 mM EDTA pH 8.0, 1% SDS, and 1M NaCl preheated at 65°C. An equal volume of chloroform:isoamyl alcohol was added, and the mixture was centrifuged for 10 min at 4°C, 11,000 RCF. The supernatant was then precipitated with 0.7 volumes of cold isopropanol and centrifuged for 15 min at 4°C, 21,000 RCF. The RNA pellet was subsequently washed with 70% EtOH in nuclease-free water, dried, and resuspended in nuclease-fee water.

Cotton RNA samples were subjected to an off-column DNase treatment using a TURBO DNA-free kit (Thermo Fisher Scientific) following the manufacturer’s recommendations. Following DNase treatment, the samples were cleaned using New England Biolabs (NEB) Monarch RNA Clean and Concentrate kit, following manufacturer’s instructions. The cDNA library was then created using qScript cDNA supermix (Quantabio) according to manufacturer’s instructions. All RNA and cDNA samples were tested for genomic DNA (gDNA) contamination before qPCR analysis using cotton GhGAPDH (glyceraldehyde 3-phosphate dehydrogenase) gene primers (Supplementary Table S1). For the qPCR reaction, 1–5 ng of cDNA template was used (standardized to the same concentration per experimental replicate). Conditions of the qPCR were kept identical throughout all runs within experimental replicates following the protocol of Smith et al. (2018). Amplification of cDNA was done in 10 µl reactions using Luna Universal qPCR Master Mix (NEB), 0.25 µM primers, and 2 µL of standardized cDNA. Master mixes and primers were pre-aliquoted for single use and stored at −20°C. All PCR reactions were run in triplicate wells, and sample-well organization was kept identical between plates within experimental replicates. We followed the default thermal cycling protocol in the StepOne software v2.3 (Thermo Fisher Scientific) with real-time capture of SYBR green and ROX (passive reference) fluorescence as follows: 10 min at 90°C, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, with camera capture at the end of each cycle. A melt curve was generated after the 40th cycle, using the following parameters: 95°C for 15 s, 60°C for 1 min, then a slow ramp (0.3°C/s) to 95°C, with camera capture. All runs were conducted on the Step One Plus real-time PCR system (Thermo Fisher Scientific). For housekeeping gene controls, we used previously published GhUBQ1 (Cox et al., 2017) and GhGAPDH (McGarry et al., 2016) primers (Supplementary Table S1). Relative quantification of GhPR1 was calculated as described by Smith et al. (2018) following the modified Pfaffl method (Hellemans et al., 2007; Pfaffl, 2007). Three biological and three technical replicates were included in each run. Differences in gene expression were determined by comparing all 24-h data to 6-h mock-treated sample set. Relative expression was calculated using average Cqs and PCR efficiencies. The E^ΔCq values from reference genes (GhGAPDH, GhUBQ1) (Supplementary Table S1) were geometrically averaged to make the Normalizing Factor (NF). NF is divided into the E^ΔCq of GhPR1 to give Fold Change (FC). The FC of all three experimental replicates was analyzed using Rstudio to determine significant difference based on one-way ANOVA.





GUS staining assay

Plants containing proPR2::GUS, proPR1::GUS, or proCyclinB1::GUS were harvested at the specified time after planting. To prepare the GUS solution, a mixture of 0.1 M NaPO4 (pH 7.0), 10 mM EDTA, 0.1% Triton X-100, 1 mM K3Fe(CN)6, and 2 mM X-Gluc (dissolved in N,N-DMF and freshly made) was vacuum infiltrated into the plants. Samples were incubated at 37°C for various time from 1 h to 24 h. The staining solution was then substituted with 70% ethanol. The tissues were washed multiple times with 70% ethanol until the chlorophyll in the leaves was removed. The GUS-stained leaves were then observed under a dissecting microscope (VWR).





Re-analysis of published RNA-seq datasets

We reanalyzed cluster 1 (3,918 genes), cluster 2 (800 genes), cluster 3 (1,512 genes), and cluster 4 (1,831 genes) derived from Pan et al. (2019). Clusters 1 and 2 were combined as 4,718 upregulated genes during leaf development. Clusters 3 and 4 were combined as 3,343 downregulated genes during leaf development. In Excel, we calculated the arithmetic mean and standard deviation of transcripts per million (TPM) for each gene using three replicates derived from 9 days, 12 days, and 15 days, respectively. The Z-score for each gene, replicate, and day was calculated with the following formula: (observed TPM − arithmetic mean)/standard deviation. The mean Z-score per gene per day was generated by averaging the Z-score of the three replicates. Next, we overlapped the BTH-responsive genes identified by Yang et al. (2017) with these ontogenic genes and marked the BTH-triggered genes as visualized in the heatmaps (R package ComplexHeatmap v.2.15.4) (Gu et al., 2016; Gu, 2022).





