

[image: Plant elicitor peptide induces endocytosis of plasma membrane proteins in Arabidopsis]
Plant elicitor peptide induces endocytosis of plasma membrane proteins in Arabidopsis





ORIGINAL RESEARCH

published: 22 December 2023

doi: 10.3389/fpls.2023.1328250

[image: image2]


Plant elicitor peptide induces endocytosis of plasma membrane proteins in Arabidopsis


Yanping Jing 1,2,3†, Xiaojiang Zheng 3*†, Rouhallah Sharifi 4 and Jian Chen 1,2*


1 International Genome Center, Jiangsu University, Zhenjiang, China, 2 School of Life Sciences, Jiangsu University, Zhenjiang, China, 3 Chinese Education Ministry’s Key Laboratory of Western Resources and Modern Biotechnology, Key Laboratory of Biotechnology Shaanxi Province, College of Life Sciences, Northwest University, Xi’an, Shaanxi, China, 4 Department of Plant Protection, College of Agriculture and Natural Resources, Razi University, Kermanshah, Iran




Edited by: Katarzyna Otulak-Kozieł, Warsaw University of Life Sciences, Poland

Reviewed by: 

Xiaohui Li, Purdue University, United States

Jose Sebastian Rufian, University of Málaga, Spain

*Correspondence: 

Jian Chen
 jianchen@ujs.edu.cn 

Xiaojiang Zheng
 xjzheng@nwu.edu.cn











†These authors have contributed equally to this work



Received: 26 October 2023

Accepted: 07 December 2023

Published: 22 December 2023

Citation:
Jing Y, Zheng X, Sharifi R and Chen J (2023) Plant elicitor peptide induces endocytosis of plasma membrane proteins in Arabidopsis. Front. Plant Sci. 14:1328250. doi: 10.3389/fpls.2023.1328250



In plants, the regulation of plasma membrane (PM) dynamics through endocytosis plays a crucial role in responding to external environmental cues and defending against pathogens. The Arabidopsis plant elicitor peptides (Peps), originating from precursor proteins called PROPEPs, have been implicated in various aspects of plant immunity. This study delves into the signaling pathway of Peps, particularly Pep1, and its effect on PM protein internalization. Using PIN2 and BRI1 as PM markers, we demonstrated that Pep1 stimulates the endocytosis of these PM-localized proteins through clathrin-mediated endocytosis (CME). CLC2 and CLC3, two light chains of clathrin, are vital for Pep1-induced PIN2-GFP and BRI1-GFP internalization.The internalized PIN2 and BRI1 are subsequently transported to the vacuole via the trans-Golgi network/early endosome (TGN/EE) and prevacuolar compartment (PVC) pathways. Intriguingly, salicylic acid (SA) negatively regulates the effect of Pep1 on PM endocytosis. This study sheds light on a previously unknown signaling pathway by which danger peptides like Pep1 influence PM dynamics, contributing to a deeper understanding of the function of plant elicitor peptide.
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Introduction

Plants, unlike animals, are rooted in place and cannot evade threats posed by pests and diseases. To counteract these external challenges, they have evolved highly conserved innate immune systems. In general, the plant innate immunity is triggered by the recognition of specific molecular components released by bacteria, fungi, or herbivores. Examples of these components include bacterial flagellin, elongation factor (EF)-Tu, fungal chitin, and peptidoglycans (Nürnberger et al., 2004; Zipfel and Felix, 2005; Boller and Felix, 2009; Macho and Zipfel, 2014). These molecules are categorized as MAMPs (microbe-associated molecular patterns), HAMPs (herbivore-associated molecular patterns), or VAMPs (virus-associated molecular patterns) based on their origin (Bartels and Boller, 2015). In addition, plants can release specific molecules known as damage- or danger-associated molecular patterns (DAMPs) in response to pathogen attacks or injuries, which play a regulatory role in plant immunity (Endo et al., 2014; Macho and Zipfel, 2014).

One well-studied DAMP in Arabidopsis is the plant elicitor peptides (Peps), originating from the C-terminal regions of precursor proteins called PROPEPs (Huffaker et al., 2006; Huffaker et al., 2013). Arabidopsis has eight PROPEPs, which generate eight small Pep peptides in response to pathogen invasion and physical injury (Huffaker et al., 2006; Bartels et al., 2013; Huffaker et al., 2013; Bartels and Boller, 2015; Klauser et al., 2015). Peps are recognized by two closely related receptors, PEPR1 and PEPR2, and initiate downstream signaling events, including the elevation of cytosolic Ca2+ levels, the generation of reactive oxygen species, the expression of defense-related genes, the formation of calluses, lignin deposition, and the regulation of root growth (Millet et al., 2010; Bartels et al., 2013; Beck et al., 2014; Ma et al., 2014; Jing et al., 2019; Jing et al., 2020; Jing et al., 2023).

Membrane proteins’ dynamics through endomembrane trafficking are crucial for plant growth and their ability to respond to environmental cues (Kleine-Vehn and Friml, 2008; Chen et al., 2011; Gu et al., 2017). Endomembrane trafficking encompasses several major pathways, including the biosynthetic secretory pathway, endocytic pathway, and vacuolar transport pathway (Aniento et al., 2022). The endoplasmic reticulum (ER)-Golgi-dependent biosynthetic secretory pathway plays a specialized role in providing and sorting plasma membrane and cell wall components (Sinclair et al., 2018). Endocytosis is the process by which cargo from the extracellular space or plasma membrane (PM) materials are internalized and redistributed into different subcellular destinations (Sorkin and von Zastrow, 2009; Aniento et al., 2022). Clathrin-mediated endocytosis (CME) is the primary mode of endocytosis that regulates the dynamics of PM proteins (Dhonukshe et al., 2007; Aniento et al., 2022). Accompanied by endocytosis, the internalized PM cargo is transported to the trans-Golgi network (TGN)/early endosome (TGN/EE) and then recycled back to the plasma membrane indirectly via recycling endosomes or recruited into intraluminal vesicles to finish the vacuolar transport pathway (Kaksonen and Roux, 2018; Mettlen et al., 2018; Aniento et al., 2022).

In our pursuit to unravel the signaling pathway of Peps in plants, our previous work highlighted Pep1’s role in stimulating the internalization of PM-located PIN-FORMED2 (PIN2) protein when externally applied (Jing et al., 2019). In the present investigation, we utilized two PM-localized proteins, PIN2 and BRASSINOSTEROID INSENSITIVE1 (BRI1), fused with GFP as markers of PM proteins to assess the effect of Pep1 on PM internalization. Our findings indicate that the application of exogenous Pep1 induces the endocytosis of PIN2-GFP and BRI1-GFP, a process mediated by the two clathrin light chains, CLC2 and CLC3. The internalized PIN2-GFP and BRI1-GFP accumulate in endosomes and are subsequently transported into the vacuole through the TGN/EE and PVC transport pathways. Interestingly, salicylic acid (SA) was found to negatively regulate the effect of Pep1 on PIN2 and BRI1 internalization. These discoveries unveil a novel signaling pathway through which Pep1 induces the endocytosis of PM-localized proteins.





