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Abstract

:

MiPEPs are short natural peptides encoded by microRNAs in plants. Exogenous application of miPEPs increases the expression of their corresponding miRNA and, consequently, induces consistent phenotypical changes. Therefore, miPEPs carry huge potential in agronomy as gene regulators that do not require genome manipulation. However, to this end, it is necessary to know their mode of action, including where they act and how they enter the plants. Here, after analyzing the effect of Arabidopsis thaliana miPEP165a on root and aerial part development, we followed the internalization of fluorescent-labelled miPEP165a into roots and compared its uptake into endocytosis-altered mutants to that observed in wild-type plants treated or not with endocytosis inhibitors. The results show that entry of miPEP165a involves both a passive diffusion at the root apex and endocytosis-associated internalization in the differentiation and mature zones. Moreover, miPEP165a is unable to enter the central cylinder and does not migrate from the roots to the aerial part of the plant, suggesting that miPEPs have no systemic effect.
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1. Introduction


Gene expression is the consequence of the transcription of an RNA molecule from a gene—modulated by transcription factors and modifications of the chromatin structure—and post-transcriptional mechanisms acting on the RNA stability of translation or on the protein it encodes. One of the best-known mechanisms of post-transcriptional regulation of gene expression is gene silencing induced by microRNAs (miRNAs). MiRNAs are small, regulatory RNA molecules (21–24 nucleotides) first discovered in the worm Caenorhabditis elegans and later in plants and humans [1,2,3,4]. Each miRNA regulates the expression of specific target gene(s) either by cleaving the mRNA transcribed from it or by inhibiting its translation. Target genes of miRNAs are often key regulatory genes encoding, for example, transcription factors or hormone receptors. MiRNAs are therefore required for the correct regulation of most developmental processes in plants and animals, and dysregulation of miRNA expression is a feature of many human pathologies.



MiRNAs are themselves encoded by genes and are transcribed in the form of long primary transcripts (pri-miRNAs). One of the first steps in the maturation of pri-miRNAs involves a nuclear protein complex containing an enzyme called dicer-like 1 (DCL1), which cleaves pri-miRNAs to form precursor miRNAs (pre-miRNAs). A second cleavage step then forms mature miRNAs. In the cytoplasm, the mature miRNA anneals by homology with the mRNA of its target gene(s). This heteroduplex molecule is recognized by a protein complex called RISC, containing the enzyme Argonaute (AGO1), which either cleaves the targeted mRNA or inhibits its translation. Because the main role of miRNAs is to act as regulatory small RNAs and not in the direct translation of proteins, miRNAs have always been thought to be non-coding RNAs.



Surprisingly, the characterization of plant pri-miRNAs revealed that they encode small regulatory peptides, which were called miPEPs for miRNA-encoded peptides [5]. MiPEPs are involved in a positive autoregulatory feedback loop. They specifically activate transcription of their primary transcript and consequently enhance the synthesis of the mature miRNA, thus turning down the expression of specific genes. Interestingly, the application of exogenous synthetic miPEPs to plants is sufficient to stimulate the synthesis of their corresponding miRNAs and to modify plant development accordingly [6,7]. Given their efficiency simply by an external application on plants, miPEPs are promising molecules for many agronomic applications. In particular, they offer a new way of modulating plant development, stimulating plant symbioses, or increasing plant fitness, to name a few potential uses. Moreover, as natural and endogenous peptides, they are likely to be much less harmful to the environment than chemical treatments and more acceptable to the general public than genetically modified organisms.



Endocytosis plays a crucial role in the internalization of extracellular molecules and plasma membrane proteins into eukaryotic cells [8]. Clathrin-mediated endocytosis (CME) remains the most extensively studied and characterized endocytosis and constitutes the major route of entry and pathway in eukaryotes [8,9]. Clathrin is a triskelion-shaped scaffold protein composed of three clathrin light chains (CLCs) and three clathrin heavy chains (CHCs). The formation of clathrin-coated vesicle at the plasma membrane requires adaptor proteins, including AP2 complex [10]. In plants, CME is involved in multiple important biological processes, including growth, development, nutrient uptake, and biotic and abiotic stress responses [8,10,11,12,13,14,15]. For instance, clathrin is required for plasma membrane-located receptor endocytosis upon peptide perception, leading to peptide-mediated responses and thus to plant immunity [15,16]. Moreover, recent studies have also reported the existence of sterol-sensitive clathrin-independent pathways in plants, although this alternative endocytosis pathway is far less understood [17,18]. The best-studied clathrin-independent pathway in plants corresponds to flotillin-1-mediated endocytosis, a membrane microdomain-associated protein involved in plant development and promoted by flg22, a flagellin-derived 22-amino acid peptide [19,20]. Alternatively, proteins can assemble into clusters in membrane microdomains [8]. For instance, remorins form clusters at the plasma membrane and interact with a symbiotic receptor that allows bacterial infection in Medicago truncatula [21]. Finally, both clathrin-dependent and -independent pathways can be constitutive or differentially regulated in response to stimuli [17,18,22]. In summary, different endocytosis pathways have been reported to be involved in many biological outcomes.