BTH treatment

For Arabidopsis, BTH (Actigard 50WG, Syngenta) at a concentration of 50 µM was sprayed onto seedlings. Water was used as a mock control. Samples were collected at 24 h post-treatment.

For cotton, 2-week old plants with one fully expanded true leaf (mature) and one actively expanding (young) true leaf were dipped into the 3-mM suspension of BTH with 0.02% Silwet. Samples were collected in liquid nitrogen at 6 h and 24 h post-dip inoculation, for RNA extraction. This experiment was repeated three times with similar results.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

LH: Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization. JM: Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization. FK: Data curation, formal analysis, Investigation, Methodology, Visualization, Writing – review & editing. BK: Writing – original draft, Writing – review & editing. LY: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project is supported by NIH R35GM143067 to LY and Cotton Incorporated and The Georgia Cotton Commission to BK. Funding for the Agilent UPLC-QTOF was provided by the US Department of Agriculture, National Institute of Food and Agriculture, Equipment Grant Program award no. 2021–70410-35297.




Acknowledgments

We thank Scott Harding and Khadijeh Mozaffari for analytical assistance. The cpr1 and snc1 with proPR2::GUS reporter lines were kindly provided by Yuelin Zhang, University of British Columbia. We thank all the members of Yang lab for helpful discussions and critical reading and reviews of this manuscript, Stephanie Chen for sample collection and preparation in HPLC-QTOF-MS, and an undergraduate researcher, Jaimie Seymour, for accumulating preliminary data.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1398770/full#supplementary-material

Supplementary Table 1 | Primers used in this study.

Supplementary Table 2 | Ontogenic stage preferred gene lists in Figure 2B.




References

 Ando, K., Carr, K. M., Colle, M., Mansfeld, B. N., and Grumet, R. (2015). Exocarp Properties and Transcriptomic Analysis of Cucumber (Cucumis sativus) Fruit Expressing Age-Related Resistance to Phytophthora capsici. PloS One 10, e0142133. doi: 10.1371/journal.pone.0142133

 Ando, K., Hammar, S., and Grumet, R. (2009). Age-related resistance of diverse cucurbit fruit to infection by Phytophthora capsici. J. Am. Soc. Hortic. Sci. 134, 176–182. doi: 10.21273/JASHS.134.2.176

 Asalf, B., Gadoury, D. M., Tronsmo, A. M., Seem, R. C., Dobson, A., Peres, N. A., et al. (2014). Ontogenic resistance of leaves and fruit, and how leaf folding influences the distribution of powdery mildew on strawberry plants colonized by Podosphaera aphanis. Phytopathology 104, 954–963. doi: 10.1094/PHYTO-12-13-0345-R

 Bao, Z., and Hua, J. (2014). Interaction of CPR5 with cell cycle regulators UVI4 and OSD1 in Arabidopsis. PloS One 9, e100347. doi: 10.1371/journal.pone.0100347

 Bar, M., and Ori, N. (2014). Leaf development and morphogenesis. Development 141, 4219–4230. doi: 10.1242/dev.106195

 Berens, M. L., Wolinska, K. W., Spaepen, S., Ziegler, J., Nobori, T., Nair, A., et al. (2019). Balancing trade-offs between biotic and abiotic stress responses through leaf age-dependent variation in stress hormone cross-talk. Proc. Natl. Acad. Sci. U.S.A. 116, 2364–2373. doi: 10.1073/pnas.1817233116

 Bowling, S. A., Guo, A., Cao, H., Gordon, A. S., Klessig, D. F., and Dong, X. (1994). A mutation in Arabidopsis that leads to constitutive expression of systemic acquired resistance. Plant Cell 6, 1845–1857. doi: 10.1105/tpc.6.12.1845