Results




Pep1 induces endocytosis of plasma membrane-localized proteins

Previous investigations have documented the immunomodulatory effects of Peps and their role in inhibiting root growth in Arabidopsis (Zheng et al., 2018; Jing et al., 2019; Jing et al., 2020; Shen et al., 2020; Jing et al., 2023). Notably, treatment of roots with synthetic Pep1 led to a significant internalization of GFP-labeled PIN2 from the plasma membrane (PM). This observation raised the question of how Peps regulate the dynamics of PM proteins in terms of cellular internalization. To confirm the cellular internalization of PM induced by Pep1, we used the endocytic tracer Fei Mao dye 4-64 (FM4-64), a widely used marker in vesicle trafficking network research (Jelínková et al., 2010), to stain wild-type Columbia-0 (WT) seedlings. The dyed roots were incubated in half-strength MS liquid medium with or without 100 nM Pep1 for varying durations. As shown in Supplementary Figure 1A, the FM 4-64 labeled PM signals gradually diminished as intracellular puncta appeared (Supplementary Figure 1). Notably, the presence of Pep1 led to a significant increase in the density of intracellular puncta compared to the control condition, accompanied by a more pronounced reduction in PM fluorescence and a corresponding increase in intracellular space fluorescence (Supplementary Figure 1). These results suggest that Pep1 triggers PM endocytosis.

To further analyze the dynamics of PM proteins under Pep1 treatment, we explored the dynamics of PIN2-GFP and BRI1-GFP, two widely used PM protein markers in the endocytosis studies of membrane proteins (Dhonukshe et al., 2007). The signals of PIN2-GFP and BRI1-GFP were initially located on the PM of root epidermal cells (Figures 1A, B). However, when exposed to 100 nM Pep1, both PIN2-GFP and BRI1-GFP fluorescent signals appeared inside of the cell, forming intracellular puncta that colocalized with FM4-64 in wild-type roots (Figures 1A, B). The linear Pearson correlation coefficient (rP) for colocalization between PIN2-GFP and FM4-64 puncta exceeded 0.6, while for BRI1-GFP and FM4-64 puncta, it was above 0.7 after 10- and 20- minutes chase of Pep1 treatment. This indicates that both PIN2 and BRI1 undergo endocytosis following Pep1 treatment, in agreement with previous findings (Jing et al., 2019). Consequently, the PM-resident PIN2-GFP and BRI1-GFP gradually diminished, accompanied by an intensification of intracellular fluorescent signals (Figures 1C, D). After a 60-minute chase, PIN2-GFP and BRI1-GFP became concentrated in structures resembling vacuoles (Figures 1A–D), accompanied by decreased PM-localized fluorescent signals (Figures 1A–D). The intracellular fluorescent signals of PIN2-GFP and BRI1-GFP were increased at 20- and 40-minute chase of Pep1 treatment. However, at 60-minute chase, those intracellular fluorescent signals appeared to be decreased (Figures 1A–D).




Figure 1 | Pep1 induced the endocytosis of PIN2 and BRI1. (A, B) Pep1 promotes internalization of PIN2-GFP (A) and BRI1-GFP (B). Six-day-old wild-type roots harboring PIN2-GFP (A) and BRI1-GFP (B) were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with or without (Control) 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. The GFP and FM 4-64 fluorescence signals were collected. The 50 cells from 8 roots were analyzed in each of time point treatment, The experiments were repeated three times with similar results. r(P) represents the linear Pearson correlation coefficient indicates the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization. Bars=5 μm. (C, D) Quantitative analysis of plasma membrane and intracellular fluorescence intensity of PIN2-GFP (C) and BRI1-GFP (D) as in (A, B) (n= 60 cells from 8 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (E, F) Pep1 promotes the BFA-visualized internalization of PM proteins. Six-day-old wild-type roots harboring PIN2-GFP (E) and BRI1-GFP (F) were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, the roots were then treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 50 μM CHX or 100 nM Pep1 + 50 μM CHX for 60 min. The GFP and FM 4-64 fluorescence signals were collected. Bars=5 μm.



The continuous endocytosis and recycling of proteins between the PM and the endomembrane system enable cells to adapt to extracellular stimuli (Kleine-Vehn and Friml, 2008; Chen et al., 2011; Gu et al., 2017). To investigate whether Pep1 treatment affects protein recycling, we used the fungal inhibitor brefeldin A (BFA), which blocks protein recycling by inhibiting BFA-sensitive ADP-ribosylation factor-guanine exchange factors (ARF-GEFs) (Naramoto et al., 2014). With BFA treatment, the fluorescent signals of PIN2-GFP and BRI1-GFP clearly accumulated in BFA bodies, which colocalized with FM4-64 signals (Figures 1E, F). Compared with the control condition, Pep1 treatment intensified a significant accumulation of PIN2-GFP and BRI1-GFP in BFA bodies (Figures 1E, F; Supplementary Figure 2). To determine whether these aggregated BFA bodies contained proteins from the PM or were newly synthesized, we used the protein synthesis inhibitor cycloheximide (CHX) for verification. CHX treatment partially inhibited the accumulation of PIN2-GFP and BRI1-GFP in BFA bodies induced by BFA (Figures 1E, F; Supplementary Figures 2B, D). However, when CHX was applied in combination with 100 nM Pep1, it failed to inhibit the formation of BFA bodies (Figures 1E, F; Supplementary Figure 2). This suggests that the accumulation of PIN2-GFP and BRI1-GFP in BFA bodies, induced by Pep1, primarily originates from the plasma membrane rather than newly synthesized proteins. In conclusion, these results demonstrate that Pep1 regulates PM dynamics by influencing the endocytosis of PM-localized proteins.





Clathrin mediates Pep1-induced PM internalization

Clathrin-mediated endocytosis (CME) is the predominant pathway responsible for regulating PM dynamics (Dhonukshe et al., 2007; Aniento et al., 2022). To gain a deeper understanding of the mechanism behind PM protein internalization induced by Pep1, we investigated the endocytosis of PIN2-GFP and BRI1-GFP using Tyrphostin A23 (Tyr A23), a well-established inhibitor that is widely used to interfere with the interaction of the tetrapeptide Yxxφ motif with the clathrin medium chain (Banbury et al., 2003; Xing et al., 2022). Before examining endocytosis, we noted structural changes in the root transition zone (TZ) following Pep1 treatment compared with normal growth, where the epidermis and cortex cells in the TZ experienced swelling (Figures 2A, B), consistent with our prior findings (Jing et al., 2019). We co-treated WT roots with a range of Tyr A23 concentrations (from 10 to 50 μM) alongside 100 nM Pep1. Interestingly, Tyr A23 treatment significantly mitigated the Pep1-induced cell swelling, with 50 μM Tyr A23 significantly abolishing the Pep1-induced cell swelling (Figures 2A, B). Furthermore, we analyzed the internalization of PIN2-GFP and BRI1-GFP. Clearly, 50 μM Tyr A23 effectively blocked the Pep1-induced gathering of PIN2-GFP and BRI1-GFP fluorescent signals into BFA bodies (Figures 2C–H), indicating the essential role of CME in regulating Pep1 signaling.