Due to their capacity to modulate plant development, miPEPs are of interest in agronomy as an alternative to chemicals to stimulate plant development. Nevertheless, to achieve this goal, a better understanding of their mode of action at the molecular level, including the mechanisms of their entry into plants, is required. In this study, we investigated how miPEPs enter into plants. We first reported in detail the phenotypes observed after treatment of Arabidopsis thaliana with miPEP165a, previously used to decipher the mode of action of miPEPs [5]. By using this miPEP labelled with a fluorescent dye, we followed the internalization of the peptide into plants. The peptide entered rapidly into the root cap and the meristematic zone and it took longer to penetrate the other parts of the root. Using mutants potentially altered in endocytic pathways or chemical inhibitors affecting endocytosis, we identified two mechanisms of miPEP165a entry into roots, passive diffusion followed by an endocytosis process.




2. Results


2.1. MiPEP165a Promotes Cell Division in the Meristematic Zone to Increase Primary Root Length and Acts on Flowering Time in Arabidopsis


It has been previously shown that A. thaliana miPEP165a, as well as miR165a, is expressed in endodermis cells [5,23]. Exogenous treatment of A. thaliana seedlings with synthetic miPEP165a is sufficient to increase the primary root length [5]. However, the precise mechanisms (spatial and temporal) involved in the peptide uptake remained unknown. To study the entry of miPEPs, especially miPEP165a, we first defined the best experimental conditions to obtain a significant effect of miPEP165a on plant development. We first observed that watering plants with 100 µM of peptide was much more efficient at increasing the primary root length than treatments performed with only 10 µM of peptide, the concentration used in the previous study [5] (Figure 1A). In addition, similar to the concentration of 10 µM previously used [5], applying miPEP165a at 100 µM also induced the activation of the pri-miRNA from which it originates (Figure S1A). In addition, during the initial stages of the study, when the effect of miPEP165a on primary root length was studied, whatever the control used, i.e., scrambled miPEP165a, irrelevant peptides, or their corresponding solvents (acetonitrile or water), no response was observed compared to miPEP165a treatments (Figure S1B). Similarly, water and scrambled miPEP165a had no effect on the expression of pri-miR165a compared to miPEP165a (Figure S1A). Finally, we observed that several freeze/thaw cycles of the peptide were detrimental to its activity on the length of primary roots (Figure S1C). For these reasons, we used aliquots of unfrozen peptides only once and kept water as a reference in all the following experiments.



The increase in root length upon treatment may be a consequence of higher cell elongation or increased cell proliferation. To address this point, we analyzed the effect of miPEP165a at the cellular level on the meristematic zone since root growth was often determined by meristematic activity [24]. We revealed that more cells were present in the meristematic zone when roots were treated with miPEP165a (Figure 1B–E). Therefore, these experiments suggest that the increase in root length induced by the miPEP165a treatment is likely due to the stimulation of cellular proliferation rather than an increase in cell length.



MiR165a and its target genes, REVOLUTA (REV), PHABULOSA (PHB), and PHAVOLUTA (PHV), are also known to be involved in flowering [30]. To investigate whether miPEP165a could have an effect on flowering, we treated the shoot apical meristem with a droplet of 100 µM miPEP165a three times a week during plant development. Treatments with miPEP165a accelerated plant development as illustrated by the decrease of the flowering day (Figure 2A,B) and the increase of the length of the inflorescence stem (Figure 2C,D). Interestingly, watering the roots with 10 µM peptide had no effect on the flowering, suggesting that peptides cannot migrate throughout the plant (Figure 2).




2.2. MiPEP165a Entry Involves both Passive Diffusion at the Root Apex and Endocytic Pathways in the Differentiation and Mature Zones


To document this observation, we used the miPEP165a labelled with FAM, a fluorescent dye derived from fluorescein. As illustrated in Figure S2, the physiochemical properties of the miPEP165a-FAM are similar to those of the non-modified peptide. Although slightly less active, the labelled peptide was still able to increase the primary root length (Figure 3).



Interestingly, while the labelled peptide penetrated rapidly (~2 h) into the root cap and the meristematic zone, it took longer to penetrate the other parts of the root (Figure 4). Twenty-four hours after the application of the labelled peptide, the latter was present in most external parts of the roots. The central cylinder was never labelled by the peptide, which seemed to be blocked by the pericycle (Figure 4).



The entry of peptides into plants might occur passively, by diffusion, or actively, via specific transporters or by endocytosis. Because of the huge diversity of miPEPs in a plant and the lack of conservation between species [5], we hypothesized that specific transporters for each peptide are unlikely to exist and, more likely, the miPEPs might be internalized by generic internalization machinery or, more simply, by passive diffusion. To decipher the mechanisms involved in the entry of peptides into cells, we used A. thaliana mutants impaired on genes encoding proteins associated to the clathrin pathway (chc1-1, chc2-1, ap2σ2) [12,16,32] or to the membrane microdomain (rem1-2, rem1-3) [33,34,35]. Internalization of miPEP165a was not affected in most of the mutants tested, except in the root cap/meristematic zone of the chc1-1 mutant and in the differentiation zone of the chc1-1 and rem1-2 mutants, suggesting that uptake in these parts was mainly passive (Figure 5, Figure S3). Conversely, the entry of the peptide into the mature zone of all mutants was strongly impaired (Figure 5, Figure S3). These data suggest that peptide entry in plants involves, in addition to passive diffusion, both clathrin and membrane microdomain-mediated pathways.