 Cackett, L., Luginbuehl, L. H., Schreier, T. B., Lopez-Juez, E., and Hibberd, J. M. (2022). Chloroplast development in green plant tissues: the interplay between light, hormone, and transcriptional regulation. New Phytol. 233, 2000–2016. doi: 10.1111/nph.17839

 Cao, H., Glazebrook, J., Clarke, J. D., Volko, S., and Dong, X. (1997). The Arabidopsis NPR1 gene that controls systemic acquired resistance encodes a novel protein containing ankyrin repeats. Cell 88, 57–63. doi: 10.1016/S0092-8674(00)81858-9

 Chan, C. (2022). Progress in salicylic acid-dependent signaling for growth-defense trade-off. Cells 11, 2985. doi: 10.3390/cells11192985

 Churchman, M. L., Brown, M. L., Kato, N., Kirik, V., Hulskamp, M., Inze, D., et al. (2006). SIAMESE, a plant-specific cell cycle regulator, controls endoreplication onset in Arabidopsis thaliana. Plant Cell 18, 3145–3157. doi: 10.1105/tpc.106.044834

 Cox, K. L., Meng, F., Wilkins, K. E., Li, F., Wang, P., Booher, N. J., et al. (2017). TAL effector driven induction of a SWEET gene confers susceptibility to bacterial blight of cotton. Nat. Commun. 8, 15588. doi: 10.1038/ncomms15588

 Despres, C., Chubak, C., Rochon, A., Clark, R., Bethune, T., Desveaux, D., et al. (2003). The Arabidopsis NPR1 disease resistance protein is a novel cofactor that confers redox regulation of DNA binding activity to the basic domain/leucine zipper transcription factor TGA1. Plant Cell 15, 2181–2191. doi: 10.1105/tpc.012849

 Develey-Riviere, M. P., and Galiana, E. (2007). Resistance to pathogens and host developmental stage: a multifaceted relationship within the plant kingdom. New Phytol. 175, 405–416. doi: 10.1111/j.1469-8137.2007.02130.x

 Ding, Y., Sun, T., Ao, K., Peng, Y., Zhang, Y., Li, X., et al. (2018). Opposite roles of salicylic acid receptors NPR1 and NPR3/NPR4 in transcriptional regulation of plant immunity. Cell 173, 1454–1467.e1415. doi: 10.1016/j.cell.2018.03.044

 Du, F., Guan, C., and Jiao, Y. (2018). Molecular mechanisms of leaf morphogenesis. Mol. Plant 11, 1117–1134. doi: 10.1016/j.molp.2018.06.006

 Fan, W., and Dong, X. (2002). In vivo interaction between NPR1 and transcription factor TGA2 leads to salicylic acid-mediated gene activation in Arabidopsis. Plant Cell 14, 1377–1389. doi: 10.1105/tpc.001628

 Fu, Z. Q., Yan, S., Saleh, A., Wang, W., Ruble, J., Oka, N., et al. (2012). NPR3 and NPR4 are receptors for the immune signal salicylic acid in plants. Nature 486, 228–232. doi: 10.1038/nature11162

 Gambino, G., Perrone, I., and Gribaudo, I. (2008). A rapid and effective method for RNA extraction from different tissues of grapevine and other woody plants. Phytochem. Anal. 19, 520–525. doi: 10.1002/pca.1078

 George Thompson, A. M., Iancu, C. V., Neet, K. E., Dean, J. V., and Choe, J.-Y. (2017). Differences in salicylic acid glucose conjugations by UGT74F1 and UGT74F2 from Arabidopsis thaliana. Sci. Rep. 7, 46629. doi: 10.1038/srep46629

 Gu, Z. (2022). Complex heatmap visualization. Imeta 1, e43. doi: 10.1002/imt2.43

 Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics 32, 2847–2849. doi: 10.1093/bioinformatics/btw313

 Gugel, I. L., and Soll, J. (2017). Chloroplast differentiation in the growing leaves of Arabidopsis thaliana. Protoplasma 254, 1857–1866. doi: 10.1007/s00709-016-1057-9

 Gusberti, M., Gessler, C., and Broggini, G. A. (2013). RNA-Seq analysis reveals candidate genes for ontogenic resistance in Malus-Venturia pathosystem. PloS One 8, e78457. doi: 10.1371/journal.pone.0078457