Figure 2 | Tyr A23 interferes with the Pep1-induced internalization of PM proteins PIN2 and BRI1. (A) The cell swelling in the root transition zone. Five-day-old WT seedlings were transferred onto half-strength MS agar medium with various concentrations of Tyr A23 (ranging from 0 to 50 μM) supplemented with or without (control) 100 nM Pep1 for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed under a confocal laser-scanning microscope. The experiments were repeated three times with similar results. Bars = 100 um. (B) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (C) Evaluation of the BFA-visualized internalization of PIN2-GFP. Bars=5 μm. (D) Quantification of the BFA-visualized internalization of PM proteins in PIN2-GFP as in (C) (n= 50 cells from 8 roots per treatment). (E) Quantification of the PIN2-GFP fluorescence intensity in BFA bodies as in (C) (n= 100 cells from 10 roots per treatment). (F) Evaluation of the BFA-visualized internalization of BRI1-GFP. Bars=5 μm. (G) Quantification of the BFA-visualized internalization of PM proteins in BRI1-GFP as in (F) (n= 50 cells from 8 roots per treatment). (H) Quantification of the BRI1-GFP fluorescence intensity in BFA bodies as in (F) (n= 100 cells from 10 roots per treatment). Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 100 nM Pep1 + 50μM Tyr A23 or 100 nM Pep1 + 50 μM Tyr A23 + 50 μM CHX for 60 min in (C) to (H). In panels (D, E, G, H), boxs with different letters indicate significant differences as defined by one-way ANOVA with Tukey’s test (p < 0.05).



To delve further into the role of CME in controlling the Pep1 induced PM internalization, we examined Pep1 responses in clathrin light chains (CLCs) knockout mutants (clc2, clc3, and clc2 clc3 double mutant) (Wang et al., 2013). Under Pep1 treatment, cell swelling was significantly reduced in clc2 and clc3 mutants compared with the wild-type plant (Figures 3A, B). Simultaneous mutation of CLC2 and CLC3 in the clc2 clc3 double mutant further suppressed the Pep1-induced cell swelling (Figures 3A, B). Moreover, the application of 50 μM Tyr A23 completely blocked the Pep1 effect in the clc2 clc3 double mutant (Supplementary Figure 3), suggesting that other clathrin proteins function redundantly with CLC2 and CLC3 in the regulation of Pep1 signaling. We proceeded to analyze PM internalization in the clc2 clc3 double mutant continuously. The PIN2-GFP-labeled intracellular puncta and BFA bodies were significantly reduced in the clc2 clc3 double mutant compared to those in WT roots under Pep1 treatment (Figures 3C–E; Supplementary Figure 4). The PM-resident PIN2-GFP in clc2 clc3 double mutant was diminished and the intracellular fluorescent signals was increased at 40-minutes chase of Pep1 treatment, whereas the signal was delayed compared with these in WT plant (Figures 3C, D). Additionally, the application of 50 μM Tyr A23 blocked the Pep1 effects on PIN2-GFP internalization (Figure 3E; Supplementary Figure 4).




Figure 3 | Clathrin dependence of Pep1-induced responses. (A) The cell swelling in the root transition zone. Five-day-old WT, clc2, clc3 and clc2 clc3 seedlings were transferred onto half-strength MS agar medium supplemented with or without (control) 100 nM Pep1 for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed under a confocal laser-scanning microscope. The experiments were repeated three times with similar results. Bars = 100 um. (B) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (C) The internalization of PIN2-GFP in WT and clc2 clc3 mutant. The roots of 6-day-old plants were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. The experiments were repeated three times with similar results. Bars=5 μm. (D) Quantitative analysis of plasma membrane and intracellular fluorescence intensity of PIN2-GFP in WT and clc2 clc3 mutant as in (C) (n= 60 cells from 8 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (E) Evaluation of the BFA-visualized internalization of PIN2-GFP in WT and clc2 clc3 mutant. Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 100 nM Pep1 + 50 μM Tyr A23, 100 nM Pep1 + 50 μM CHX or 100 nM Pep1 + 50 μM Tyr A23 + 50 μM CHX for 60 min. Bars=5 μm.



In the CME pathway, clathrin invaginates and encases cargo to form clathrin-coated vesicles (CCVs), which subsequently undergo intracellular transport (Mettlen et al., 2018). To investigate whether the PIN2-GFP- and BRI1-GFP-labeled intracellular puncta were invaginated into CCVs, we quantified the colocalization of PIN2-GFP or BRI1-GFP with CLC2-mCherry. As expected, the Pep1-induced PIN2-GFP- and BRI1-GFP-labeled intracellular puncta exhibited high colocalization with CLC2-mCherry in CCVs (Figures 4A, B). The linear Pearson correlation coefficient (rP) for colocalization between PIN2-GFP or BRI1-GFP and CLC2-mCherry puncta exceeded 0.6 after 10- and 20- minutes chase of Pep1 treatment. These observations suggest that the PIN2 and BRI1 are internalized through CME pathway, and CLC2 and CLC3 are crucial for this process.




Figure 4 | Clathrin dependence of Pep1-induced responses. (A, B) The colocalization analyze of PIN2-GFP (A) and BRI1-GFP (B) with CLC2-mCherry under Pep1 treatment. The roots of 6-d-old transgenic plants were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. Bars=5 μm. r(P) indicates the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization. Bars=5 μm.







Pep1 promotes PM internalization through TGN/EE and PVC pathways

In plants, the continuous endocytosis of PM cargo results in the accumulation of cargo in endosomes, where they can be either recycled back to the PM or targeted for degradation in the vacuole (Kaksonen and Roux, 2018; Mettlen et al., 2018; Aniento et al., 2022). The trans-Golgi network/early endosome (TGN/EE) acts as the first acceptor compartment for endocytosed proteins and serves as a sorting station for deciding whether proteins should be recycled or degraded (Zhang et al., 2019). However, it has been reported that the endomembrane trafficking of the Pep1-PEPRs complex operates independently of the TGN/EE pathway (Ortiz-Morea et al., 2016). Over an extended period of Pep1 treatment (40 and 60 minutes), PIN2-GFP and BRI1-GFP became concentrated in structures resembling vacuoles, coinciding with reductions in PM-localized and intracellular fluorescent signals. This suggests that PIN2-GFP and BRI1-GFP undergo degradation after Pep1 treatment (Figures 1A–D).

To verify whether PIN2-GFP and BRI1-GFP are transported to vacuoles via the TGN/EE pathway, we examined the colocalization of PIN2-GFP and BRI1-GFP with VHA-a1-mRFP, a TGN/EE marker (Dettmer et al., 2006). Interestingly, the Pep1-induced intracellular puncta of PIN2-GFP and BRI1-GFP highly overlapped with VHA-a1-mRFP (Figures 5A, B), The linear (rP) value for colocalization of PIN2-GFP with VHA-a1-mRFP was 0.53 and 0.73 and BRI1-GFP with VHA-a1-mRFP exceeded 0.6 at 10- and 20- minutes chase of Pep1 treatment, respectively (Figures 5A, B), indicating that the TGN/EE component is crucial for the endomembrane trafficking of PIN2 and BRI1 during Pep1 treatment. Additionally, we observed that the intracellular puncta of PIN2-GFP and BRI1-GFP also colocalized with Rha1-mCherry, a prevacuolar compartment (PVC) marker (Wang et al., 2017) (Figures 6A, B). This suggests that the PVC pathway is required to mediate the Pep1-induced PM internalization. We ruled out the involvement of the Golgi apparatus pathway in the process of Pep1-induced PM internalization because the intracellular puncta of PIN2-GFP did not colocalized with the Golgi apparatus marker SYP32-mCherry (Geldner et al., 2009) (Supplementary Figure 5). Taken together, we have confirmed that the TGN/EE- and PVC-dependent trafficking pathways are involved in mediating the Pep1-induced endocytic degradation of PM proteins. The mechanism is distinct from the endocytosis of the Pep1-PEPRs complex, as reported previously (Ortiz-Morea et al., 2016).




