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Editorial on the Research Topic
 Plasmodesmata: Recent Progress and New Insights



In this Frontiers Research Topic, readers will find a collection of research articles, mini-reviews, and opinion papers that focus on new findings and progress regarding plasmodesmata in the context of plant development and plant-pathogen interactions. Specifically, several reports present findings related to the targeted trafficking of endogenous and pathogen-derived proteins to or through plasmodesmata, or the role and regulation of plasmodesmata in defining symplasmic domains. The collection also includes articles that review progress with respect to cytoskeletal connections to basic plasmodesmal function or to interspecific plasmodesmata formed between hosts and their parasitic plants, or share perspectives on how plasmodesmal research may be relevant to addressing critical issues in producing resilient crops in the face of imminent challenges associated with climate change.

In higher plants, virtually all sister cells are connected to each other via the primary plasmodesmata formed at the division wall during cell division. However, as cells grow and differentiate, those plasmodesmata can undergo temporary closing or various structural modifications such as those that lead to the formation of secondary/modified plasmodesmata or to disconnection by severing or complete disintegration. These events sometimes lead to the symplasmic isolation of cells. Voitsekhovskaja et al. investigate how secondary plasmodesmata may differentially form depending on how they load sugar into the phloem, i.e., using an apoplastic or symplastic path. This study reveals that secondary plasmodesmata formation is enhanced in symplastic loaders, particularly at the cell walls joining epidermal cells and epidermal with mesophyll cells. In addition, comparative analysis of carbohydrate composition suggests that secondary plasmodesmata formed between the two cell layers are likely used to traffic photosynthetic assimilates. Collectively, these findings raise the intriguing possibility that the epidermis and mesophyll could together comprise a symplastic domain in symplastic loaders. Godel-Jedrychowska et al. investigate how symplamic domains are formed in zygotic and somatic embryos during their development. Their study suggests that although the symplasmic domains form similarly in both types of embryos, there are a few qualitative differences such as the timing of establishing domain boundaries and the size of molecules that can move between cells. Krause group addresses the functional specialization of secondary plasmodesmata (Fischer et al.), examining what is known about interspecific plasmodesmata formed between parasitic plants and their plant hosts and provides cogent arguments for the value of parasitic plant-host systems in investigating various aspects of plasmodesmal formation and structure, and the establishment of symplastic domains.

Two reports describe findings about plasmodesmata in the context of plant development, one related to the role of cytokinin in plasmodesmal function and the other to transcription factor movement critical for xylem development. Various reports have shown that plant hormones, such as auxin, abscisic acid, gibberellin, and salicylic acid, regulate plasmodesmal status, and/or vice versa. Adding to the list of hormones linked to plasmodesmal function, Horner and Brunkard show that direct application of a cytokinin, trans-Zeatin, or virus-induced gene silencing of the components of the cytokinin signaling pathway both bring about changes in plasmodesmal permeability. The transcription factor AT-HOOK MOTIF NUCLEAR LOCALIZED PROTEIN(AHL)4 is a mobile member of a large protein family, which is necessary for the proper xylem differentiation in Arabidopsis. Using domain swapping between AHL4 and a non-mobile member, AHL1, followed by genetic analyses, Seo and Lee now show that a specific C-terminal domain in AHL4 determines the mobility of the protein, and that AHL4 mobility from the stele to the endodermis and xylem precursor cells is vital for xylem development.

Chritiaan van der Schoot and his team examine the relationship between lipid bodies and plasmodesmata in the shoot apical meristem in hybrid aspen and analyze the proteins associated with lipid bodies in dormant buds (Veerabagu et al.). Their findings indicate how lipid bodies may function as a putative delivery system for plasmodesmal proteins along the actin cytoskeleton to plasmodesmata. A mini review summarizes the association of actin with plasmodesmata (Diao and Huang) focusing on class I formins, actin-binding proteins involved in actin polymerization. Several class I formins localize to plasmodesmata including AtFH1 and AtFH2, which are required to maintain plasmodesmal permeability.

Reflecting recent interest in the role of plasmodesmata as the battleground against microbial intruders, more proteins encoded by various microbial pathogens are identified to target plasmodesmata. Kyaw Aung's team presents evidence showing that bacterial effector proteins can traffic between cells (Li et al.), adding to the previous findings from fungal and oomycete systems (Cheval and Faulkner, 2018; Iswanto et al., 2021). They show that the effector movement is restricted by accumulation of callose at plasmodesmata and that an effector targeted to the plasma membrane is more efficiently able to move between cells than a mutant version that does not associate with the plasma membrane. How plasma membrane association may facilitate the protein's intercellular movement and how broadly this putative mechanism may apply are interesting questions for future investigations. In addition, it would not be surprising if beneficial bacteria also deploy effectors to bring about potential non-cell-autonomous effects.

Notably, three research groups review and discuss potential applications of plasmodesmal research to improve crop health and yield. As the effects of global climate change become more pronounced in the coming years, there is no doubt that a variety of biotechnological approaches will be needed to enhance crop adaption. Along this line, Liu et al. succinctly summarize a large body of research on the ways pathogens may manipulate plasmodesmata to facilitate infection and how plants can deploy plasmodesmata-centered defenses to limit infection. Possible strategies of engineering plasmodesmata to enhance defense responses, for example by targeting callose metabolizing enzymes are also discussed. Iswanto et al. discuss plasmodesmal proteins involved in abiotic stress and in host-pathogen interactions as potential targets for gene editing using CRISPR/CAS9 technologies. The urgency to consider the importance of plasmodesmata research for crop improvement is furthermore underscored in the Perspective article from the Heinlein lab (Amari et al.). It highlights the potential impact of global warming on virus propagation in infected plants and agricultural productivity and collates work spanning decades that clearly indicates the increased susceptibility of plants to viral cell-to-cell movement at higher temperatures. Perhaps, the regulation of plasmodesmata may hold a promise as a new target for crop engineering and the time may be ripe for that exploration.


AUTHOR CONTRIBUTIONS

TB-S wrote the first draft of the editorial. J-YL revised the draft and added additional sections, and MH edited. All authors contributed to the conception and solicitation of this Research Topic.



FUNDING

This work was partially supported with funding provided by the National Science Foundation (MCB1820103 to J-YL and MCB 1846245 to TB-S) and the Agence Nationale de la Recherche (ANR-21-SUSC-0003-01 to MH).



ACKNOWLEDGMENTS

The editors would like to thank all the authors and reviewers for their participation and contribution to the Research Topic.



REFERENCES

 Cheval, C., and Faulkner, C. (2018). Plasmodesmal regulation during plant-pathogen interactions. New Phytol. 217, 62–67. doi: 10.1111/nph.14857

 Iswanto, A. B. B., Vu, M. H., Pike, S., Lee, J., Kang, H., Son, G. H., et al. (2021). Pathogen effectors: what do they do at plasmodesmata? Mol. Plant Pathol. 1–10. doi: 10.1111/mpp.13142

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

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 © 2022 Burch-Smith, Heinlein and Lee. 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.