 Hamdoun, S., Zhang, C., Gill, M., Kumar, N., Churchman, M., Larkin, J. C., et al. (2016). Differential roles of two homologous cyclin-dependent kinase inhibitor genes in regulating cell cycle and innate immunity in Arabidopsis. Plant Physiol. 170, 515–527. doi: 10.1104/pp.15.01466

 Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., and Vandesompele, J. (2007). qBase relative quantification framework and software for management and automated analysis of real-time quantitative PCR data. Genome Biol. 8, 1–14. doi: 10.1186/gb-2007-8-2-r19

 Hu, L., Qi, P., Peper, A., Kong, F., Yao, Y., and Yang, L. (2023). Distinct function of SPL genes in age-related resistance in Arabidopsis. PloS Pathog. 19, e1011218. doi: 10.1371/journal.ppat.1011218

 Hu, L., and Yang, L. (2019). Time to fight: Molecular mechanisms of age-related resistance. Phytopathology 109, 1500–1508. doi: 10.1094/PHYTO-11-18-0443-RVW

 Huang, P., Dong, Z., Guo, P., Zhang, X., Qiu, Y., Li, B., et al. (2020). Salicylic acid suppresses apical hook formation via NPR1-mediated repression of EIN3 and EIL1 in Arabidopsis. Plant Cell 32, 612–629. doi: 10.1105/tpc.19.00658

 Huot, B., Yao, J., Montgomery, B. L., and He, S. Y. (2014). Growth-defense tradeoffs in plants: a balancing act to optimize fitness. Mol. Plant 7, 1267–1287. doi: 10.1093/mp/ssu049

 Jarvis, P., and López-Juez, E. (2013). Biogenesis and homeostasis of chloroplasts and other plastids. Nat. Rev. Mol. Cell Biol. 14, 787–802. doi: 10.1038/nrm3702

 Klepikova, A. V., Kasianov, A. S., Gerasimov, E. S., Logacheva, M. D., and Penin, A. A. (2016). A high resolution map of the Arabidopsis thaliana developmental transcriptome based on RNA-seq profiling. Plant J. 88, 1058–1070. doi: 10.1111/tpj.13312

 Lefevere, H., Bauters, L., and Gheysen, G. (2020). Salicylic acid biosynthesis in plants. Front. Plant Sci. 11, 338. doi: 10.3389/fpls.2020.00338

 Li, A., Sun, X., and Liu, L. (2022). Action of salicylic acid on plant growth. Front. Plant Sci. 13, 878076. doi: 10.3389/fpls.2022.878076

 Li, X., Clarke, J. D., Zhang, Y., and Dong, X. (2001). Activation of an EDS1-mediated R-gene pathway in the snc1 mutant leads to constitutive, NPR1-independent pathogen resistance. Mol. Plant Microbe Interact. 14, 1131–1139. doi: 10.1094/MPMI.2001.14.10.1131

 Liu, Y., Sun, T., Sun, Y., Zhang, Y., Radojicic, A., Ding, Y., et al. (2020). Diverse roles of the salicylic acid receptors NPR1 and NPR3/NPR4 in plant immunity. Plant Cell 32, 4002–4016. doi: 10.1105/tpc.20.00499

 Mansfeld, B. N., Colle, M., Kang, Y., Jones, A. D., and Grumet, R. (2017). Transcriptomic and metabolomic analyses of cucumber fruit peels reveal a developmental increase in terpenoid glycosides associated with age-related resistance to Phytophthora capsici. Hortic. Res. 4, 17022. doi: 10.1038/hortres.2017.22

 Martínez, C., Pons, E., Prats, G., and León, J. (2004). Salicylic acid regulates flowering time and links defence responses and reproductive development. Plant J. 37, 209–217. doi: 10.1046/j.1365-313X.2003.01954.x

 McGarry, R. C., Prewitt, S. F., Culpepper, S., Eshed, Y., Lifschitz, E., Ayre, B. G., et al. (2016). Monopodial and sympodial branching architecture in cotton is differentially regulated by the Gossypium hirsutum SINGLE FLOWER TRUSS and SELF-PRUNING orthologs. New Phytologist 212, 244–258.