In order to determine how and to what extent a defect in the peptide entry affects its biological effect on plant development, we treated the roots of chc1-1, rem1-2, and rem1-3 mutants with the peptide in parallel with the wild-type roots. While the mutants showed a longer primary root in the control conditions compared to the wild type plants, they were unable to respond to the peptide by increasing their primary root length (Figure 6). Indeed, the rem1-2 mutant, which was strongly affected in the peptide uptake, was unable to respond to miPEP165a.



We next treated the aerial parts of the mutants with miPEP165a, and we observed similar results on the flowering time (Figure 7). These results suggest that the mechanisms of miPEP165a uptake into roots and aerial parts could be similar.



Finally, we used TyrA23, a chemical inhibitor known to affect clathrin-mediated endocytosis [22,32,36], and MβCD, a cholesterol-depleting agent, which have been suggested to block microdomain-dependent endocytosis [17,18,22]. Interestingly, both molecules were able to inhibit the miPEP165a-activated root length phenotype, suggesting that peptide entry in plant involves clathrin-mediated endocytosis and membrane microdomain-dependent pathways (Figure 8).



Altogether, our results showed that miPEP165a entry used passive diffusion at the root apex followed by endocytosis in the differentiation or mature zone of plant roots. All pathways are required to mediate full peptide uptake (and activity).





3. Discussion


MiRNAs have been considered for a long time as non-coding RNAs. However, a few years ago, it was shown that pri-miRNAs can encode regulatory peptides, which were named miPEPs. These miPEPs activate the transcription of their associated miRNA and thus downregulate the expression of their target genes [5]. Among miPEPs, miPEP165a induces the accumulation of mature miR165a, known to repress the expression of all five class III homeodomain-leucine zipper (HD-ZIP III) transcription factors, i.e., REV, PHB, PHV, CORONA (CAN/AtHB15), and AtHB8 [5,37]. In Arabidopsis, the overexpression of all HD-ZIP III results in plants with shorter roots whereas phb, phv double mutants and phv-11 mutants display longer roots as well as an increase in the number of meristem cells compared to wild-type plants [38,39]. Moreover, the overexpression of miR166, differing by only one nucleotide from miR165 and targeting the expression of three HD-ZIP III genes, also promotes primary root growth in Arabidopsis [39]. These results can be correlated with those of the present study, since we showed that miPEP165a promotes primary root growth by increasing cell division in the root apical meristem (Figure 1). Moreover, misexpression of the HD-ZIP III genes by making them resistant to miR165/166 and a reduction in the expression of HD-ZIP IIIs by overexpression of miR165/166 induces prolonged activity of floral stem cells [30]. Here, we observed that miPEP165a accelerates the appearance of the inflorescence stem and the flowering time of Arabidopsis wild-type plants (Figure 2).



Since some small peptides were considered as long-distance signaling molecules, we wondered whether miPEP165a was involved in root/shoot communication [40,41,42]. By tracking the FAM-labelled miPEP165a across all layers of Arabidopsis roots, we showed that the labelled peptide entered into the epidermis and migrated up to the pericycle but did not reach the root vessels (Figure 4). Moreover, the acceleration of flowering observed in response to the miPEP165a treatment of the shoot apical meristem was not observed after watering Arabidopsis roots with miPEP165a (Figure 2). Taken together, these results indicate that miPEP165a is not a root-to-shoot mobile signal molecule.



Consequently, in order to have a better understanding of miPEP uptake into plants, we investigated the mobility of FAM-labelled miPEP165a in Arabidopsis roots. Clathrin-mediated endocytosis is the major and the most studied route of entry in plants [8]. A recent study showed that this endocytic pathway is necessary for the internalization of the elicitor peptide Atpep1 and its receptor, leading to Atpep1-induced responses [16]. Here, we showed that the entry of miPEP165a could also be dependent on clathrin since miPEP165a uptake was significantly decreased in the primary roots of chc1-1and strongly reduced in the mature zone in the three mutants chc1-1, chc2-1, and ap2σ2 (Figure 5). These results were confirmed by the fact that the increase of the root length by miPEP165a was not observed in the chc1-1 mutant or after treatment with TyrA23 (Figure 6A, Figure 8A), the most commonly used CME inhibitor [8,32,36]. Similarly, the acceleration of the flowering time induced by miPEP165a in wild-type plants was not observed in the chc1-1 mutant (Figure 7).