Figure 5 | TGN/EE dependence of Pep1-induced PIN2-GFP and BRI1-GFP internalization. (A, B) The co-localization analysis of PIN2-GFP (A) and BRI1-GFP (B) with VHA-a1-mRFP under Pep1 treatment. The roots of 6-day-old transgenic plants were treated with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. Bars=5 μm. r(P) indicate the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization.






Figure 6 | PVC dependence of Pep1-induced PIN2-GFP and BRI1-GFP internalization. (A, B) The colocalization analysis of PIN2-GFP (A) and BRI1-GFP (B) with Rha1-mCherry under Pep1 treatment. The roots of 6-day-old transgenic plants were treated with 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. Bars=5 μm. r(P) indicate the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization.







SA inhibits the effects of Peps on PM endocytosis

Salicylic acid (SA) has been reported to interfere with clathrin-mediated endocytic protein trafficking and negatively regulate plant hypersensitive responses during pathogen infections (Du et al., 2013; Radojicic et al., 2018; Zhang and Li, 2019). To investigate whether SA plays a role in regulating the Pep1’s effect in roots, we initially co-treated roots with various concentrations of SA (ranging from 5 to 20 μM) alongside 100 nM Pep1 to assess cell swelling. As depicted in Figures 7A, B, the application of SA dampened the Pep1-induced swelling, with 10 μM SA fully blocking the effects of Pep1 (Figures 7A, B). We proceeded to examine PM endocytosis under SA treatment. The use of 10 μM SA inhibited the BFA-induced internalization of PIN2-GFP and BRI1-GFP (Figures 7C–H), aligning with the established notion that SA interferes with endocytosis (Du et al., 2013). Furthermore, a noticeable change occurred when we co-treated roots with 10 μM SA and 100 nM Pep1 to analyze PM endocytosis. The application of SA suppressed the effect of Pep1 on the PIN2-GFP and BRI1-GFP fluorescence signals accumulation in BFA bodies (Figures 7C–H). In summary, these results indicate that SA negatively regulates the Pep1-induced PM endocytosis.




Figure 7 | SA interferes the Pep1 responses. (A) The cell swelling in root transition zone. Five-day old WT seedings were transferred onto half-strength MS agar medium supplemented with or without (control) 100 nM Pep1 in the presence of SA (ranged from 0 to 50 μM) for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed. The experiments were repeated three times with similar results. Bars = 100 um. (B) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05). (C) Evaluation of the BFA-visualized internalization of PIN2-GFP. Bars=5 μm. (D) Quantification of the BFA-visualized internalization of PM proteins in PIN2-GFP as in (C) (n= 50 cells from 8 roots per treatment). (E) Quantification of the PIN2-GFP fluorescence intensity in BFA bodies as in (C). (n= 100 cells from 10 roots per treatment). (F) Evaluation of the BFA-visualized internalization of BRI1-GFP. Bars=5 μm. (G) Quantification of the BFA-visualized internalization of PM proteins in BRI1-GFP as in (F) (n= 50 cells from 8 roots per treatment). (H) Quantification of the BRI1-GFP fluorescence intensity in BFA bodies as in (F) (n= 100 cells from 10 roots per treatment). The 6-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 10 μM SA or 100 nM Pep1 + 10 μM SA for 60 min in (C) to (H). In (D, E, G, H), Boxs with different letters indicate significant differences as defined by one-way ANOVA with Tukey’s test (p < 0.05).








Discussion

Plants defend themselves against pathogen attacks through highly conserved innate immune systems. The two well-known patterns, MAMPs and DAMPs, are recognized by related PRRs, activating plant PTI responses (Bartels and Boller, 2015). In Arabidopsis, the DAMPs, such as Pep1, combine with their receptor PEPRs and undergo endocytosis dependent on the CME pathway (Ortiz-Morea et al., 2016). Our previous study indicated that Pep1 treatment could also induce the endocytosis of PIN2 through an uncertain route (Jing et al., 2019). In this study, we used PM-localized PIN2 and BRI1 as markers to analyze the potential mechanism of Pep1’s effects on PM endocytosis. We demonstrated that Pep1 treatment induces the endocytosis of PIN2 and BRI1 through the CME pathway. The internalized cargo of PIN2 and BRI1 is transported to the vacuole through the TGN/EE and PVC pathways. Intriguingly, SA treatment suppresses the effect of Pep1 on PM endocytosis. These findings unveil a previously unrecognized signaling pathway by which danger peptides regulate PM dynamics.

A growing body of research shows that the dynamics of PM proteins through endocytosis play an essential role in regulating plant immunity in two ways. First, during pathogen infection, surface-localized plant immune receptors undergo endocytosis when interacting with related PAMPs or DAMPs, activating downstream immune responses. Second, certain eukaryotic pathogens, including oomycete and fungal pathogens, deliver their effector proteins into host cells to promote virulence through the endocytic pathway (Robatzek et al., 2006; Leborgne-Castel et al., 2008; Kale and Tyler, 2011; Gu et al., 2017). Arabidopsis Pep1 has been reported to combine with its receptor PEPR1 and undergo endocytosis in a clathrin-dependent manner (Ortiz-Morea et al., 2016). The internalized Pep1-PEPR1 cargo is subsequently transported to the vacuole and undergoes degradation (Ortiz-Morea et al., 2016). The internalization of Pep1-PEPR is likely a mechanism used to desensitize cells after Pep1 stimulation, similar to the mechanisms that involve BR-BRI1 and flg22-FLS2 endocytosis (Irani et al., 2012; Smith et al., 2014; Mbengue et al., 2016). In this study, we discovered that Pep1 treatment could also induce the endocytosis of other PM proteins, such as PIN2 and BRI1, in a CME-dependent manner. The two clathrin light chains, CLC2 and CLC3, play a vital role in regulating the effect of Pep1. The Pep1 induced internalization of FM4-64–labeled PM, as well as PM proteins PIN2 and BRI1 is a rapid process that occurred at 10 min time point, which displayed somewhat earlier compared with the previous results, the internalization of FM4-64–labeled PM and PEPR1-GFP induced by Pep1 occured at 20 min time point (Ortiz-Morea et al., 2016). We speculate that the cell status in root or the purity of Pep1 may have led to different outcomes. Even-though, the two results indicate that the Pep1-induced endocytosis of PEPRs, PIN2, and BRI1 is a rapid process that likely strongly triggers cell immune responses to defend against external pathogenic threats. However, it is currently unclear whether these small peptides induce the endocytosis of PM proteins is a general or specific process, which requires more in-depth research.

The internalized receptors and transporter cargo are gathered into TGN/EEs and further transported into the vacuole. In this study, we found the TGN/EE-localized vacuolar H+-ATPase is required to control the PIN2 and BRI1 internalization, which is different from the Pep1-PEPR trafficking pathway, where complexes are internalized directly into MVBs, bypassing the TGN/EE or are transported to the MVBs via a V-ATPase–negative subpopulation of the TGN (Ortiz-Morea et al., 2016). The reasons for these differences in trafficking routes are not clear at present, indicating a variety of responses induced by Pep1 to regulate cellular immunity, which warrants further in-depth research.