 Menges, M., Samland, A. K., Planchais, S., and Murray, J. A. (2006). The D-type cyclin CYCD3; 1 is limiting for the G1-to-S-phase transition in Arabidopsis. Plant Cell 18, 893–906. doi: 10.1105/tpc.105.039636

 Mijatović, J., Severns, P. M., Kemerait, R. C., Walcott, R. R., and Kvitko, B. H. (2021). Patterns of seed-to-seedling transmission of Xanthomonas citri pv. malvacearum, the causal agent of cotton bacterial blight. Phytopathology® 111, 2176–2184. doi: 10.1094/PHYTO-02-21-0057-R

 Morris, K., Mackerness, S. A. H., Page, T., John, C. F., Murphy, A. M., Carr, J. P., et al. (2000). Salicylic acid has a role in regulating gene expression during leaf senescence. Plant J. 23, 677–685. doi: 10.1046/j.1365-313x.2000.00836.x

 Nath, U., Crawford, B. C., Carpenter, R., and Coen, E. (2003). Genetic control of surface curvature. Science 299, 1404–1407. doi: 10.1126/science.1079354

 Nawrath, C., Heck, S., Parinthawong, N., and Métraux, J.-P. (2002). EDS5, an essential component of salicylic acid–dependent signaling for disease resistance in Arabidopsis, is a member of the MATE transporter family. Plant Cell 14, 275–286. doi: 10.1105/tpc.010376

 Nawrath, C., and Metraux, J. P. (1999). Salicylic acid induction-deficient mutants of Arabidopsis express PR-2 and PR-5 and accumulate high levels of camalexin after pathogen inoculation. Plant Cell 11, 1393–1404. doi: 10.1105/tpc.11.8.1393

 Nelissen, H., Rymen, B., Jikumaru, Y., Demuynck, K., Van Lijsebettens, M., Kamiya, Y., et al. (2012). A local maximum in gibberellin levels regulates maize leaf growth by spatial control of cell division. Curr. Biol. 22, 1183–1187. doi: 10.1016/j.cub.2012.04.065

 Ori, N., Cohen, A. R., Etzioni, A., Brand, A., Yanai, O., Shleizer, S., et al. (2007). Regulation of LANCEOLATE by miR319 is required for compound-leaf development in tomato. Nat. Genet. 39, 787–791. doi: 10.1038/ng2036

 Pan, J., Zhao, F., Zhang, G., Pan, Y., Sun, L., Bao, N., et al. (2019). Control of de novo root regeneration efficiency by developmental status of Arabidopsis leaf explants. J. Genet. Genomics 46, 133–140. doi: 10.1016/j.jgg.2019.03.001

 Pasternak, T., Groot, E. P., Kazantsev, F. V., Teale, W., Omelyanchuk, N., Kovrizhnykh, V., et al. (2019). Salicylic acid affects root meristem patterning via auxin distribution in a concentration-dependent manner. Plant Physiol. 180, 1725–1739. doi: 10.1104/pp.19.00130

 Pfaffl, M. W. (2007). “Relative quantification”. in Real-time PCR (Milton Park, in Oxfordshire: Taylor & Francis), 89–108.

 Pogson, B. J., Ganguly, D., and Albrecht-Borth, V. (2015). Insights into chloroplast biogenesis and development. Biochim. Biophys. Acta 1847, 1017–1024. doi: 10.1016/j.bbabio.2015.02.003

 Rekhter, D., Ludke, D., Ding, Y., Feussner, K., Zienkiewicz, K., Lipka, V., et al. (2019). Isochorismate-derived biosynthesis of the plant stress hormone salicylic acid. Science 365, 498–502. doi: 10.1126/science.aaw1720

 Rivas-San Vicente, M., and Plasencia, J. (2011). Salicylic acid beyond defence: its role in plant growth and development. J. Exp. Bot. 62, 3321–3338. doi: 10.1093/jxb/err031

 Serrano, M., Wang, B., Aryal, B., Garcion, C., Abou-Mansour, E., Heck, S., et al. (2013). Export of salicylic acid from the chloroplast requires the multidrug and toxin extrusion-like transporter EDS5. Plant Physiol. 162, 1815–1821. doi: 10.1104/pp.113.218156

 Sinha, N. (1999). Leaf development in angiosperms. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 419–446. doi: 10.1146/annurev.arplant.50.1.419

 Smith, A., Lovelace, A. H., and Kvitko, B. H. (2018). Validation of RT-qPCR approaches to monitor Pseudomonas syringae gene expression during infection and exposure to pattern-triggered immunity. Mol. Plant-Microbe Interact. 31, 410–419. doi: 10.1094/MPMI-11-17-0270-TA