Besides clathrin-mediated endocytosis, membrane microdomain-associated endocytosis has been described in plants as an alternative route of entry pathway [8]. This endocytosis pathway is sensitive to sterol depletion and consequently to the sterol-depleting agent MβCD [8,17,18]. In the present study, we showed that MβCD prevented miPEP165a-FAM entry and correlatively the increase of root length induced by miPEP165a (Figure 8B, Figure S4). Collectively, our results indicate that both clathrin-dependent pathways and microdomain-associated events may cooperate in peptide entry into Arabidopsis roots. Previous results have demonstrated that internalization of the aquaporin PIP2;1 and RbohD involved both dependent and independent clathrin-mediated endocytosis, the latter being stimulated in saline stress conditions [17,22]. Stimulation of the endocytic pathway under salt stress requires the simultaneous action of both clathrin-dependent and membrane microdomain-associated endocytosis [17,22]. In addition, Baral and his colleagues have shown that clathrin-mediated endocytosis allows the internalization of transmembrane proteins in all cell root layers whereas a sterol-sensitive clathrin-independent pathway internalizes lipid-anchored cargoes only in the epidermal cell layer [18]. Moreover, these authors showed that salt stress activates an additional clathrin-independent endocytosis pathway across all cell root layers that takes up both molecule types [18]. Considering membrane microdomain-associated endocytosis, it is known that proteins assemble into clusters in lipid rafts [8]. Among these proteins, remorins are considered as markers of membrane microdomains [35]. In Medicago truncatula, the symbiotic remorin 1 forms clusters and interacts with symbiotic receptors at the plasma membrane, playing a key role in bacterial signal perception [21]. Here, we showed that remorins 1-2 and 1-3, which are among the 10% of the most highly expressed genes in Arabidopsis [43], were also involved in miPEP165a entry into Arabidopsis roots (Figure 6B, Figure 7). Indeed, miPEP165a-FAM failed to enter the differentiation zone of Arabidopsis roots in rem1-2 and rem1-3 mutants. Moreover, root length and flowering acceleration induced by miPEP165a were perturbed in both remorin mutants (Figure 6B, Figure 7).



To conclude, we showed that endocytic pathways participate in miPEP uptake in plants. Thus, clathrin-mediated endocytosis as well as membrane microdomain-associated pathways seem to cooperate, allowing miPEPs to regulate their corresponding miRNAs and consequently modulate the plant phenotype, such as flowering and root development. Due to the simplicity of the mode of administration of miPEPs, a better understanding of miPEP uptake into plants is a first step towards the possible agronomic application of peptides.




4. Materials and methods


4.1. Peptide Synthesis


miPEP165a (MRVKLFQLRGMLSGSRIL), miPEP165a fused to fluorescein (miPEP165a-FAM), scrambled miPEP165a (LMGRQGLKISSLVFRMLR), PEP1 (KSNKTRVNFPS), PEP2 (MCFSFPDL), and PEP3 (MASAAKVYMA) were synthetized by Smart Bioscience (https://www.smart-bioscience.com/). They were dissolved in water (control) as a 10 mM stock solution (except for PEP2, which was dissolved in 50% acetonitrile as a 2 mM stock solution), aliquoted, and conserved at −80 °C until use.




4.2. Plant Materials


Different Arabidopsis thaliana plant lines (Columbia Col-0 ecotype) were used: the chc1-1 (At3g11130), chc2-1 (At3g08530), ap2σ2 (At1g47830), rem1-2 (At2g45820), and rem1-3 (At3g61260) Arabidopsis mutants.




4.3. Peptide Treatment of Arabidopsis Roots


Surface-sterilized Arabidopsis seeds were sown on the surface of cellophane membrane placed on ½ MS solid medium and stratified for one day at 4 °C in the dark. Seeds were vertically grown in controlled environmental chambers at 22/20 °C, with a photoperiod of 16h light/8h dark, an irradiance of ~ 97.5 µmol photons.m−2.s−1, and a relative humidity of 40%. Three days after sowing, seedlings were treated daily for 4 days either with water, 2.5% acetonitrile, 100 µM scrambled miPEP165a, 100 µM irrelevant peptides (PEP1, PEP2, PEP3), or fluorescein (control conditions) or with 100 µM miPEP165a or miPEP165a-FAM (treated conditions). Twenty-four hours after the last treatment, seedlings were scanned in order to measure primary root lengths using NeuronJ plugin of ImageJ.




4.4. Peptide Uptake in Arabidopsis Roots


Surface-sterilized wild-type and mutant Arabidopsis seeds were grown onto ½ MS solid medium in the same conditions as those described in the previous section. Three days after germination, three seedlings were transferred to each well of a 48-well plate containing 200 µL of ½ MS liquid medium. One day later, medium was replaced by 10 µM miPEP165a-FAM diluted in ½ MS liquid medium until confocal microscopy observations. FAM fluorescence was analyzed with a confocal laser scanning microscope (Leica TCS SP2-AOBS using a 40 X water immersion objective lens (numerical aperture 0.80; HCX APO). FAM fluorescence was excited with the 488-nm ray line of the argon laser and recorded in the 511–551-nm emission range.



For quantification of miPEP165a-FAM entry into wild-type and mutant Arabidopsis roots, the fluorescence intensity was determined per surface unit in the different root zones using ImageJ software.




4.5. Inhibitor Treatment


TyrA23 was dissolved in dimethyl sulfoxide to yield a 50 mM stock solution and MβCD was prepared in deionized water at a final concentration of 38 mM. For each experiment, 3-day-old seedlings germinated on ½ MS solid medium + 1% sucrose (wt/vol) were pre-treated with 50 µM TyrA23 or 10 mM MβCD for 30 min [17]. Seedlings were then treated with the inhibitors supplemented with 100 µM miPEP165a. Treatments were performed daily for an additional 3 days and plates were scanned for analysis of the primary root length with NeuronJ, an Image J plugin [29,44].




4.6. Flowering Phenotype


Arabidopsis seeds were grown on Jiffy® under a 16 h light/8 h dark cycle (22/20 °C), with a relative humidity of 80%. Fifteen days after seed sowing, either a 2-µL droplet of 100 µM miPEP165a was put on the shoot apical meristem or seedlings were watered with 500 µL of 10 µM miPEP165a three times a week. Analyses of the aerial parts were performed 24 days after sowing.