SA has long been known to play essential roles in regulating plant immunity. Upon pathogen infection, SA is synthesized through the isochorismate pathway and perceived by two groups of receptors, NPR1 and NPR3/NPR4, to regulate plant systemic acquired resistance (SAR), PAMPs-triggered immunity (PTI), and effector-triggered immunity (ETI) (Radojicic et al., 2018; Zhang and Li, 2019). In plants, PAMPs and pathogenic effector-induced immunogenic cell death are broadly termed hypersensitive response (HR), involving the generation of reactive oxygen species (ROS) and the elevation of intracellular Ca2+ levels (Pitsili et al., 2020; Saur et al., 2021). SA has been reported to negatively regulate ETI-induced HR, as a high level of SA or overexpression of NPR1 suppresses effector-induced cell death (Radojicic et al., 2018; Zhang and Li, 2019). We speculate that the negative regulatory effect of SA on Pep1 responses is similar to that of pathogenic effectors because Pep1 treatment also triggers significant immune responses and cell death (Jing et al., 2019). SA treatment suppressed the effect of Pep1 on promoting callose and lignin deposition (Jing et al., 2023), inducing cell swelling and PM protein internalization (Figure 5). The two SA-deficient mutants, SA-deficient 2 (sid2) and enhanced disease susceptibility 5 (eds5), were found to enhance the Pep1 effect (Jing et al., 2023). The negative regulatory effect of SA on Pep1 may have significant implications. Under pathogen infection, plants release Pep1 to activate immune responses, Pep1 disrupts cell membrane integrity by promoting PM protein degradation. The peptide further induces cell swelling, leading to cell death, a key step in HR to restrict pathogen proliferation. Once the plant overcomes the pathogen, continuous Pep1 presence in cells disrupts cell growth. At this stage, the high level of SA in the plant negatively regulates Pep1 signaling, suppresses cell death, and allows the plant to return to normal growth. However, the mechanism by which SA inhibits Pep1 is not clear and requires further study.

In conclusion, this study uncovers a significant role of Pep1 in PM endocytosis. Further investigation into the differences in endocytosis between Pep1-PEPR and other PM proteins will enhance our understanding of plant immunity and how plant elicitor peptides control PM dynamics to regulate plant immunity.





Materials and methods




Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines, namely clc2-1 (SALK_016049), clc3-1 (CS100219), and clc2-1 clc3-1 (Wang et al., 2013), as well as transgenic lines in Columbia-0 background, including PIN2-GFP (Blilou et al., 2005), BRI1-GFP (Geldner et al., 2007), CLC2-mCherry (Li et al., 2011), VHA-a1-mRFP (Dettmer et al., 2006), Rha1-mCherry (Wang et al., 2017), and SYP32-mCherry (Geldner et al., 2009) used in this study were described previously. The PIN2-GFP/clc2 clc3 line was obtained through a cross between PIN2-GFP and clc2 clc3 (Wang et al., 2013). Similarly, the PIN2-GFP/CLC2-mCherry, PIN2-GFP/VHA-a1-mRFP, PIN2-GFP/Rha1-mCherry, and PIN2-GFP/SYP32-mCherry materials were obtained by crossing PIN2-GFP with CLC2-mCherry, VHA-a1-mRFP, Rha1-mCherry, and SYP32-mCherry, respectively. Seedlings were cultivated on half-strength Murashige and Skoog (MS) medium containing 1% sucrose and 0.8% phytogel (Sigma-Aldrich, St. Louis, MO, USA). These growth conditions maintained a light intensity of 90 μmol/m2/s with a photoperiod of 16 hours light and 8 hours dark at 22°C.





Peptide synthesis

The Pep1 peptides employed in this study were synthesized by GL Biochem, featuring the following amino acid sequence from the N-terminus to the C-terminus: ATKVKAKQRGKEKVSSGRPGQHN. The peptide was dissolved in water to form 1 mM stock solution. The stock solution was dissolved with half-strength MS liquid medium to prepare the desired concentration of the working solution.





Cell swelling assay

Five-day-old seedlings were transplanted onto half-strength MS agar medium supplemented with various drugs for a 12-hour duration. Subsequently, the roots were stained with 5 μM propidium iodide (PI) for 15 seconds. The roots were mounted with sterile water and imaged using an LSM-710 argon/krypton laser scanning confocal microscope (Zeiss) with a 20 × objective. The excitation wavelengths for propidium iodide signals were set at 543 nm and emission was collected between 580 and 630 nm. Z-stack images were collected with 3 μm steps and the scan speed was 8 s/scan. The width of epidermis and cortex cells in the transition zone of the root was quantified using Image J software.





Plasma membrane internalization assay

To assess plasma membrane internalization, the roots were immersed in a 2 μM FM 4-64 (Sigma-Aldrich, St. Louis, MO, USA) solution (dissolved in half-strength MS liquid medium) for 5 minutes, followed by three rinses. Subsequently, they were incubated in half-strength MS liquid medium with various chemical treatments for 10, 20, 40, and 60 minutes. The roots were mounted with sterile water and the cortex cells in the root meristem zone were captured using an LSM-710 argon/krypton laser scanning confocal microscope (Zeiss) with a 63× objective. For endocytosis signal analysis, the roots were treated with 25 μM BFA (Sigma-Aldrich, St. Louis, MO, USA) or 25 μM BFA co-treated with different chemicals for 60 minutes. The roots were photographed under LSM-710 confocal microscope. The GFP-labeled BFA bodies were quantified per cell. Also the GFP fluorescence signals in BFA bodies were quantified using Image J software. To quantitatively analyze GFP fluorescence intensity, confocal images were captured under strictly identical acquisition parameters, which included laser power, photomultiplier settings, offset, zoom factor, and resolution, across all experimental root samples. FM 4-64 excitation at 514 nm and emission at 600-700 nm. GFP signals were excited at 488 nm wavelength and collected emission between 495 and 550 nm. The cortex cells in root meristem zone were selected as regions of interest (ROI) to assay the PM internalization. Z-stack images were acquired from top to bottom of the cells with 1 μm steps and the scan speed was 8 s/scan. The linear Pearson correlation coefficient (rP) was employed with Image J software to indicate the degree of colocalization. The apical side of PM and the cytoplasmic region in ROI were selected with a brush tool in Image J software to analyze the PM and internal fluorescence signal, respectively.





Statistical analysis

For co-localization analyses, 50 cells from 8 roots were analyzed in each of time point treatment. For cell swelling analyses, 30 cells from 6 roots were analyzed in each of treatment. For fluorescence intensity analyze in BFA bodies, 100 cells from 10 roots were analyzed in each of time point treatment. Each experiment was independently repeated three times. Statistical analysis was conducted using one-way or two-way ANOVA followed by Tukey’s test. Boxs with different letters indicate significant differences (p < 0.05).
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Supplementary Figure 1 | Pep1 induces the internalization of PM proteins. (A) Six-day-old wild-type roots were stained in 2 μM FM4-64 solution for 5 min, rinsed three times, and incubated in half-strength MS liquid medium with or without (Control) 100 nM Pep1 as indicated for 10, 20, 40, and 60 min. The experiments were repeated three times with similar results. Bars=5 μm. (B, C) Quantitative analysis of plasma membrane (B) and intracellular fluorescence intensity (C) as in (A). Data are means ± SD from three independent experiments (n= 50 cells from 8 roots per treatment). Asterisks in (B, C) indicate statistically significant differences compared to control at each of time point treatment (Tukey’s test, *P <0.05).