 Twomey, M. C., Wolfenbarger, S. N., Woods, J. L., and Gent, D. H. (2015). Development of partial ontogenic resistance to powdery mildew in hop cones and its management implications. PloS One 10, e0120987. doi: 10.1371/journal.pone.0120987

 Ullah, C., Chen, Y.-H., Ortega, M. A., and Tsai, C.-J. (2023). The diversity of salicylic acid biosynthesis and defense signaling in plants: Knowledge gaps and future opportunities. Curr. Opin. Plant Biol. 72, 102349. doi: 10.1016/j.pbi.2023.102349

 Vaca, E., Behrens, C., Theccanat, T., Choe, J. Y., and Dean, J. V. (2017). Mechanistic differences in the uptake of salicylic acid glucose conjugates by vacuolar membrane-enriched vesicles isolated from Arabidopsis thaliana. Physiol. Plant. 161, 322–338. doi: 10.1111/ppl.12602

 Vanacker, H., Lu, H., Rate, D. N., and Greenberg, J. T. (2001). A role for salicylic acid and NPR1 in regulating cell growth in Arabidopsis. Plant J. 28, 209–216. doi: 10.1046/j.1365-313X.2001.01158.x

 van Butselaar, T., and Van den Ackerveken, G. (2020). Salicylic acid steers the growth-immunity tradeoff. Trends Plant Sci. 25, 566–576. doi: 10.1016/j.tplants.2020.02.002

 van Wersch, R., Li, X., and Zhang, Y. (2016). Mighty dwarfs: Arabidopsis autoimmune mutants and their usages in genetic dissection of plant immunity. Front. Plant Sci. 7, 1717. doi: 10.3389/fpls.2016.01717

 Vogel, J., and Somerville, S. (2000). Isolation and characterization of powdery mildew-resistant Arabidopsis mutants. Proc. Natl. Acad. Sci. U.S.A. 97, 1897–1902. doi: 10.1073/pnas.030531997

 Xia, J., Zhao, H., Liu, W., Li, L., and He, Y. (2009). Role of cytokinin and salicylic acid in plant growth at low temperatures. Plant Growth Regul. 57, 211–221. doi: 10.1007/s10725-008-9338-8

 Xu, L., Zhao, H., Ruan, W., Deng, M., Wang, F., Peng, J., et al. (2017). ABNORMAL INFLORESCENCE MERISTEM1 functions in salicylic acid biosynthesis to maintain proper reactive oxygen species levels for root meristem activity in rice. Plant Cell 29, 560–574. doi: 10.1105/tpc.16.00665

 Yang, L., Teixeira, P. J. P. L., Biswas, S., Finkel, O. M., He, Y., Salas-Gonzalez, I., et al. (2017). Pseudomonas syringae type III effector hopBB1 promotes host transcriptional repressor degradation to regulate phytohormone responses and virulence. Cell Host Microbe 21, 156–168. doi: 10.1016/j.chom.2017.01.003

 Zheng, X. Y., Spivey, N. W., Zeng, W., Liu, P. P., Fu, Z. Q., Klessig, D. F., et al. (2012). Coronatine promotes Pseudomonas syringae virulence in plants by activating a signaling cascade that inhibits salicylic acid accumulation. Cell Host Microbe 11, 587–596. doi: 10.1016/j.chom.2012.04.014

 Zhou, P., Zavaliev, R., Xiang, Y., and Dong, X. (2023). Seeing is believing: Understanding functions of NPR1 and its paralogs in plant immunity through cellular and structural analyses. Curr. Opin. Plant Biol. 73, 102352. doi: 10.1016/j.pbi.2023.102352

 Zou, Y., Wang, S., Zhou, Y., Bai, J., Huang, G., Liu, X., et al. (2018). Transcriptional regulation of the immune receptor FLS2 controls the ontogeny of plant innate immunity. Plant Cell 30, 2779–2794. doi: 10.1105/tpc.18.00297




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 Hu, Mijatovic, Kong, Kvitko and Yang. 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-15-1398770-g003.jpg
A Cc . . -
Col-0 cpr1 proPR2::GUS; snct X s
M 2 |
e |0 o
; o