4.7. Propidium Iodide Staining


Wild-type seeds were grown for 3 days on ½ MS solid medium + 1% sucrose (wt/vol) in the same growth conditions as described above. Seedlings were then treated with water or 100 µM miPEP165a daily for 3 additional days and placed in the growth chamber at the same settings. Seedlings were then stained with 10 µg/mL propidium iodide for 20 min and Arabidopsis cell roots were analyzed with a laser scanning confocal microscope (Leica TCS SP8-AOBS) with a ×25 water immersion objective lens (numeral aperture 0.95; Fluotar Visir). The excitation and emission wavelengths of propidium iodide were 561 and 570–640 nm, respectively.



The meristematic zone for the cortex cells was defined as the region between quiescent center cells and the first elongating cell that was twice the length compared to its distal neighbor [20,26]. The meristematic cell length and cell number were determined with the software tool Cell-o-Tape, an open source ImageJ/Fiji macro [27,28,29]. At least 20 roots were analyzed for each treatment.




4.8. Immunoblots and RT-qPCR


Seven-week-old Arabidopsis seedlings were treated with 100 µM miPEP165a or its corresponding control for 24 h, and then the expression of pri-miR165a was evaluated by RT-qPCR according to Lauressergues et al. [5].



To evaluate miPEP165a stability, 5 nanomoles of miPEP165a were subjected to several freeze/thaw cycles and its degradation was detected by immunoblotting with an anti-miPEP165a antibody as previously described [5].
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Abbreviations




	AGO1
	Argonaute 1



	AP2
	adaptor protein 2



	CAN/AtHB15
	CORONA



	CHC
	clathrin heavy chain



	CLC
	clathrin light chain



	CME
	clathrin-mediated endocytosis



	DCL1
	dicer-like1



	FAM
	5-carboxyfluorescein



	HB8
	homeobox gene 8



	HD-ZIP III
	class III homeodomain-leucine zipper



	MβCD
	methyl-β-cyclodextrin



	miPEP
	miRNA-encoded peptide



	miRNA
	micro-RNA



	MS
	Murashige and Skoog medium



	PHB
	PHABULOSA



	PHV
	PHAVOLUTA



	PIP2;1
	plasma membrane intrinsic protein 2



	pri-miRNA
	primary-microRNA



	pre-miRNA
	precursor-microRNA



	RbohD
	respiratory burst oxidase protein D



	REM
	remorin



	REV
	REVOLUTA



	TyrA23
	Tyrphostin A23.







References


	



Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding for small expressed RNAs. Science 2001, 294, 853–858. [Google Scholar] [CrossRef]

	



Lau, N.C.; Lim, L.P.; Weinstein, E.G.; Bartel, D.P. An abundant class of tiny RNAs with probable regulatory roles in Caenorhabditis elegans. Science 2001, 294, 858–862. [Google Scholar] [CrossRef] [PubMed]

	



Lee, R.C.; Ambros, V. An extensive class of small RNAs in Caenorhabditis elegans. Science 2001, 294, 862–864. [Google Scholar] [CrossRef] [PubMed]

	



Reinhart, B.J.; Weinstein, E.G.; Rhoades, M.W.; Bartel, B.; Bartel, D.P. MicroRNAs in plants. Genes Dev. 2002, 16, 1616–1626. [Google Scholar] [CrossRef]

	



Lauressergues, D.; Couzigou, J.M.; San Clemente, H.; Martinez, Y.; Dunand, C.; Bécard, G.; Combier, J.P. Primary transcripts of microRNAs encode regulatory peptides. Nature 2015, 520, 90–93. [Google Scholar] [CrossRef] [PubMed]

	



Couzigou, J.M.; André, O.; Guillotin, B.; Alexandre, M.; Combier, J.P. Use of microRNA-encoded peptide miPEP172c to stimulate nodulation in soybean. New Phytol. 2016, 211, 379–381. [Google Scholar] [CrossRef] [PubMed]

	



Couzigou, J.M.; Lauressergues, D.; André, O.; Gutjahr, C.; Guillotin, B.; Bécard, G.; Combier, J.P. Positive Gene Regulation by a Natural Protective miRNA Enables Arbuscular Mycorrhizal Symbiosis. Cell Host Microbe 2017, 21, 106–112. [Google Scholar] [CrossRef]

	



Fan, L.; Li, R.; Pan, J.; Ding, Z.; Lin, J. Endocytosis and its regulation in plants. Trends Plant Sci. 2015, 20, 388–397. [Google Scholar] [CrossRef]

	



Dhonukshe, P.; Aniento, F.; Hwang, I.; Robinson, D.G.; Mravec, J.; Stierhof, Y.D.; Friml, J. Clathrin-mediated constitutive endocytosis of PIN auxin efflux carriers in Arabidopsis. Curr. Biol. 2007, 17, 520–527. [Google Scholar] [CrossRef]

	



Yamaoka, S.; Shimono, Y.; Shirakawa, M.; Fukao, Y.; Kawase, T.; Hatsugai, N.; Tamura, K.; Shimada, T.; Hara-Nishimura, I. Identification and dynamics of Arabidopsis adaptor protein-2 complex and its involvement in floral organ development. Plant Cell 2013, 25, 2958–2969. [Google Scholar] [CrossRef]

	