 


	
	
MINI REVIEW
 published: 15 February 2021
 doi: 10.3389/fpls.2021.647123






[image: image2]

An Update on the Role of the Actin Cytoskeleton in Plasmodesmata: A Focus on Formins

Min Diao2 and Shanjin Huang1*


1Center for Plant Biology, School of Life Sciences, Tsinghua University, Beijing, China

2iHuman Institute, Shanghai Tech University, Shanghai, China

Edited by:
 Jung-Youn Lee, University of Delaware, United States

Reviewed by:
 Viktor Zarsky, Charles University, Czechia
 Rosemary White, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia

*Correspondence: Shanjin Huang, sjhuang@tsinghua.edu.cn 

Specialty section: This article was submitted to Plant Cell Biology, a section of the journal Frontiers in Plant Science


Received: 29 December 2020
 Accepted: 26 January 2021
 Published: 15 February 2021

Citation: Diao M and Huang S (2021) An Update on the Role of the Actin Cytoskeleton in Plasmodesmata: A Focus on Formins. Front. Plant Sci. 12:647123. doi: 10.3389/fpls.2021.647123
 

Cell-to-cell communication in plants is mediated by plasmodesmata (PD) whose permeability is tightly regulated during plant growth and development. The actin cytoskeleton has been implicated in regulating the permeability of PD, but the underlying mechanism remains largely unknown. Recent characterization of PD-localized formin proteins has shed light on the role and mechanism of action of actin in regulating PD-mediated intercellular trafficking. In this mini-review article, we will describe the progress in this area.
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INTRODUCTION

The growth and development of multicellular organisms requires intercellular communication. Intercellular communication in plants can be classified into symplasmic and apoplasmic pathways. For the symplasmic pathway, intercellular communication is achieved through complex channel-like structures embedded within the cell walls, called plasmodesmata (PD). The development of the PD structure enables the trafficking of molecules between adjacent plant cells, including some small molecules, such as ions, carbohydrates, and hormones, as well as some large molecules including RNAs, proteins, and viruses (Tilsner et al., 2016; Lee and Frank, 2018). As such, PD are involved in the regulation of plant growth and development and environmental adaptation including disease resistance (Cheval and Faulkner, 2018). The structure and function of PD must be tightly regulated throughout the life of a plant (Lee and Frank, 2018). Indeed, many factors have been shown to be involved in regulating the permeability of PD. For instance, the callose at the neck of PD is involved in the regulation of intercellular trafficking in plants. It was shown that callose deposition at PD will accelerate during virus infection in order to prevent the spread of viruses (Levy et al., 2007). In line with this finding, some viruses have movement proteins (MPs), which can mediate the degradation of callose to open up PD (Schoelz et al., 2011). In addition, consistent with the presence of actin cytoskeletal proteins in PD, the actin cytoskeleton has been implicated in the regulation of intercellular trafficking via PD (White and Barton, 2011; Pitzalis and Heinlein, 2017), but the underlying mechanism remains largely unexplored. In this mini-review, we are going to describe the recent progress made in this respect.



EVIDENCE SUPPORTING THE ROLE OF ACTIN IN REGULATING THE PERMEABILITY OF PD

Actin is a highly conserved 42 kDa protein, and it is very abundant in eukaryotes. Actin is involved in many cellular physiological processes in plants, including cell growth, cell division, cytokinesis, and various intracellular trafficking events. As such, actin plays a crucial role in plant growth and development (Szymanski and Staiger, 2018). Under optimal conditions, actin can assemble into filamentous structures, called actin filaments (F-actin) or microfilaments. Most actin-based functions are dictated by the spatial organization and dynamics of F-actin in cells. Within cells, actin is associated with many proteins, called actin-binding proteins (ABPs), which modulate the kinetics of actin assembly and disassembly as well as facilitating the formation of different actin structures (Wang et al., 2015). Characterization of the role and mechanism of action of ABPs promises to provide insights into the action of actin within different cellular physiological processes.

Experimental treatments with actin-based pharmacological agents showed that the actin cytoskeleton is involved in the regulation of intercellular communication via PD. It was shown that the transport efficiency through PD increases after microinjection of specific actin depolymerizers into tobacco mesophyll cells, whereas the transport efficiency decreases after microinjection of the microfilament stabilizer phalloidin into the cells (Ding et al., 1996; Su et al., 2010). In line with these findings, treatment with the myosin inhibitor 2,3-butanedione monoxime (BDM) reduces the neck width of PD (Radford and White, 1998). However, given that those drugs non-selectively target the actin cytoskeletal system within cells, it remains uncertain whether, and to what extent, the changes in structure and function of PD result from the alteration in the actin cytoskeletal system.

In addition to functioning in plant growth and development, PD are involved in defense against plant pathogens (Cheval and Faulkner, 2018). The important role of PD in virus infection is quite obvious, as viruses spread between cells using PD as the channels. Plant viruses encode MPs to mediate the intercellular transport of infectious genomes via PD. It was reported that MPs can mediate the degradation of callose to open up PD (Schoelz et al., 2011). Besides that, another interesting report showed that MPs open up PD via interacting with the actin cytoskeleton in PD. Specifically, it was shown that Cucumber mosaic virus (CMV) MP severs and caps actin filaments in vitro and its filament severing activity is required for its function in PD (Su et al., 2010). Accordingly, it was shown that pretreatment with the actin monomer sequestering reagent latrunculin A (LatA) to depolymerize actin filaments promotes the function of MP in opening up PD, whereas pretreatment with phalloidin to stabilize actin filaments has the opposite effect (Su et al., 2010). These studies imply that there might exist endogenous ABPs that are involved in regulating the permeability of PD via controlling actin dynamics in PD. However, due to the lack of techniques to directly visualize the actin cytoskeleton in PD, there is still a debate about whether filamentous actin exists in PD and, if so, how it is organized. This prevents us from understanding the function of the actin cytoskeleton in regulating cell-to-cell trafficking via PD. In this regard, development of technology enabling the visualization of the actin cytoskeleton in PD is extremely necessary. In addition, development of methods to specifically alter actin dynamics in PD might provide insights into the function and mechanism of action of actin in the regulation of PD function.



THE PRESENCE OF ACTIN AND ACTIN-BINDING PROTEINS IN PD

The involvement of the actin cytoskeleton in regulating the function of PD is also supported by data showing that actin and some ABPs associate with PD. The association of actin with PD was initially discovered by the immunogold labeling approach (Table 1; White et al., 1994; Blackman and Overall, 1998) using a monoclonal antibody against chicken gizzard actin. The association of actin with PD structures was further confirmed using fluorescent phalloidins or by immunofluorescence using an antibody against human actin (Table 1; Baluska et al., 2001, 2004).



TABLE 1. Actin and its associated proteins identified in plasmodesmata (PD).
[image: Table1]

Similarly, myosin was first discovered to associate with PD with immuno-EM using polyclonal antibodies against animal myosins (Table 1; Blackman and Overall, 1998; Radford and White, 1998), which recognize highly conserved motifs in the myosin head, as well as an antibody against the C-terminal tail of plant myosin VIII (Table 1; Reichelt et al., 1999). The association of myosins with PD was also verified by immunofluorescence analyses with the same antibodies (Table 1; Radford and White, 1998; Reichelt et al., 1999; Baluska et al., 2001, 2004). Subsequent analysis of myosin XI fused to different fluorescent proteins showed no localization to PD (Reisen and Hanson, 2007). Interestingly, one GFP fusion with the IQ-tail zone of ATM1, a member of the Arabidopsis myosin VIII family, appears to localize to sites of ER attachment as well as pitfields when expressed in Nicotiana benthamiana leaves (Golomb et al., 2008).

In addition, it was shown that tropomyosin-like proteins localize to PD and cell plates using antibodies against mammalian tropomyosins (Table 1; Faulkner et al., 2009). Using the same approach, it was shown that actin-related protein 3 (Arp3) is localized in PD and multivesicular bodies (MVBs) in maize and tobacco (Table 1; Van Gestel et al., 2003). In addition, it was shown that a plant-specific ABP, network protein 1A (NET1A), is able to localize to PD (Table 1; Deeks et al., 2012). Another interesting report showed that grain setting defect1 (GSD1), a plant-specific remorin protein, is able to interact with actin (Gui et al., 2015) and can localize to PD (Table 1; Gui et al., 2014). The presence of ABPs in PD was also supported by data showing that profilin and ADF are present in the Arabidopsis plasmodesmal proteome (Table 1; Fernandez-Calvino et al., 2011). Certainly, direct cytological evidence is needed to confirm that these proteins are indeed localized to PD. Interestingly, recent characterization showed that several Arabidopsis and rice class I formins associate with PD (Table 1; Diao et al., 2018; Oulehlova et al., 2019). In summary, actin and some ABPs are able to associate with PD.