Supplementary Figure 2 | Pep1 promotes the BFA-visualized internalization of PM proteins. (A) Quantification of the BFA-visualized internalization of PM proteins in PIN2-GFP (n= 50 cells from 8 roots per treatment). (B) Quantification of the PIN2-GFP fluorescence intensity in BFA bodies (n= 100 cells from 10 roots per treatment). (C) Quantification of the BFA-visualized internalization of PM proteins in BRI1-GFP (n= 50 cells from 8 roots per treatment). (D) Quantification of the BRI1-GFP fluorescence intensity in BFA bodies (n= 100 cells from 10 roots per treatment). Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 50 μM CHX or 100 nM Pep1 + 50μM CHX for 60 min. In panels (A–D), Boxs with different letters indicate significant differences as defined by one-way ANOVA with Tukey’s test (p < 0.05).

Supplementary Figure 3 | Clathrin dependence of Pep1-induced cell swelling. (A) The cell swelling in root transition zone. Five-day-old WT and clc2 clc3 seedings were transferred onto half-strength MS agar medium supplement with or without (Control) 100 nM Pep1, 50 μM Tyr A23 or 100 nM Pep1 + 50 μM Tyr A23 for 12 h. The roots were stained with 5 uM propidium iodide (PI) for 15 s and photographed under a confocal laser-scanning microscope. The experiments were repeated three times with similar results. Bars = 100 um. (B, C) Quantitative analysis of epidermal and cortex cell width in TZ as in (A) (n= 30 cells from 6 roots per treatment). Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05).

Supplementary Figure 4 | Clathrin dependence of Pep1-induced PIN2 internalization. (A, B) Quantification of the BFA-visualized internalization of PIN2-GFP (A) and PIN2-GFP fluorescence intensity in BFA bodies (B) in roots of wild type (WT) and clc2 clc3 double mutant (n= 50 cells from 8 roots per treatment). Six-day-old seedlings were treated with 25 μM BFA or 25 μM BFA cotreated with either 100 nM Pep1, 100 nM Pep1 + 50 μM Tyr A23, 100 nM Pep1 + 50 μM CHX or 100 nM Pep1 + 50 μM Tyr A23 + 50 μM CHX for 60 min. Boxs with different letters indicate significant differences as defined by two-way ANOVA with Tukey’s test (p < 0.05).

Supplementary Figure 5 | The trafficking of PIN2 induced by Pep1 independent with Golgi apparatus pathway. The co-localization analysis of PIN2-GFP with SYP32-mCherry under Pep1 treatment. The roots of 6-d-old transgenic plants were treated with 100 nM Pep1 as indicated for 10, 20, and 60 min. Boxs=5 μm. r(P) indicate the percentage of signal overlap, and an r(P) value of 1.0 represents 100% colocalization.




References

 Aniento, F., Sánchez de Medina Hernández, V., Dagdas, Y., Rojas-Pierce, M., and Russinova, E. (2022). Molecular mechanisms of endomembrane trafficking in plants. Plant Cell 34 (1), 146–173. doi: 10.1093/plcell/koab235

 Banbury, D., Oakley, J., Sessions, R., and Banting, G. (2003). Tyrphostin A23 inhibits internalization of the transferrin receptor by perturbing the interaction between tyrosine motifs and the medium chain subunit of the AP-2 adaptor complex. J. Biol. Chem. 278 (14), 12022–12028. doi: 10.1074/jbc.M211966200

 Bartels, S., and Boller, T. (2015). Quo vadis, Pep? Plant elicitor peptides at the crossroads of immunity, stress, and development. J. Exp. Bot. 66, 5183–5193. doi: 10.1093/jxb/erv180

 Bartels, S., Lori, M., Mbengue, M., van Verk, M., Klauser, D., Hander, T., et al. (2013). The family of Peps and their precursors in Arabidopsis: Differential expression and localization but similar induction of pattern-triggered immune responses. J. Exp. Bot. 64, 5309–5321. doi: 10.1093/jxb/ert330

 Beck, M., Wyrsch, I., Strutt, J., Wimalasekera, R., Webb, A., Boller, T., et al. (2014). Expression patterns of flagellin sensing 2 map to bacterial entry sites in plant shoots and roots. J. Exp. Bot. 65, 6487–6498. doi: 10.1093/jxb/eru366

 Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, I., Friml, J., et al. (2005). The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots. Nature 433(7021), 39–44. doi: 10.1038/nature03184

 Boller, T., and Felix, G. (2009). A renaissance of elicitors: Perception of microbe-associated molecular patterns and danger signals by pattern-recognition receptors. Annu. Rev. Plant Biol. 60, 379–406. doi: 10.1146/annurev.arplant.57.032905.105346

 Chen, X., Irani, N. G., and Friml, J. (2011). Clathrin-mediated endocytosis: the gateway into plant cells. Curr. Opin. Plant Biol. 14 (6), 674–682. doi: 10.1016/j.pbi.2011.08.006

 Dettmer, J., Hong-Hermesdorf, A., Stierhof, Y., and Schumacher, K. (2006). Vacuolar H+-ATPase activity is required for endocytic and secretory trafficking in Arabidopsis. Plant Cell 18 (3), 715–730. doi: 10.1105/tpc.105.037978

 Dhonukshe, P., Aniento, F., Hwang, I., Robinson, D. G., Mravec, J., Stierhof, Y. D., et al. (2007). Clathrin-mediated constitutive endocytosis of PIN auxin efflux carriers in Arabidopsis. Curr. Biol. 17 (6), 520–527. doi: 10.1016/j.cub.2007.01.052

 Du, Y., Tejos, R., Beck, M., Himschoot, E., Li, H., Robatzek, S., et al. (2013). Salicylic acid interferes with clathrin-mediated endocytic protein trafficking. Proc. Natl. Acad. Sci. U.S.A. 110 (19), 7946–7951. doi: 10.1073/pnas.1220205110

 Endo, S., Betsuyaku, S., and Fukuda, H. (2014). Endogenous peptide ligand-receptor systems for diverse signaling networks in plants. Curr. Opin. Plant Biol. 21, 140–146. doi: 10.1016/j.pbi.2014.07.011

 Geldner, N., Dénervaud-Tendon, V., Hyman, D. L., Mayer, U., Stierhof, Y., and Chory, J. (2009). Rapid, combinatorial analysis of membrane compartments in intact plants with a multicolor marker set. Plant J. 59, 169–178. doi: 10.1111/j.1365-313X.2009.03851.x

 Geldner, N., Hyman, D., Wang, X., Schumacher, K., and Chory, J. (2007). Endosomal signaling of plant steroid receptor kinase BRI1. Genes Dev. 21 (13), 1598–1602. doi: 10.1101/gad.1561307

 Gu, Y., Zavaliev, R., and Dong, X. (2017). Membrane trafficking in plant immunity. Mol. Plant 10 (18), 1026–1034. doi: 10.1016/j.molp.2017.07.001

 Huffaker, A., Pearce, G., and Ryan, C. (2006). An endogenous peptide signal in Arabidopsis activates components of the innate immune response. Proc. Natl. Acad. Sci. U.S.A. 103, 10098–10103. doi: 10.1073/pnas.0603727103

 Huffaker, A., Pearce, G., Veyrat, N., Erb, M., Turlings, T., Sartor, R., et al. (2013). Plant elicitor peptides are conserved signals regulating direct and indirect antiherbivore defense. Proc. Natl. Acad. Sci. U.S.A. 110, 5707–5712. doi: 10.1073/pnas.1214668110

 Irani, N., Di Rubbo, S., Mylle, E., Van den Begin, J., Schneider-Pizoń, J., Hniliková, J., et al. (2012). Fluorescent castasterone reveals BRI1 signaling from the plasma membrane. Nat. Chem. Biol. 8 (6), 583–589. doi: 10.1038/nchembio.958