Barberon, M.; Zelazny, E.; Robert, S.; Conéjéro, G.; Curie, C.; Friml, J.; Vert, G. Monoubiquitin-dependent endocytosis of the iron-regulated transporter 1 (IRT1) transporter controls iron uptake in plants. Proc. Natl. Acad. Sci. USA 2011, 108, 450–458. [Google Scholar] [CrossRef] [PubMed]

	



Kitakura, S.; Vanneste, S.; Robert, S.; Löfke, C.; Teichmann, T.; Tanaka, H.; Friml, J. Clathrin mediates endocytosis and polar distribution of PIN auxin transporters in Arabidopsis. Plant Cell 2011, 23, 1920–1931. [Google Scholar] [CrossRef] [PubMed]

	



Gadeyne, A.; Sánchez-Rodríguez, C.; Vanneste, S.; Di Rubbo, S.; Zauber, H.; Vanneste, K.; Van Leene, J.; De Winne, N.; Eeckhout, D.; Persiau, G.; et al. The TPLATE adaptor complex drives clathrin-mediated endocytosis in plants. Cell 2014, 156, 691–704. [Google Scholar] [CrossRef] [PubMed]

	



Zwiewka, M.; Nodzyński, T.; Robert, S.; Vanneste, S.; Friml, J. Osmotic Stress Modulates the Balance between Exocytosis and Clathrin-Mediated Endocytosis in Arabidopsis thaliana. Mol. Plant 2015, 8, 117–1187. [Google Scholar] [CrossRef]

	



Mbengue, M.; Bourdais, G.; Gervasi, F.; Beck, M.; Zhou, J.; Spallek, T.; Bartels, S.; Boller, T.; Ueda, T.; Kuhn, H.; et al. Clathrin-dependent endocytosis is required for immunity mediated by pattern recognition receptor kinases. Proc. Natl. Acad. Sci. USA 2016, 113, 11034–11039. [Google Scholar] [CrossRef]

	



Ortiz-Morea, F.A.; Savatin, D.V.; Dejonghe, W.; Kumar, R.; Luo, Y.; Adamowski, M.; Van den Begin, J.; Dressano, K.; Pereira de Oliveira, G.; Zhao, X.; et al. Danger-associated peptide signaling in Arabidopsis requires clathrin. Proc. Natl. Acad. Sci. USA 2016, 113, 11028–11033. [Google Scholar] [CrossRef]

	



Li, X.; Wang, X.; Yang, Y.; Li, R.; He, Q.; Fang, X.; Luu, D.-T.; Maurel, C.; Lin, J. Single-molecule analysis of PIP2;1 dynamics and partitioning reveals multiple modes of Arabidopsis plasma membrane aquaporin regulation. Plant Cell 2011, 23, 3780–3797. [Google Scholar] [CrossRef]

	



Baral, A.; Irani, N.G.; Fujimoto, M.; Nakano, A.; Mayor, S.; Mathew, M.K. Salt-induced remodeling of spatially restricted clathrin-independent endocytic pathways in Arabidopsis root. Plant Cell 2015, 27, 1297–1315. [Google Scholar] [CrossRef]

	



Li, R.; Liu, P.; Wan, Y.; Chen, T.; Wang, Q.; Mettbach, U.; Baluska, F.; Samaj, J.; Fang, X.; Lucas, W.J.; et al. A membrane microdomain-associated protein, Arabidopsis Flot1, is involved in a clathrin-independent endocytic pathway and is required for seedling development. Plant Cell 2012, 24, 2105–2122. [Google Scholar] [CrossRef]

	



Yu, M.; Liu, H.; Dong, Z.; Xiao, J.; Su, B.; Fan, L.; Komis, G.; Samaj, J.; Lin, J.; Li, R. The dynamics and endocytosis of Flot1 protein in response to flg22 in Arabidopsis. J. Plant Physiol. 2017, 215, 73–84. [Google Scholar] [CrossRef]

	



Lefebvre, B.; Timmers, T.; Mbengue, M.; Moreau, S.; Hervé, C.; Tóth, K.; Bittencourt-Silvestre, J.; Klaus, D.; Deslandes, L.; Godiard, L.; et al. A remorin protein interacts with symbiotic receptors and regulates bacterial infection. Proc. Natl. Acad. Sci. USA 2010, 107, 2343–2348. [Google Scholar] [CrossRef] [PubMed]

	



Hao, H.; Fan, L.; Chen, T.; Li, R.; Li, X.; He, Q.; Botella, M.; Lin, J. Clathrin and membrane microdomains cooperatively regulate RbohD dynamics and activity in Arabidopsis. Plant Cell 2014, 26, 1729–1745. [Google Scholar] [CrossRef] [PubMed]

	



Carlsbecker, A.; Lee, J.Y.; Roberts, C.J.; Dettmer, J.; Lehesranta, S.; Zhou, J.; Lindgren, O.; Moreno-Risueno, M.A.; Vatén, A.; Thitamadee, S.; et al. Cell signalling by microRNA165/6 directs gene dose-dependent root cell fate. Nature 2010, 465, 316–321. [Google Scholar] [CrossRef] [PubMed]

	