THE ROLE OF CLASS I FORMINS IN REGULATING THE PERMEABILITY OF PD

Formin (formin homology protein) nucleates actin assembly for the generation of linear actin bundles. The formin proteins contain the characteristic formin homology domain 1 (FH1) and FH2, which are capable of nucleating actin assembly from actin or actin-profilin complexes. The biochemical activities of plant formins have been characterized extensively in vitro and most of them are typical formins that nucleate actin assembly from actin or actin bound to profilin (van Gisbergen and Bezanilla, 2013). In vitro biochemical analysis revealed that some plant formins have evolved some unusual activities. For instance, AtFH1 was shown to be a nonprocessive actin polymerase, which can bundle actin filaments (Michelot et al., 2006). The formin proteins have been implicated in numerous actin-based cellular processes in plants, such as pollen germination (Lan et al., 2018; Liu et al., 2018), polarized pollen tube growth and root hair growth (Ye et al., 2009; Cheung et al., 2010; Huang et al., 2013; Lan et al., 2018), cell division (Li et al., 2010), cytokinesis (Ingouff et al., 2005), and cell expansion (Yang et al., 2011; Zhang et al., 2011), as well as defense (Favery et al., 2004). There are 21 formin genes in the Arabidopsis genome, and the encoded proteins can be divided into two classes (Blanchoin and Staiger, 2010). Specifically, there are 11 class I formins and 10 class II formins in Arabidopsis. Among them, Class I formins contain the characteristic transmembrane domain (TMD) at their N-terminus, which enable them to target to membranes (van Gisbergen and Bezanilla, 2013).

Interestingly, recent studies showed that several class I formins specifically localize to PD (Diao et al., 2018; Oulehlova et al., 2019) and they are involved in regulating the permeability of PD in Arabidopsis (Diao et al., 2018). It was shown that the class I formin AtFH2 localizes to PD in various tissues, and this function is dictated by its N-terminal TMD. Analysis of atfh2 mutants showed that the permeability of PD is increased when compared to WT. As such, atfh2 mutants are sensitive to virus infection. Strikingly, it was shown that a mutant AtFH2, which was deficient in interacting with actin filaments, failed to rescue the defective intercellular trafficking via PD in atfh2 mutants. This suggests that the interaction of AtFH2 with the actin cytoskeleton is crucial for its function in PD. In vitro biochemical analysis showed that AtFH2 lacks actin nucleation activity but it caps the barbed end of actin filaments and stabilizes them against dilution-mediated depolymerization in vitro (Diao et al., 2018). This allows us to speculate that actin filaments become instable and/or the amount of actin filaments is reduced in PD in atfh2 mutants. It is quite unusual that AtFH2 can cap the barbed end of actin filaments to prevent their elongation but fails to nucleate actin assembly in vitro. Certainly, it cannot be completely ruled out that AtFH2 is able to nucleate actin assembly after post-translational modification or by interacting with some partners in vivo. Nonetheless, the current in vitro biochemical data suggest that AtFH2 regulates actin dynamics only by binding to the barbed end of filamentous actin. To some extent, this supports the notion that actin filaments exist in PD. Certainly, uncovering the precise localization of AtFH2 in PD will further refine this hypothesis. However, we still do not know how to fit actin filaments into PD as the gap between the plasma membrane and the ER (called the cytoplasmic sleeve) within PD pores is less than 10 nm (Nicolas et al., 2017). It could be possible that actin filaments stay in cytoplasmic sleeve but twine around the ER within PD pores. In addition, Nicolas et al. (2017) also discovered a second PD morphotype (type I) that lacks a visible cytoplasmic sleeve but is capable of non-targeted movement of macromolecules, which indicates that the size of PD pores undergoes dynamic changes. Therefore, the space of cytoplasmic sleeve might increase substantially under certain condition that allows the fitting of actin filaments.

Interestingly, it was shown that several other class I formins are also able to target to PD. Specifically, the closest homolog of AtFH2, namely AtFH1, is also able to associate with PD (Diao et al., 2018; Oulehlova et al., 2019). AtFH1 functions redundantly with AtFH2 in regulating the permeability of PD (Diao et al., 2018). Strikingly, it was shown that several rice class I formins are also able to target to PD (Diao et al., 2018), suggesting that targeting of class I formins to PD is an evolutionarily conserved strategy in plants. An interesting but yet-to-be-answered question is how the TMD of the PD-localized class I formins have evolved to enable their targeting to PD. This function may be linked to the fact that the membrane of PD has a unique phospholipid composition (Grison et al., 2015). Certainly, it could be possible that the TMD of those class I formins might have additional functions besides the membrane anchoring. In support of this speculation, a very recent report showed that TMD of Arabidopsis thaliana Plasmodesmata-located protein (PDLP) 5 is involved in the self-interaction of PDLP5 that is essential for PDLP5 to regulate cell-to-cell movement besides its role in membrane targeting (Wang et al., 2020).

As mentioned above, PD permeability is increased in atfh2 mutants. Interestingly, targeting of Arabidopsis FIMBRIN 5 (FIM5) to PD alleviates the intercellular trafficking phenotype in atfh2 mutants (Figure 1). This suggests that loss of AtFH2 causes instability of actin filaments and/or reduction in the amount of actin filaments in PD. These data actually support the previous notion that stabilization of actin filaments decreases the permeability of PD whereas destabilization of actin filaments increases it (Ding et al., 1996; Su et al., 2010). In summary, these data together suggest that the amount of actin filaments and/or the stability of actin filaments are crucial for the permeability of PD, and actin filaments in PD presumably act as the physical barrier to regulate the permeability of PD.

[image: Figure 1]

FIGURE 1. Targeting of FIMBRIN 5 (FIM5) to PD Alleviates the PD Phenotype in atfh2 Mutants. (A) Subcellular localization of PDFIM5-eGFP and Cucumber mosaic virus (CMV) movement protein (MP)-mCherry in epidermal pavement cells of Nicotiana benthamiana leaves. PDFIM5 was obtained by fusing the N-terminal fragment of AtFH2 (AtFH2N282) with Arabidopsis FIMBRIN5 (Wu et al., 2010). PDFIM5 was further fused to eGFP (Diao et al., 2018). Plasmids encoding PDFIM5-eGFP and CMV MP-mCherry were introduced into Agrobacterium tumefaciens strain GV3101 and transiently expressed in N. benthamiana leaves by GV3101 injection. Bar = 10 μm. (B) Images of eGFP diffusion in leaf epidermal pavement cells of WT, atfh2, and PDFIM5; atfh2 plants. PDFIM5 was constructed as in (A). The PDFIM5 plasmid was introduced into Agrobacterium tumefaciens strain GV3101 and transformed into atfh2 plants by the floral dip method. The PD permeability of WT, atfh2, and atfh2 harboring PDFIM5 was assessed by the eGFP diffusion assay (Diao et al., 2019), and the images were collected by confocal microscopy. Bar = 10 μm. (C) Quantification of the number of cell layers with eGFP diffusion in Arabidopsis leaf epidermal pavement cells at 24 h after bombardment. PDFIM5; atfh2 represents atfh2 plants expressing PDFIM5. More than 30 cells were counted and the experiments were repeated at least three times. Error bars represent SE. *p < 0.05 and **p < 0.01 by Mann-Whitney U test. ND, no statistical difference.