 Jelínková, A., Malínská, K., Simon, S., Kleine-Vehn, J., Pařezová, M., Pejchar, P., et al. (2010). Probing plant membranes with FM dyes: tracking, dragging or blocking? Plant J. 61 (5), 883–892. doi: 10.1111/j.1365-313X.2009.04102.x

 Jing, Y., Shen, N., Zheng, X., Fu, A., Zhao, F., Lan, W., et al. (2020). Danger-associated peptide regulates root immune responses and root growth by affecting ROS formation in Arabidopsis. Int. J. Mol. Sci. 21, 4590. doi: 10.3390/ijms21134590

 Jing, Y., Zheng, X., Zhang, D., Shen, N., Wang, Y., Yang, L., et al. (2019). Danger-associated peptides interact with PIN-dependent local auxin distribution to inhibit root growth in Arabidopsis. Plant Cell 31, 1767–1787. doi: 10.1105/tpc.18.00757

 Jing, Y., Zou, X., Sun, C., Qin, X., and Zheng, X. (2023). Danger-associate Peptide regulates root immunity in Arabidopsis. Biochem. Biophys. Res. Commun. 663, 163–170. doi: 10.1016/j.bbrc.2023.04.091

 Kaksonen, M., and Roux, A. (2018). Mechanisms of clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 19, 313–326. doi: 10.1038/nrm.2017.132

 Kale, S., and Tyler, B. (2011). Entry of oomycete and fungal effectors into plant and animal host cells. Cell Microbiol. 13, 1839–1848. doi: 10.1111/j.1462-5822.2011.01659.x

 Klauser, D., Desurmont, G., Glauser, G., Vallat, A., Flury, P., Boller, T., et al. (2015). The Arabidopsis Pep-PEPR system is induced by herbivore feeding and contributes to JA-mediated plant defence against herbivory. J. Exp. Bot. 66, 5327–5336. doi: 10.1093/jxb/erv250

 Kleine-Vehn, J., and Friml, J. (2008). Polar targeting and endocytic recycling in auxin-dependent plant development. Annu. Rev. Cell Dev. Biol. 24, 447–473. doi: 10.1146/annurev.cellbio.24.110707.175254

 Leborgne-Castel, N., Lherminier, J., Der, C., Fromentin, J., Houot, V., and Simon-Plas, F. (2008). The plant defense elicitor cryptogein stimulates clathrin-mediated endocytosis correlated with reactive oxygen species production in bright yellow-2 tobacco cells. Plant Physiol. 146 (3), 1255–1266. doi: 10.1104/pp.107.111716

 Li, X., Wang, X., Yang, Y., Li, R., He, Q., Fang, X., et al. (2011). Single-molecule analysis of PIP2;1 dynamics and partitioning reveals multiple modes of Arabidopsis plasma membrane aquaporin regulation. Plant Cell 23 (10), 3780–3797. doi: 10.1105/tpc.111.091454

 Ma, C., Guo, J., Kang, Y., Doman, K., Bryan, A. C., Tax, F., et al. (2014). AtPEPTIDE RECEPTOR2 mediates the AtPEPTIDE1-induced cytosolic Ca2+ rise, which is required for the suppression of glutamine dumper gene expression in Arabidopsis roots. J. Integr. Plant Biol. 56, 684–694. doi: 10.1111/jipb.12171

 Macho, A. P., and Zipfel, C. (2014). Plant PRRs and the activation of innate immune signaling. Mol. Cell. 54, 263–272. doi: 10.1016/j.molcel.2014.03.028

 Mbengue, M., Bourdais, G., Gervasi, F., Beck, M., Zhou, J., Spallek, T., et al. (2016). Clathrin-dependent endocytosis is required for immunity mediated by pattern recognition receptor kinases. Proc. Natl. Acad. Sci. U.S.A. 113, (39) 11034–11039. doi: 10.1073/pnas.1606004113

 Mettlen, M., Chen, P., Srinivasan, S., Danuser, G., and Schmid, S. (2018). Regulation of clathrin-mediated endocytosis. Annu. Rev. Biochem. 87, 871–896. doi: 10.1146/annurev-biochem-062917-012644

 Millet, Y., Danna, C., Clay, N., Songnuan, W., Simon, M., Werck-Reichhart, D., et al. (2010). Innate immune responses activated in Arabidopsis roots by microbe-associated molecular patterns. Plant Cell. 22, 973–990. doi: 10.1105/tpc.109.069658

 Naramoto, S., Otegui, M. S., Kutsuna, N., De Rycke, R., Dainobu, T., Karampelias, M., et al. (2014). Insights into the localization and function of the membrane trafficking regulator GNOM ARF-GEF at the Golgi apparatus in Arabidopsis. Plant Cell 26 (7), 3062–3076. doi: 10.1105/tpc.114.125880

 Nürnberger, T., Brunner, F., Kemmerling, B., and Piater, L. (2004). Innate immunity in plants and animals: striking similarities and obvious differences. Immunol. Rev. 198, 249–266. doi: 10.1111/j.0105-2896.2004.0119.x

 Ortiz-Morea, F., Savatin, D., Dejonghe, W., Kumar, R., Luo, Y., Adamowski, M., et al. (2016). Danger-associated peptide signaling in Arabidopsis requires clathrin. Proc. Natl. Acad. Sci. U.S.A. 113 (39), 11028–11033. doi: 10.1073/pnas.1605588113

 Pitsili, E., Phukan, U., and Coll, N. (2020). Cell death in plant immunity. Cold Spring Harb. Perspect. Biol. 12, a036483. doi: 10.1101/cshperspect.a036483

 Radojicic, A., Li, X., and Zhang, Y. (2018). Salicylic acid: a double-edged sword for programed cell death in plants. Front. Plant Sci. 9, 1133. doi: 10.3389/fpls.2018.01133

 Robatzek, S., Chinchilla, D., and Boller, T. (2006). Ligand-induced endocytosis of the pattern recognition receptor FLS2 in Arabidopsis. Genes Dev. 20 (5), 537–542. doi: 10.1101/gad.366506

 Saur, I., Panstruga, R., and Schulze-Lefert, P. (2021). NOD-like receptor-mediated plant immunity: from structure to cell death. Nat. Rev. Immunol. 21, 305–318. doi: 10.1038/s41577-020-00473-z

 Shen, N., Jing, Y., Tu, G., Fu, A., and Lan, W. (2020). Danger-associated peptide regulates root growth by promoting protons extrusion in an AHA2-dependent manner in arabidopsis. Int. J. Mol. Sci. 21, 7963. doi: 10.3390/ijms21217963

 Sinclair, R., Rosquete, M., and Drakakaki, G. (2018). Post-Golgi trafficking and transport of cell wall components. Front. Plant Sci. 9, 1784. doi: 10.3389/fpls.2018.01784

 Smith, J., Salamango, D., Leslie, M., Collins, C., and Heese, A. (2014). Sensitivity to Flg22 is modulated by ligand-induced degradation and de novo synthesis of the endogenous flagellin-receptor FLAGELLIN-SENSING2. Plant Physiol. 164 (1), 440–454. doi: 10.1104/pp.113.229179

 Sorkin, A., and von Zastrow, M. (2009). Endocytosis and signalling: Intertwining molecular networks. Nat. Rev. Mol. Cell Biol. 10 (9), 609–622. doi: 10.1038/nrm2748