Perilli, S.; Di Mambro, R.; Sabatini, S. Growth and development of the root apical meristem. Curr. Opin. Plant Biol. 2012, 15, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Dello Ioio, R.; Linhares, F.S.; Scacchi, E.; Casamitjana-Martinez, E.; Heidstra, R.; Costantino, P.; Sabatini, S. Cytokinins determine Arabidopsis root-meristem size by controlling cell differentiation. Curr. Biol. 2007, 17, 678–682. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Lai, N.; Gao, K.; Chen, F.; Yuan, L.; Mi, G. Ammonium inhibits primary root growth by reducing the length of meristem and elongation zone and decreasing elemental expansion rate in the root apex in Arabidopsis thaliana. PLoS ONE 2013, 8, e61031. [Google Scholar] [CrossRef]

	



French, A.P.; Wilson, M.H.; Kenobi, K.; Dietrich, D.; Voβ, U.; Ubeda-Tomás, S.; Pridmore, T.P.; Wells, D.M. Identifying biological landmarks using a novel cell measuring image analysis tool: Cell-o-Tape. Plant Methods 2012, 8, 7. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, B.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]

	



Ji, L.; Liu, X.; Yan, J.; Wang, W.; Yumul, R.E.; Kim, Y.J.; Dinh, T.T.; Liu, J.; Cui, X.; Zheng, B.; et al. ARGONAUTE10 and ARGONAUTE1 regulate the termination of floral stem cells through two microRNAs in Arabidopsis. PLoS Genet. 2011, 7, e1001358. [Google Scholar] [CrossRef]

	



Balcerowicz, D.; Schoenaers, S.; Vissenberg, K. Cell fate determination and the switch from diffuse growth to planar polarity in Arabidopsis root epidermal cells. Front. Plant Sci. 2015, 6, 1163. [Google Scholar] [CrossRef]

	



Fan, L.; Hao, H.; Xue, Y.; Zhang, L.; Song, K.; Ding, Z.; Botella, M.A.; Wang, H.; Lin, J. Dynamic analysis of Arabidopsis AP2 σ subunit reveals a key role in clathrin-mediated endocytosis and plant development. Development 2013, 140, 3826–3837. [Google Scholar] [CrossRef] [PubMed]

	



Mongrand, S.; Morel, J.; Laroche, J.; Claverol, S.; Carde, J.P.; Hartmann, M.A.; Bonneu, M.; Simon-Plas, F.; Lessire, R.; Bessoule, J.J. Lipid rafts in higher plant cells: Purification and characterization of Triton X-100-insoluble microdomains from tobacco plasma membrane. J. Biol. Chem. 2004, 279, 36277–36286. [Google Scholar] [CrossRef] [PubMed]

	



Kierszniowska, S.; Seiwert, B.; Schulze, W.X. Definition of Arabidopsis sterol-rich membrane microdomains by differential treatment with methyl-beta-cyclodextrin and quantitative proteomics. Mol. Cell Proteom. 2009, 8, 612–623. [Google Scholar] [CrossRef]

	



Jarsch, I.K.; Ott, T. Perspectives on remorin proteins, membrane rafts, and their role during plant–microbe interactions. Mol. Plant Microbe Interact. 2011, 24, 7–12. [Google Scholar] [CrossRef]

	



Banbury, D.N.; Oakley, J.D.; Sessions, R.B.; Banting, G. 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. 2003, 278, 12022–12028. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, G.K.; Kubo, M.; Zhong, R.; Demura, T.; Ye, Z.H. Overexpression of miR165 affects apical meristem formation, organ polarity establishment and vascular development in Arabidopsis. Plant Cell Physiol. 2007, 48, 391–404. [Google Scholar] [CrossRef] [PubMed]

	



Dello Ioio, R.; Galinha, C.; Fletcher, A.G.; Grigg, S.P.; Molnar, A.; Willemsen, V.; Scheres, B.; Sabatini, S.; Baulcombe, D.; Maini, P.K.; et al. A PHABULOSA/cytokinin feedback loop controls root growth in Arabidopsis. Curr. Biol. 2012, 22, 1699–1704. [Google Scholar] [CrossRef]

	



Singh, A.; Singh, S.; Panigrahi, K.C.; Reski, R.; Sarkar, A.K. Balanced activity of microRNA166/165 and its target transcripts from the class III homeodomain-leucine zipper family regulates root growth in Arabidopsis thaliana. Plant Cell Rep. 2014, 33, 945–953. [Google Scholar] [CrossRef]

	



Chen, A.; Komives, E.A.; Schroeder, J.I. An improved grafting technique for mature Arabidopsis plants demonstrates long-distance shoot-to-root transport of phytochelatins in Arabidopsis. Plant Physiol. 2006, 141, 108–120. [Google Scholar] [CrossRef]

	



Delay, C.; Imin, N.; Djordjevic, M.A. Regulation of Arabidopsis root development by small signaling peptides. Front. Plant Sci. 2013, 4, 352. [Google Scholar] [CrossRef] [PubMed]

	



Ko, D.; Helariutta, Y.A. Shoot—Root communication in flowering plants. Curr. Biol. 2017, 27, 973–978. [Google Scholar] [CrossRef] [PubMed]

	



Raffaele, S.; Mongrand, S.; Gamas, P.; Niebel, A.; Ott, T. Genome-wide annotation of remorins, a plant-specific protein family: Evolutionary and functional perspectives. Plant Physiol. 2007, 145, 593–600. [Google Scholar] [CrossRef] [PubMed]