SA responsive genes

o

250

B 200 -
cpri

(proPR2::GUS) 150 4 *

100 - u *

BTH ] ' I
0 - s— — L] -—

4 M Y M Y M b 4 M
AT2G15080 AT4G21380 AT2G38470 AT2G40750

Fold change

o
o

in snc1





OEBPS/Images/fpls.2024.1398770_cover.jpg
& frontiers | Frontiers in Plant Science

Ontogenic stage-associated SA response
contributes to leaf age-dependent
resistance in Arabidopsis and cotton





OEBPS/Images/fpls-15-1398770-g001.jpg
B C

| proPR1::GUS | proPR2::GUS proCyclinB1::GUS

Mock BTH ‘r Mock
b
0
0 - <
v
.
D E AT2G15080(RLP19) F
200, ¢ 400 100
=1 Young . 400+ ——Mock ~ —BTH J 80 ,[ SAG SA
150 B3 Expanding - /’ 60 " ’ i s
=3 Matu 1 5
lature - o | iy ’ 40 | ) § ’ b b b
g = e R 20 Scani® o 8 . *
c 8 o 0 — 2 = & 10
2 o Young Expanding Mature Young Expanding Mature _; 6 a . %
5} ko] a
kel © AT2G38470(WRKY33) AT2G40750(WRKY54) % 4 :’E: a *
e % 100 120 c 08 ¢ &
80 J 100 2 o= .
60 24 80 - L
40 - 2 a0 %
54 - 40 4 b
20 4 it 20 4 e
0 — 0 e

CyclinB 1 PR1 PR2 Young Expanding  Mature Young Expanding Mature





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ontogenic stage-associated SA response contributes to leaf age-dependent resistance in Arabidopsis and cotton

      

        		

          Introduction

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            Arabidopsis mature leaves showed higher SA response than young leaves

          



          		

            The ontogenic increase in SA response was not due to prolonged exposure to the phyllosphere microbiome

          



          		

            Arabidopsis auto-immune mutants did not alter the temporal pattern of SA response

          



          		

            Premature Arabidopsis leaves were more susceptible to Pseudomonas syringae pv. tomato DC3000 coronatine−

          



          		

            Young cotton leaves were more susceptible to Xanthomonas citri pv. malvacearum infection than mature leaves

          



          		

            SA and SAG accumulation varied in young and mature cotton leaves

          



          		

            GhPR1 induction by BTH differs between young and mature cotton leaves

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Plant material, growth conditions, and bacterial strains

          



          		

            Bacterial infection

          



          		

            HPLC-QTOF-MS

          



          		

            qRT-PCR

          



          		

            GUS staining assay

          



          		

            Re-analysis of published RNA-seq datasets

          



          		

            BTH treatment

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1398770-g005.jpg
-1: developed pre-inoculation
0: youngest at inoculation
+1: developed post-inoculation

D

LOG10o CFU/cm?

10

color

dark

°

First &

0
Second = Third

+1

10

o ©

LOG10o CFU/cm?

e

-1

°

Xem T3SS-

==

0 +1
First 4 Second = Third






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1398770-g004.jpg
BTH DC3000 DC3000

log10 CFU/cm?

Young Mature Young Mature

proPR1::GUS

Col

0 npr1-1





OEBPS/Images/fpls-15-1398770-g002.jpg
160
140
120
100
80
60

Fold change

40
20

B Z score

[9
c
C
bbcb

AT2G15080 AT4G21380 AT2G38470 AT2G40750
myoung mexpanding [Emature

M BTH-upregulated genes

LR M BTH-downregulated genes
50 5 e 9
4718 3343
Ontogenic-upregulated genes  Ontogenic-downregulated genes
1263 (26.8%) 70 (2.1%)
< BAK1 -
< FLS2
< CERK1
= -
% 86 (1.8%) Q 905 (27.1%)
Mean Mean Mean Mean Mean Mean

9days 12 days 15 days

9days 12 days 15 days





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





OEBPS/Images/fpls-15-1398770-g006.jpg
N
o

N
o

SAG ng/mg DW leaf
5 @

o
o

Young
SAG

o

KrﬁfskaI-WaIIis p=0.001

Mature  Young

SA ng/mg DW leaf

-
o
o

12.5

X
o

o
o

D

Fold Change

SA

Kruskal-Wallis p=0.0001

Mature  Young

GhPR1 in cotton leaves

Mock BTH Mock BTH

Mature Young