 Wang, C., Yan, X., Chen, Q., Jiang, N., Fu, W., Ma, B., et al. (2013). Clathrin light chains regulate clathrin-mediated trafficking, auxin signaling, and development in Arabidopsis. Plant Cell 25 (2), 499–516. doi: 10.1105/tpc.112.108373

 Wang, Y., Yang, L., Tang, Y., Tang, R., Jing, Y., Zhang, C., et al. (2017). Arabidopsis choline transporter-like 1 (CTL1) regulates secretory trafficking of auxin transporters to control seedling growth. PloS Biol. 15 (12), e2004310. doi: 10.1371/journal.pbio.2004310

 Xing, J., Ji, D., Duan, Z., Duan, Z., Chen, T., and Luo, X. (2022). Spatiotemporal dynamics of FERONIA reveal alternative endocytic pathways in response to flg22 elicitor stimuli. New Phytol. 235 (2), 518–532. doi: 10.1111/nph.18127

 Zhang, Y., and Li, X. (2019). Salicylic acid: biosynthesis, perception, and contributions to plant immunity. Curr. Opin. Plant Biol. 50, 29–36. doi: 10.1016/j.pbi.2019.02.004

 Zhang, L., Xing, J., and Lin, J. (2019). At the intersection of exocytosis and endocytosis in plants. New Phytol. 224, 1479–1489. doi: 10.1111/nph.16018

 Zheng, X., Kang, S., Jing, Y., Ren, Z., Li, L., Zhou, J., et al. (2018). Danger-associated peptides close stomata by OST1-independent activation of anion channels in guard cells. Plant Cell 30 (5), 1132–1146. doi: 10.1105/tpc.17.00701

 Zipfel, C., and Felix, G. (2005). Plants and animals: a different taste for microbes? Curr. Opin. Plant Biol. 8, 353–360. doi: 10.1016/j.pbi.2005.05.004




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 © 2023 Jing, Zheng, Sharifi and Chen. 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-14-1328250-g004.jpg
PIN2-GFP

g
)
£
(8]
£
N
[&]
]
(@]






OEBPS/Images/fpls-14-1328250-g007.jpg
O Control
O Pep1
Epidermis
SA concentration (UM)
BFA+ BFA+
BFA BFA+ BFA+ BFA+

BFA BFA+

n o o
o oQ 9 A ) ? 3 ] ) = 838K 2
el < ™

(wrl) ZL ul yipim (|89 1189/s81poq selpoq v4g ul 1189/s81poq $alpoq v4g ul
o vdgjolsqunuayl o, Aysuajul aouadsalon|4 V48 40 Jequinu 8y b Aysusjul sousosaion|4

G

Q aQ
] [0}
o o
& +
< <
0 %]
£ £
< <
w ™
o m

BFA+SA

SA concentration (uM)

BFA+Pep1
BFA+Pep1

|ojjuo) d49-2NId ¥9-¥ INd d49--1149 ¥9-¥ INd





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Plant elicitor peptide induces endocytosis of plasma membrane proteins in Arabidopsis

      

        		

          Introduction

        



        		

          Results

        

          		

            Pep1 induces endocytosis of plasma membrane-localized proteins

          



          		

            Clathrin mediates Pep1-induced PM internalization

          



          		

            Pep1 promotes PM internalization through TGN/EE and PVC pathways

          



          		

            SA inhibits the effects of Peps on PM endocytosis

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Plant materials and growth conditions

          



          		

            Peptide synthesis

          



          		

            Cell swelling assay

          



          		

            Plasma membrane internalization assay

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1328250-g006.jpg
=0.47

~
o
=
=

d49-¢NId dd49-11dg






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1328250-g002.jpg
Tyr A23 concentration (uM)

Control

C BFA+ BFA+Pep1+
BFA BFA+Pep1 Pep1+Tyr A23 Tyr A23+CHX

o

s

1)

&

Z

o

<

@

<

s

w

(V]

o

O

s

F BFA+ BFA+Pep1+
BFA BFA+Pepl  Pep1+TyrA23  Tyr A23+CHX

o

w

Q

z

o

<

o

<

s

w

(]

<]

[}

=

Fluorescence intensity X  The number of BFA ©

e a Control

30 1 b c [ Pep1
d d

2014 4 48 7

~ = T e e =3

e 101
2 Epidermis
N 0
e 40 a
=
E 301 b . g
E d d d d
3 201 T+ T [ 2L

T 1 I
10 1 Lf l
0 Cortex
0 10 25 50
D Tyr A23 concentration (uM)
< 15, a
o _ b b
c 8 T
=2 1.0
g3 T
EQ o =
2205
Q
£
=
0
E
%‘ 60 -
58 504 b 2 b
£73 40.

o [
§E 30 T
e
§_ 104 - ==
[ 0.

BFA BFA+ BFA+ BFA+
Pep1 Pep1+ Pepl+
TyrA23 TyrA23+
CHX
2.0 a

=15 b

8 T c

(%]

1.0 d

% T \:‘E—

2 05 -

0
60

2 50 | b a b c

5 40 | Nl

2 30 1 .

52| - 1

£ 10 A =

0
BFA BFA+ BFA+ BFA+
Pep1 Pepl+ Pepl+
Tyr A23  Tyr A23+

CHX





OEBPS/Images/fpls.2023.1328250_cover.jpg
& frontiers | Frontiers in Plant science

Plant elicitor peptide induces endocytosis of
plasma membrane proteins in Arabidopsis





OEBPS/Images/fpls-14-1328250-g003.jpg
clc2 clc3 clc2 cle3

. . . E
. .. . clc2 cle3 clc2 clc3

0 min 10 min 20 min 40 min 60 min

[ PIN2-GFP
b O PIN2-GFP/
. b cic2clc3

Cell width in TZ (um)

PIN2-GFP

PM signal intensity

FM 4-64

10 20 40 60
Time after Pep1 treatment (min)

Merge

PIN2-GFP/
cle2 clc3

FM 4-64
Internal signal intensity

20 40 60
Time after Pep1 treatment (min)

Merge

m

BFA+ BFA+Pep1+
BFA+Pep1 Pep+Tyr A23 Pep1+CHX Tyr A23+CHX

PIN2-GFP

PIN2-GFP/
clc2 cle3






OEBPS/Images/fpls-14-1328250-g005.jpg
PIN2-GFP

o
L
o
74
]






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





OEBPS/Images/fpls-14-1328250-g001.jpg
PIN2-GFP BRI1-GFP

10 min 20 min 40 min 60 min 10 min 20 min 40 min 60 min

ab 2 ab

PIN2-GFP
BRI1-GFP

FM4-64
FM4-64

Merge
Merge

PIN2-GFP
BRI1-GFP

FM4-64
FM4-64

Merge
Merge

(9]
3]
S
ey
=)

o
w
S

w b
o o
w

o

w A O
o O O

N
o

H%ﬂc

o

PM signal intensity
== Ny

-
o o

o o

[0 Control
[0 Pep1

PM signal intensity

[ Control
[] Pep1

10 20 40 60 10 10 20 40 60 10 20 40 60

Times after treatment (min) Times after treatment (min)
BFA+ BFA+

BFA+Pep1 BFA+CHX Pep1+CHX BFA+Pep1 BFA+CHX Pep1+CHX

Internal signal intensity
N
o

Internal signal intensity

o
o

PIN2-GFP
BRI1-GFP

FM 4-64

Merge

FM 4-64

Merge