	



Meijering, E.; Jacob, M.; Sarria, J.C.; Steiner, P.; Hirling, H.; Unser, M. Design and validation of a tool for neurite tracing and analysis in fluorescence microscopy images. Cytom. A 2004, 58, 167–176. [Google Scholar] [CrossRef]








[image: Ijms 21 02266 g001 550] 





Figure 1. MiPEP165a promotes root growth by enhancing cell division. (A) Effect of miPEP165a on primary root length. Arabidopsis thaliana seedlings were treated with various concentrations of miPEP165a. Seedlings were treated daily with the peptide for 4 days, with the exception of those that received only one treatment. Peptides were thawed once, except those that underwent five freeze/thaw cycles. Two-way analysis of variance (ANOVA) significance levels were based on Tukey’s post-test (1-way ANOVA), (a–c, p < 0.05, n = 70). At least three biological replicates were performed (B–E). Three-day-old seedlings were treated daily with water or 100 µM miPEP165a for a further 3 days and stained with 10 µg/mL propidium iodide for 20 min. (B) Confocal images showing the meristematic zone for the cortex cells, defined as the region between quiescent center cells and the first elongating cell that was twice the length compared to its distal neighbor (distance between white arrows) [25,26]. Meristematic cell number (C) and cell length (D) were determined with the software tool Cell-o-Tape, an open source ImageJ/Fiji macro [27,28,29]. (E) Quantification of root apical meristem length. (B–E) Four biological replicates were performed with at least 20 seedlings. Errors bars represent SEM. Asterisks indicate a significant difference at p < 0.01 (*) according to the t-test. Scale bar = 25 µm. Water was used as a control. 
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Figure 2. Flowering phenotypes of Arabidopsis plants in response to miPEP165a treatment. Arabidopsis plants were treated with either water (control) or a droplet of 100 µM miPEP165a placed on the shoot apical meristem or by watering with 10 µM miPEP165a three times a week until analyses. Flowering time measurements were determined using the number of days to obtain an inflorescence stem of 1 cm (A) and the number of days to obtain the first flowers (B). (C) The length of the Arabidopsis inflorescence stem was determined 24 days after sowing. Error bars indicate SEM. Statistical analysis was performed using a t-test (p < 0.01). (D) Representative pictures showing the flowering phenotype according to the miPEP165a treatment. Experiments were performed at least 4 independent times (n > 78 plants). Bar = 1 cm. 
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Figure 3. MiPEP165a-FAM is biologically active. Seedlings were treated with water (control), 100 µM miPEP165a, miPEP165a-FAM, or fluorescein. At least 70 seedlings were used to determine the normalized Arabidopsis root length. Data are given as ± SEM and statistical analysis was performed using a t-test (a–c, p < 0.01). 
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Figure 4. Kinetics of miPEP165a uptake into Arabidopsis roots. The mobility of miPEP165a-FAM was followed at the indicated time in different zones of Arabidopsis roots, as defined by [31]. Confocal images are representative of four independent experiments, with at least 6 seedlings for each condition. Bar = 50 µm (root cap/meristematic zone) or 25 µm (differentiation and mature zones). The different cell layers are indicated in the differentiation zone image at 48 h as follows: cc, central cylinder; p, pericycle; en, endodermis; co, cortex; ep, epidermis. 
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Figure 5. Internalization of miPEP165a is clathrin and remorin dependent. Representative confocal images showing the uptake of miPEP165-FAM 48 h after treatment in wild-type seedlings and chc1-1, chc2-1, ap2σ2, rem1-2, and rem1-3 mutants. A significant fluorescence decrease for each condition is indicated in each panel by asterisks. Quantifications of the fluorescence intensity from more than 15 seedlings are shown in Figure S3. Bar = 50 µm (root cap/meristematic zone) or 25 µm (differentiation and mature zones). 
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Figure 6. MiPEP165a-mediated root growth induction involves clathrin and remorin proteins. Measurement of the primary root length in chc1-1 (A) and remorin (rem1-2 and rem1-3) mutants (B) after water (control) or miPEP165a (100 µM) treatment. The error bars indicate SEM of at least three biological replicates (n > 110 seedlings) and statistical analyses were performed using a t-test (a–c, p < 0.01). 
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Figure 7. Flowering time depends on clathrin- and membrane microdomain-associated pathways. The number of days to obtain a 1-cm inflorescence stem (A) and the number of days to observe the first flowers (B) were determined for wild-type plants as well as for chc1-1, rem1-2, and rem1-3 mutant plants. (C) Measurement of the inflorescence stem length was determined 24 days after sowing for wild-type and mutant plants. Data are representative of the average of at least four independent experiments with at least 10 plants per condition, for each experiment. Error bars represent SEM and statistical analyses were performed using a t-test (*, p < 0.01). (D) Representative images comparing wild-type and mutant plants treated with water (control) or miPEP165a. Bar = 1 cm. 
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Figure 8. Disruption of endocytic pathways prevents miPEP165a-induced root growth. Normalized primary root growth analysis after treatment with miPEP165a and TyrA23 (A) or miPEP165a and MβCD (B). Three biological replicates were performed by using at least 100 seedlings for each condition and root lengths were statistically analyzed using a t-test (p < 0.01, *). The data represent the mean value ± SEM. Water was used as a control for the miPEP165a treatment. 
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