CONCLUSIONS AND PERSPECTIVES

Increasing evidence is showing that the actin cytoskeleton is involved in the regulation of intercellular transport through PD, whereas the molecular mechanism by which the actin cytoskeleton regulates the permeability of PD remains largely unexplored. Research in this area progresses slowly for at least two reasons. Firstly, researchers lack approaches to directly visualize the actin cytoskeleton in PD, because PD are tiny structures that are deeply embedded in the cell walls. Secondly, researchers lack approaches to specifically manipulate the function of the actin cytoskeleton in PD. Recent identification of PD-localized class I formins provides the possibility to manipulate the actin cytoskeleton in PD via regulating the function of those formins. Indeed, analysis of PD permeability in mutants lacking AtFH2 or AtFH1 and AtFH2, in combination with in vitro biochemical characterization of AtFH2, allows us to conclude that actin filaments might act as the physical barrier in controlling the permeability of PD. This is actually consistent with a previous assumption that actin filaments in PD might act as the filter in controlling PD permeability (Chen et al., 2010). However, the precise localization of AtFH2 in PD is currently unknown. Dissection of the AtFH2-mediated actin regulatory machinery in PD, for example, by searching for AtFH2-interacting proteins or screening for suppressors or enhancers of the atfh2 mutant phenotype, might provide further insights into the function and regulation of the actin cytoskeleton in PD. In summary, recent characterizations of PD-localized class I formins have provided insights into the function and mechanism of action of actin in regulating the permeability of PD. However, it remains largely unknown how exactly the actin cytoskeleton regulates the structure and function of PD. This will be an exciting research avenue in the future.
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Pathogenic microorganisms deliver protein effectors into host cells to suppress host immune responses. Recent findings reveal that phytopathogens manipulate the function of plant cell-to-cell communication channels known as plasmodesmata (PD) to promote diseases. Several bacterial and filamentous pathogen effectors have been shown to regulate PD in their host cells. A few effectors of filamentous pathogens have been reported to move from the infected cells to neighboring plant cells through PD; however, it is unclear whether bacterial effectors can traffic through PD in plants. In this study, we determined the intercellular movement of Pseudomonas syringae pv. tomato (Pst) DC3000 effectors between adjoining plant cells in Nicotiana benthamiana. We observed that at least 16 Pst DC3000 effectors have the capacity to move from transformed cells to the surrounding plant cells. The movement of the effectors is largely dependent on their molecular weights. The expression of PD regulators, Arabidopsis PD-located protein PDLP5 and PDLP7, leads to PD closure and inhibits the PD-dependent movement of a bacterial effector in N. benthamiana. Similarly, a 22-amino acid peptide of bacterial flagellin (flg22) treatment induces PD closure and suppresses the movement of a bacterial effector in N. benthamiana. Among the mobile effectors, HopAF1 and HopA1 are localized to the plasma membrane (PM) in plant cells. Interestingly, the PM association of HopAF1 does not negatively affect the PD-dependent movement. Together, our findings demonstrate that bacterial effectors are able to move intercellularly through PD in plants.

Keywords: Pseudomonas syringae
, plasmodesmata-located protein, flg22, callose, Nicotiana benthamiana


INTRODUCTION

Plasmodesmata (PD) are membrane-lined channels which physically connect adjoining plant cells. PD provide the symplastic pathway for the connected cells to exchange molecules directly (Lucas et al., 2009; Brunkard and Zambryski, 2017; Nicolas et al., 2017). The PD-dependent movement of hormones, sugars, proteins, and RNAs has been well documented (Kragler, 2013; Schulz, 2015; Kitagawa and Jackson, 2017; Reagan et al., 2018). In addition to their fundamental roles in plant growth and development, recent findings highlighted the crucial roles of PD in plant immunity (Cheval and Faulkner, 2018).

Plasmodesmata enable the continuity of the plasma membrane (PM) and endoplasmic reticulum (ER) and link the cytoplasm of adjoining plant cells. The space between the PM and ER membrane lining, known as cytoplasmic sleeve, allows the trafficking of molecules between the adjoining plant cells. The function of PD is largely defined by their aperture in permitting molecules to move across. The largest molecules that can traffic through the cytoplasmic sleeve are known as the size exclusion limit (SEL; Kim and Zambryski, 2005). Soluble green fluorescent proteins (1×sGFP; 27 kDa) can freely move between adjoining plant cells through PD, whereas the movement of 2×sGFP (54 kDa) and 3×sGFP (71 kDa) is largely inhibited between physically connected cells in Arabidopsis (Kim et al., 2005; Aung et al., 2020). Among different regulators, callose plays the most prominent role in regulating the PD function. Callose is a plant polysaccharide, which is deposited in the cell wall around the PM lining of PD. The accumulation and degradation of callose at PD allow plant cells to dynamically control the closing and opening of PD. Callose deposition at PD is positively correlated with PD closure. Callose synthase (CalS) and β-1,3-glucanase are involved in callose biosynthesis and degradation, respectively (De Storme and Geelen, 2014; Wu et al., 2018).

In addition to the enzymes directly involved in regulating callose homeosis at PD, plasmodesmata-located proteins (PDLPs) play critical roles in modulating the plasmodesmal function. PDLPs affect callose homeostasis at PD by an unknown mechanism. Ectopic expression of PDLP5 results in overaccumulation of callose, whereas a pdlp5 knock-out mutant accumulates much less callose at PD compared to that of wild type in Arabidopsis (Lee et al., 2011). The expression of PDLP5 transcripts is upregulated by Pseudomonas syringae pv. maculicola ES4326 infection (Lee et al., 2008, 2011). PDLP1 accumulates at the PM and haustorial interfaces during Hyaloperonospora arabidopsidis (Hpa) infection (Caillaud et al., 2014). The polar localization of PDLP1 at the haustorium leads to callose deposition at the interface (Caillaud et al., 2014). Despite the involvement of PDLP1 during Hpa infection, it is yet to establish whether the plasmodesmal immunity is involved. It has also been demonstrated that pathogen-associated molecular patterns (PAMPs), the fungal cell wall PAMP (chitin) or a 22-amino acid peptide of bacterial flagellin (flg22), are sufficient to trigger callose deposition at PD in Arabidopsis (Faulkner et al., 2013; Xu et al., 2017).

Recent findings began to reveal that pathogenic microbes utilize protein effectors to modulate the PD function in their hosts. Microbial effectors are known for altering plant cellular processes to suppress plant immunity (Cui et al., 2015; Buttner, 2016). The fungal pathogen Fusarium oxysporum effectors Avr2 and Six5 are localized to PD when transiently overexpressed in Nicotiana benthamiana (Cao et al., 2018). The two PD-localized effectors form heterodimer and regulate the plasmodesmal function to allow larger molecules to traffic through PD. The oomycete pathogen Phytophthora brassicae RxLR3 effector is localized to PD and physically associated with CalSs, CalS1, CalS2, and CalS3, when transiently overexpressed in N. benthamiana. RxLR3 expressed in Arabidopsis transgenic plants suppresses the function of the CalSs, inhibiting the callose accumulation at PD. In addition, transient overexpression of RxLR3 in N. benthamiana promotes the PD-dependent movement of fluorescent molecules between cells (Tomczynska et al., 2020). The bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) delivers effector HopO1-1 to regulate the PD function. HopO1-1 expressed in Arabidopsis transgenic plants degrades PDLP5-YFP and PDLP7-YFP. In addition, Pst DC3000 promotes the degradation of PDLP7-HF in Arabidopsis in a HopO1-1-dependent manner during the infection (Aung et al., 2020). Together, the reports showed that pathogenic microbes use effectors to target different PD regulators.


Pseudomonas syringae pv. tomato DC3000 deploys 36 effectors into host cells through type III secretion system (Lindeberg et al., 2012; Wei et al., 2015). The regulation of PD by HopO1-1 prompted us to investigate whether Pst DC3000 effectors can move through PD. We determined the PD-dependent movements of Pst DC3000 effectors. We also explored whether PDLP5, PDLP7, and flg22 affect the PD-dependent movement of bacterial effectors between plant cells.



MATERIALS AND METHODS


Plant Growth Conditions


Nicotiana benthamiana plants were grown at 22°C with 50% humidity and irradiated with 120 μmol m−2 s−1 white light for 14 h per day.



Gene Cloning and Plasmid Construction

To generate effector fused to two tandem repeats of yellow fluorescent protein (YFP), the coding sequence of effectors and YFP without a stop codon was amplified from effector-YFP (Aung et al., 2020) and pGW2-YFP (Reumann et al., 2009), respectively. PCR products of effectors and YFP were fused together using an overlapping PCR method with Gateway-compatible primers as described previously (Aung et al., 2020). The stitched PCR fragments were cloned into pDONR 207 and a destination vector pGW2-YFP (Reumann et al., 2009) using a standard Gateway cloning system (Invitrogen). To construct HopAF1G2A-YFP, the coding sequencing of HopAF1G2A was amplified from HopAF1-YFP using Gateway-compatible primers. A G to A mutation was introduced in the forward primer. The PCR product was cloned into pDONR 207 and then pGW2-YFP (Reumann et al., 2009). To construct a HF-mCherry construct, the coding sequence of mCherry was amplified from mCherry-pTA7002 (Fujioka et al., 2007) using Gateway-compatible primers. The PCR product was cloned into pDONR 207 and then pB7-HFN-stop (Lee et al., 2017). All primers used for cloning are listed in Supplementary Table 1.



Agrobacterium-Mediated Transient Expression for Subcellular Localization, Immunoblot Analysis, and PD-Dependent Movement Assay


Agrobacterium tumefaciens GV3101 harboring different expression constructs were cultured in a 30°C shaking incubator overnight. The overnight cultures were adjusted to a desired bacterial density using sterilized ddH2O. The bacterial solutions were infiltrated into the fourth leaves of 5-week-old N. benthamiana plants. For subcellular localization analysis, and immunoblot analysis a bacterial culture with an optical density of 0.1 (A600) was used. Nicotiana benthamiana leaves were collected 2-days after infiltration for confocal imaging or immunoblot assays.

To establish an Agrobacterium-mediated protein movement assay, we followed the method previously described (Brunkard et al., 2015). 35S::His-Flag (HF)-YFP or 35S::HopAF1-YFP (Aung et al., 2020) was transformed into Agrobacterium harboring 35S::ER-CFP (Nelson et al., 2007). The resulting Agrobacterium carrying two different plasmid DNAs were infiltrated into the fourth leaves of 5-week-old N. benthamiana at an optical density of 2 × 10−4 (A600). The expression of the fusion proteins was detected 2 days post infection using confocal microscopy as described below. Plant cells expressing ER-CFP were designated as the transformed plant cells. The movement of HF-YFP or HopAF1-YFP was determined by the detection of YFP signals surrounding the transformed cells. About 76 and 52 images were captured from three biological replicates for HF-YFP and HopAF1-YFP, respectively. An independent Agrobacterium infiltration into different N. benthamiana plants was defined as a biological replicate. If YFP was only detected in the transformed cells, they were scored as 0. If YFP was detected in cells physically connecting the transformed cells, they were scored as 1. If YFP diffused beyond the first cell layer from the transformed cells, they were scored as ≥2. To compare the movement between YFP molecules, the numbers of surrounding plant cells to the transformed cells containing YFP signals were counted and analyzed.

To determine the SEL of N. benthamiana, the movement of 1×YFP, 2×YFP, and 3×YFP (Aung et al., 2020) was investigated as mentioned above. About 71, 94, and 81 images were captured from three biological replicates for 1×YFP, 2×YFP, and 3×YFP, respectively.

To determine the movement of effectors between plant cells, bacterial effector-YFP fusion proteins (Aung et al., 2020) were transiently expressed in N. benthamiana and examined as mentioned above. Plant cells with the strongest YFP signals were designated as the transformed plant cells. The movement of the effector fusion proteins was determined by the detection of YFP signals surrounding the transformed cells. More than 100 transformation events were imaged across at least three biological replicates for all effectors except AvrE-YFP. Around 48 images were collected for AvrE-YFP from three biological replicates.

To determine the effect of PDLP5 and PDLP7 on the movement of the bacterial effector HopAF1, the fourth leaves of 5-week-old N. benthamiana plants were infiltrated with mixtures of Agrobacterium harboring 35S::PDLP5-HF (A600 0.1), 35S::PDLP7-HF (A600 0.1), or 35S::HF-mCherry (A600 0.1) with 35S::HopAF1-YFP (A600 2 × 10−4). The movement of HopAF1-YFP was determined by the detection of YFP signals surrounding the transformed cells as described above. The numbers of surrounding plant cells to the transformed cells containing YFP signals were counted and compared. More than 100 images collected from three biological replicates were analyzed.

To determine the effect of flg22 on the movement of a bacterial effector HopAF1, 0.1 μM of flg22 was infiltrated into fully expanded leaves of 5-week-old N. benthamiana. For a mock treatment, ddH20 was infiltrated. Twenty-four hours after the treatment, Agrobacteria harboring 35S::HopAF1-YFP were infiltrated into the mock‐ or flg22-treated leaves. More than 100 images collected from three biological replicates were analyzed.



Plasmodesmal Callose Staining Assay

The fourth leaf of N. benthamiana was infiltrated with ddH2O (mock) or 0.1 μM of flg22 for 24 h. Aniline blue (0.01% in 1×PBS buffer, pH 7.4) was infiltrated into the treated area to image callose accumulation at PD as previously described (Xu et al., 2017). To determine the role of PDLP5 and PDLP7 in callose accumulation, Agrobacteria harboring 35S::PDLP5-HF, 35S::PDLP7-HF, and 35S::HF-YFP (mock) were infiltrated into the fourth leaf of N. benthamiana. Aniline blue was infiltrated into the bacterial infected area 48 h post infection for imaging callose accumulation at PD as mentioned above. Plasmodesmal callose deposits were imaged using confocal microscopy 15 min after dye infiltration. Around 10 images were collected from each sample. Aniline blue stained callose was quantified using the Macro feature of FIJI for large scale data analysis. In brief, images were first converted from lsm to tif and then to eight-bit image files. RenyiEntropy white method was used to set Auto Threshold creating black and white images highlighting callose. Particle Analysis tool was used to outline each aniline blue-stained callose and ascribe a quantitative numerical value in μm2. Exclusion setting of 0.10–20 μm2 and a circularity of 0.30–1.00 were used to isolate callose excluding any non callose related fluorescence. About 10 images were collected from each treatment. Data from 10 images from an experiment were pooled and plotted as mentioned below.



FM4-64 staining

Around 50 μM of FM4-64 dye (Life Technologies) was infiltrated into the bacterial infected area of N. benthamiana leaves 48 h post infection for staining the PM. HopAF1-YFP, HopAF1G2A-YFP, and FM4-64 signals were imaged using confocal microscopy 3 h after the dye infiltration.



Confocal Imaging

Zeiss Laser Scanning Microscopy 700 was used to image fluorescent signals. For subcellular localization and imaging aniline blue-stained callose, a small piece (~4 mm2) of leaf tissues was mounted with water on a glass slide with the abaxial side facing upward. For imaging PD-dependent movement of fluorescent molecules, a larger piece (~1 cm2) of leaf tissues was mounted with water on a glass slide with the abaxial side facing upward. Different fluorescent signals were excited with the following laser lines: callose (405 nm), YFP (488 nm), CFP (405 nm), and FM4-64 (555 nm). The signals were then collected using the following emission filters: callose (SP 555), YFP (SP 555), CFP (SP 555), and FM4-64 (SP 640).



Statistical Analysis

All presented experiments were performed at least three independent times. The pooling of data from different biological replicates for different experiments is indicated in each section. Violin box plots were created with an online software.1


Mann-Whitney U Test2 was performed for testing statistical significance of differences.



Immunoblot Analyses


N. benthamiana leaves were frozen with liquid nitrogen and homogenized with 1600 miniG (SPEX). Protein extraction buffer [60 mM Tris-HCl (pH 8.8), 2% (v/v) glycerol, 0.13 mM EDTA (pH 8.0), and 1× protease inhibitor cocktail complete from Roche] was added to the homogenized tissues (100 μl/10 mg). The samples were vortexed for 30 s, heated at 70°C for 10 min, and centrifuged at 13,000 g for 5 min at room temperature. The supernatants were then transferred to new tubes. For SDS-PAGE analysis, 10 μl of the extract in 1x Laemmli sample buffer (Bio-Rad) was separated on 4–15% Mini-PROTEAN TGX precast protein gel (Bio-Rad). The separated proteins were transferred to a polyvinylidene fluoride membrane (Bio-Rad) using a Trans-Blot Turbo Transfer System RTA transfer kit following the manufacturer’s instructions (Bio-Rad). The membrane was incubated in a blocking buffer [3% (v/v) BSA, 50 mM Tris base, 150 mM NaCl, 0.05% (v/v) Tween 20 (pH 8.0)] at room temperature for 1 h, then incubated overnight with an antibody prepared in the blocking buffer at 4°C overnight. The antibodies used are as follows: 1:20,000 anti-GFP (Abcam catalog No. ab290), 1:10,000 anti-cMyc (Abcam catalog No. ab9106), and 1:10,000 anti-Flag-HRP (Sigma-Aldrich catalog No. A8592). The probed membranes were washed three times with 1× TBST [50 mM Tris base, 150 mM NaCl, and 0.05% (v/v) Tween 20, pH 8.0] for 5 min before being incubated with a secondary antibody at room temperature for 1 h except for anti-Flag-HRP. The secondary antibodies used were 1:20,000 goat anti-rabbit IgG (Thermo Fisher Scientific catalog No. 31,460). Finally, the membranes were washed four times with 1× TBST for 10 min before the signals were visualized with SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology).




RESULTS


An Agrobacterium-Mediated Protein Movement Assay in Nicotiana benthamiana

The PD-dependent movement of fluorescent molecules has been previously established in N. benthamiana (Brunkard et al., 2015). To unambiguously locate Agrobacterium infected plant cells, we infiltrated Agrobacterium harboring two plasmids (35S::ER-CFP and 35S::HF-YFP) into N. benthamiana at an optical density of 2 × 10−4 (A600), resulting in a few transformed cells per cm2 of leaf surface. Free YFP molecules are able to move between cells through PD, whereas ER-CFP cannot move through PD from the transformed cells. Thus, the expression of ER-CFP can be used to locate the transformed plant cells. Using confocal microscopy, we observed transformation events on the epidermis of N. benthamiana, determined by the expression of ER-CFP. We imaged 76 transformation events from three biological repeats. We observed that the transformed plant cells always express the strongest YFP signals within a cluster of cells containing YFP. Plant cells containing weaker YFP signals surrounding the transformed cell are resulted from the PD-dependent movement of YFP (Supplementary Figure 1A). We thus concluded that the plant cells containing the strongest YFP signals could be used to identify the transformed plant cells using the experimental system. In addition, we tested the SEL of PD in N. benthamiana epidermis. It has been established that 1×YFP (~27 kDa) can effectively move through PD between Arabidopsis epidermal cells, whereas the movement of YFP concatemer 2×YFP (~54 kDa) was greatly inhibited. No movement of 3×YFP (~81 kDa) was observed in Arabidopsis (Aung et al., 2020). Using the Agrobacterium-mediated protein movement assay in N. benthamiana, we observed the PD-dependent movement of 1×YFP in all transformation events detected (Supplementary Figure 1B). Around 20% of the transformation events of 1×YFP led to the diffusion of two or more than two cell layers. 2×YFP and 3×YFP resulted in around 30 and 10% PD-dependent trafficking, respectively (Supplementary Figure 1C). More strikingly, 1×YFP diffused to an average of 5.5 cells, whereas the concatemers moved to less than one cell (Supplementary Figure 1C).



Bacterial Effectors Traffic Between Plant Cells

To determine whether effectors can move from the infected cells to the surrounding plant cells, we monitored the movement of YFP tagged Pst DC3000 effector (Aung et al., 2020). 29 Pst DC3000 effector-YFPs were transiently expressed in N. benthamiana. Transient expression of some effectors led to cell death (Supplementary Table 2), whereas the expression of a few effectors could not be detected. Although the expression of some effectors using higher Agrobacterium inoculum (A600 0.1) leads to cell death, lower Agrobacterium inoculum (A600 2 × 10−4) allows us to detect the expression of the fusion proteins 2 days after infiltration. We selected 17 effectors to further investigate their movement between plant cells. Confocal images showed the expression of 16 effector-YFP fusion proteins in the epidermis N. benthamiana leaves (Supplementary Figure 2). It is noted that the expression of HopH1-YFP, HopN1-YFP, HopAO1-YFP, HopA1-YFP, and AvrE-YFP using a higher Agrobacterium inoculum (A600 0.1) leads to cell death in N. benthamiana. Among the selected effectors, we observed the movement of 16 bacterial effectors between plant cells (Figure 1A). More than 50% of transformation events lead to the intercellular movement of HopK1-YFP, HopF2-YFP, HopH1-YFP, and HopAF1-YFP. Among them, HopAF1-YFP shows the most effective movement. More than 20% of transformation events result in the trafficking of HopAF1-YFP to two or more than two cell layers from the transformed cells (Figure 1B). In addition, we also choose HopAF1-YFP to confirm the method in determining the transformed plant cells by locating cells with the strongest HopAF1-YFP signals. We observed a similar pattern as HF-YFP. The transformed cells expressing ER-CFP always contain the strongest HopAF1-YFP signals within a cluster of cells containing YFP signals (Supplementary Figure 1A). For the majority of mobile effectors, around 20–30% of transformed cells exhibit the movement beyond initially transformed cells (Figure 1B). We then conducted immunoblot analysis to confirm the expression of full-length fusion proteins. Total proteins were extracted from N. benthamiana leaves transiently expressing the effector fusion proteins. The expression of the fusion proteins was detected using a GFP antibody. As shown in Supplementary Figure 3A, we detected a major band for most effectors at a higher molecular weight, suggesting that fluorescence signals detected in Figure 1A are emitted from full-length effector fusion proteins. It is noted that most fusion proteins migrated slower than expected (Supplementary Figure 3A; Supplementary Table 2). It is postulated that the higher molecular weight of the effector fusion proteins than expected might be due to post translational modifications within plants cells or unknow reasons. Together, the findings suggest that bacterial effectors are able to move beyond initially transformed cells.
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FIGURE 1. The movement of bacterial effectors between plant cells. (A) Confocal images show the diffusion of effector-yellow fluorescent protein (YFP) fusion proteins. Images were taken from epidermis of Nicotiana benthamiana leaves. An agrobacterium-mediated protein movement assay was conducted to determine the movement of effector-YFP fusion proteins in plants. The transformed plant cell exhibits strong yellow fluorescent (YFP) signals. The movement of the fusion proteins is determined by the detection of YFP signals in cells surrounding the transformed cell. Scale bars = 100 μm. (B) Quantitative data show the percentage of transformation events resulting in no diffusion (0), one cell layer diffusion (1), and two or more than 2 cell layers diffusion (≧2). The data shown here are pooled from at least three biological replicates. The number of transformation events analyzed is indicated (n).




The Movement of Effectors Is Affected by Their Molecular Weights

Predicted molecular weights of most effector-YFP fusion proteins ranged between 50 and 80 kDa, whereas a few effectors like HopR1 and AvrE weight over 200 kDa (Supplementary Table 2). The majority of the mobile effector-YFPs shown in Figure 1 weights below 70 kDa, expect HopAA1-1-YFP (77.6 kDa; Supplementary Table 2). Among the tested effectors, AvrE-YFP does not move from transformed cells to the neighboring cells (Figures 2A,B). As AvrE-YFP encodes a protein with the molecular weight of ~222 kDa, the large molecule weight might impede the PD-dependent movement of the effector.
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FIGURE 2. The movement of effectors is largely affected by their sizes. (A) Confocal image shows the expression of AvrE-YFP. Scale bars = 100 μm. (B) Quantitative data show that AvrE-YFP cannot move through PD. 0: no diffusion. The number of transformation events analyzed is indicated (n). (C) Detection of full-length effector fusion proteins. Effector-YFPs and effector-2×YFPs were transiently expressed in N. benthamiana. The samples were then subjected to immunoblot analysis using an anti-GFP antibody. Rubisco is served as a loading control. Arrow heads indicate the expression of effector-YFPs. (D) Confocal images show the diffusion of effector-YFP fusion proteins. Images were taken from epidermis of N. benthamiana transiently expressing different fusion proteins. Scale bars = 100 μm. (E) Quantitative data present the plasmodesmata (PD)-dependent movement of effector-YFP fusion proteins. Mann-Whitney U Test was used to analyze the data. The p-value is <0.0001 for HopH1-YFP vs. HopH1-2×YFP, <0.00094 for HopC1-YFP and HopC1-2×YFP, and <0.00001 for HopAF1-YFP and HopAF1-2×YFP (*). The number of transformation events analyzed is indicated (n).


As we hypothesized that effectors move intercellularly through PD, we next examined whether the molecular weights of the mobile effectors affects their movement. We thus constructed HopH1, HopC1, and HopAF1 with two tandem repeats of YFP, yielding HopH1-2×YFP, HopC1-2×YFP, and HopAF1-2×YFP. We first determined the molecular weights of the fusion proteins by transiently expressing them in N. benthamiana leaves using an Agrobacterium-mediated approach. We then detected the expression of the fusion proteins using a GFP antibody. Compared to 1×YFP fusion, 2×YFP fusion of the effectors increases the molecular weight by ~26 kDa (Figure 2C). To investigate the PD-dependent movement of 2×YFP fusion proteins, we determined the movement of HopH1-2×YFP, HopC1-2×YFP, and HopAF1-2×YFP in N. benthamiana leaves as mentioned above. Compared to the diffusion of 1×YFP fusion proteins, the movement of HopH1-2×YFP, HopC1-2×YFP, and HopAF1-2×YFP beyond initially transformed cells is drastically reduced (Figures 2D,E). Together, the findings support that the bacterial effectors move between plant cells through PD.



The Expression of PDLP5 and PDLP7 Suppresses the PD-Dependent Movement of HopAF1

Altered expression of PDLPs has been shown to impact the PD function. To further support that the intercellular movement of effectors depends on PD, we investigated whether the expression of PDLP affects the movement of bacterial effectors. PDLP5 has been shown to affect callose deposition at PD and alter the movements of GFP molecules between cells in Arabidopsis; however, it’s unknown whether PDLPs regulates callose accumulation at PD when transiently expressed in N. benthamiana. To this end, we detected callose accumulation at PD in N. benthamiana after PDLP5 or PDLP7 was transiently expressed. PDLP5 and PDLP7 were selected due to their role in bacterial immunity (Lee et al., 2011; Aung et al., 2020). We first detected the expression of HF-YFP (mock), PDLP5-HF, and PDLP7-HF using immunoblot analysis (Supplementary Figure 3B). The leaf transiently expressing the fusion proteins was stained with aniline blue to detect callose accumulated at PD. Similar to Arabidopsis transgenic plants overexpressing PDLP5 (Lee et al., 2011), transient expression of Arabidopsis PDLP5 is sufficient to increase callose accumulation at PD compared to that of mock treatment (Figures 3A–C). While PDLP5 has been previously shown to regulate callose homeostasis, whether PDLP7 has similar roles in callose accumulation has not been determined. Here, we demonstrated that transient expression of Arabidopsis PDLP7 also leads to higher accumulation of callose at PD in N. benthamiana (Figures 3A–C). Together, the findings showed that transient overexpression of the PDLP5 and PDLP7 could increase the callose accumulation at PD in N. benthamiana.
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FIGURE 3. Expression of PDLP5 and PDLP7 suppresses the PD-dependent movement of HopAF1. (A) Expression of plasmodesmata-located proteins (PDLPs) affects callose accumulation at PD. N. benthamiana leaves were infiltrated with Agrobacteria harboring 35S::HF-YFP, 35S::PDLP5-HF, and 35S::PDLP7-HF. Infiltrated leaves were stained with 0.01% aniline blue and imaged with confocal microscopy. Scale bars = 10 μm. (B) Quantitative data present the number of aniline blue-stained callose at PD per 250 μm2 of N. benthamiana epidermis. Mann-Whitney U Test was used to analyze the data. The p-value is <0.05 (*). (C) Quantitative data present the accumulation of callose at PD. Mann-Whitney U Test was used to analyze the data. The p-value is <0.0001 (*). (D) Quantitative data present the PD-dependent movement of HopAF1-YFP when co-expressed with 35S::HF-mCherry, 35S::PDLP5-HF, and 35S::PDLP7-HF. Mann-Whitney U Test was used to analyze the data. The p-value is <0.00001 for both 35S::PDLP5-HF and 35S::PDLP7-HF (*). The number of transformation events analyzed is indicated (n).


Callose accumulation at PD is negatively associated with PD-dependent movement of molecules between plant cells (De Storme and Geelen, 2014; Amsbury et al., 2017; Wu et al., 2018). To further support that bacterial effectors move through PD, we investigated whether PDLP-mediated PD closure would suppress the movement of a bacterial effector HopAF1. Among the mobile effectors, HopAF1 was chosen in this assay because of its highest PD-dependent movement in plants (Figure 1). Relatively lower inoculum (A600 2 × 10−4) of Agrobacteria harboring 35S::HopAF1-YFP was mixed with a higher inoculum (A600 0.1) of Agrobacteria harboring 35S::HF-mCherry (mock), 35S::PDLP5-HF, or 35S::PDLP7-HF and infiltrated into N. benthamiana leaves. The expression of the fusion proteins was determined using immunoblot analysis (Supplementary Figure 3C). The movement of HopAF1-YFP was determined 2 days after the Agrobacterium infiltration using confocal microscopy. As shown in Figure 3D, the expression of PDLP5 and PDLP7 drastically reduced the intercellular movement of HopAF1-YFP beyond the transformed cells. Together, the findings suggest that the expression of PDLP5 and PDLP7 affects the PD-dependent movement of a bacterial effector.



flg22 Inhibits the Movement of a Bacterial Effector

In addition to PDLP expression, flg22 has been also reported to induce callose deposition at PD and reduce the PD-dependent molecular fluxes between cells in Arabidopsis (Faulkner et al., 2013; Xu et al., 2017). To determine the effect of flg22 on callose accumulation at PD in N. benthamiana, we treated a fully expended leaf of N. benthamiana with 0.1 μM flg22. Callose deposition at PD was examined 24 h after the infiltration. flg22-treated leaf, compared to mock-treated leaf (infiltrated with ddH2O), exhibits higher accumulation of callose at PD (Figures 4A,B). We next determined whether flg22 treatment suppresses the movement of HopAF1 using an Agrobacterium-mediated protein movement assay mentioned above. The expression of HopAF1-YFP was detected using immunoblot analysis (Supplementary Figure 3D). In line with the callose accumulation at PD, flg22-treatment inhibits the PD-dependent movement of HopAF1 (Figure 4C).
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FIGURE 4. Pattern-triggered immunity (PTI)-induced callose accumulation at PD reduces the movement of effectors. (A) Flagellin (flg22) induces callose accumulation at PD. Nicotiana benthamiana leaves were infiltrated with 0.1 μM of flg22 or ddH2O (mock). Infiltrated leaves were stained with 0.01% aniline blue and imaged with confocal microscopy. Scale bars = 10 μm. (B) Quantitative data present the accumulation of callose at PD. Mann-Whitney U Test was used to analyze the data. The p-value is <0.00001 (*). (C) flg22 treatment suppresses the PD-dependent movement of HopAF1. Nicotiana benthamiana leaves were pretreated with 0.1 μM of flg22 or ddH2O (mock) for 24 h. Agrobacteria harboring 35S::HopAF1-YFP were later infiltrated into the pretreated leaves. The PD-dependent movement of HopAF1-YFP was examined 48 h post Agrobacterium infiltration using confocal microscopy. The data shown here were collected from four biological repeats. Mann-Whitney U Test was used to analyze the data. The p-value is <0.00001 (*). The number of transformation events analyzed is indicated (n).




PD-Dependent Movement of the PM-Associated HopAF1

Among the mobile effectors, HopAF1 and HopA1 are detected on the PM in plant cells (Supplementary Figure 2). The PM localization of HopA1 and HopAF1 has been previously reported (Toruno Calero, 2014; Washington et al., 2016). As HopAF1 contains a putative N-myristolation site (G2), we postulated that the PM association of HopAF1 is mediated through the protein lipidation. To determine the PM association of HopAF1 in an N-myristolation-dependent manner, we constructed a G2A mutant of HopAF1-YFP (HopAF1G2A-YFP). Using the Agrobacterium-mediated transient expression approach, HopAF1-YFP and HopAF1G2A-YFP were expressed in N. benthamiana. The expression of HopAF1-YFP and HopAF1G2A-YFP was detected using a GFP antibody (Supplementary Figure 3A). To stain the PM, Agrobacterium-infected leaves were infiltrated with FM4-64 dye. HopAF1-YFP overlapped with the FM4-64 stained PM in N. benthamiana, confirming the PM association of HopAF1-YFP. As predicted, HopAF1G2A-YFP was not associated with the PM. Instead, HopAF1G2A-YFP was detected in the cytosol and nucleus (Figure 5A). The findings suggest that the PM association of HopAF1-YFP is mediated through the N-myristoylation at the N-terminal Glycine (G2).
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FIGURE 5. The plasma membrane (PM) association of HopAF1 does not inhibit the PD-dependent movement. (A) Nicotiana benthamiana leaves transiently expressing HopAF1-YFP or HopAF1G2A-YFP were stained with FM4–64 to label the PM. Confocal images show the PM localization of HopAF1-YFP and the nucleocytoplasmic localization of HopAF1G2A-YFP. Scale bars = 10 μm. (B) Confocal images show the PD-dependent movement of HopAF1-YFP or HopAF1G2A-YFP determined by an Agrobacterium-mediated protein movement assay. Images were taken from the epidermis of N. benthamiana leaves. The transformed plant cell exhibits strong YFP signals. The movement of the fusion proteins is determined by the detection of YFP signals in cells surrounding the transformed cell. Scale bars = 100 μm. (C) Quantitative data show the percentage of transformation events resulting in no diffusion (0), one cell layer diffusion (1), and two or more than two cell layers diffusion (≧2). The data shown here are pooled from at least three biological replicates. The number of transformation events analyzed is indicated (n). (D) Quantitative data present the numbers of surrounding plant cells to the transformed cells containing YFP signals. Mann-Whitney U Test was used to analyze the data. The p-value is <0.00001 (*). The number of transformation events analyzed is indicated (n).


We next determined the PD-dependent movement of HopAF1G2A-YFP using the Agrobacterium-mediated protein movement assay in N. benthamiana. It was assumed that the PM association of molecules might negatively impact the PD-dependent movement. Surprisingly, the nucleocytoplasmic localized HopAF1G2A-YFP is not as mobile as the PM associated HopAF1-YFP. Only around 30% of the transformation events of HopAF1G2A-YFP led to the PD-dependent movement compared to HopAF1-YFP, in which all transformation events led to the PD-dependent movement (Figures 5B–D). The findings indicate that the PM association of HopAF1 does not negatively affect the PD-dependent movement of the protein.




DISCUSSION

The PD-dependent movement of fungal effectors (Khang et al., 2010) and an oomycete effector (Khang et al., 2010; Cao et al., 2018; Tomczynska et al., 2020) have been reported; however, it’s unclear whether bacterial effectors move between plant cells or not. Empirical evidence from this work showed that at least 16 Pst DC3000 effectors move between plant cells through PD. We established that the movement of the effectors is dependent on PD from the following findings: (1) the effector-YFP fusion proteins can move from the transformed cells to the adjoining plant cells (Figure 1), (2) the movement of the effectors is largely dependent on their molecular weights (Figure 2), and (3) PDLP5-, PDLP7-, and flg22-induced callose accumulation at PD inhibits the movement of a bacterial effector HopAF1 (Figures 3, 4).

Although the movement of 16 effectors is reported here, it’s plausible that more Pst DC3000 effectors are able to move between plants cells. The following reasons might account for the underestimation of the PD-dependent movement of bacterial effectors: (1) the YFP fusion of effectors increases their molecular weights and could suppress their PD-dependent movement, (2) transiently overexpressing individual effector induces cell death in N. benthamiana thus preventing the visualization of the effectors, and (3) the expression level of some effectors is under the detectable threshold using confocal microscopy.

It is well established that the molecular weight of proteins affects their movement between plant cells through PD (Kim et al., 2005; Aung et al., 2020). In both Arabidopsis and N. benthamiana, the movement of 2×YFP and 3×YFP is greatly inhibited. Among the effectors we investigated, we did not observe the movement of AvrE-YFP (Figures 2A,B). The expression of DEX-His-AvrE was detected at ~250 kDa in Arabidopsis (Xin et al., 2015). Also, the tandem fusion of YFP to HopH1-YFP, HopC1-YFP, and HopAF1-YFP (yielding HopH1-2×YFP, HopC1-2×YFP, and HopAF1-2×YFP) drastically suppresses the PD-dependent movement (Figures 2D,E). The addition of another YFP increases the molecular weight of the fusion proteins by ~26 kDa (Figure 2C). It is also possible that the tandem fusion of YFP affects the tertiary structure of the fusion proteins, impeding the PD-dependent movement.

Many mobile effectors were detected both in the nucleus and cytoplasm (Supplementary Figure 2); however, we observed the PD-dependent movement of the PM-localized effectors, HopAF1 and HopA1. Interestingly, the PM-associated HopAF1 is the most mobile effector among the 16 effectors reported here (Figure 1B). A few Pst DC3000 effectors have been reported to associate with the PM of plant cells (Shan et al., 2000; Göhre et al., 2008; Xin et al., 2015; Washington et al., 2016; Aung et al., 2020), whereas none of Pst DC3000 effectors contains putative transmembrane domains. It was previous reported that mutations in putative sites for myristoylation (G2) and palmitoylation (C4) of HopAF1 (HopAF1G2AC4S-cerulean-HA) abolishes the PM localization (Washington et al., 2016). Similar to HopO1-1 and AvrPto1 (Shan et al., 2000; Aung et al., 2020), the G2A mutation is sufficient to disrupt the PM association of HopAF1 (Figure 5A). Interestingly, the nucleocytoplasmic localized HopAF1G2A-YFP is not as mobile as the wild-type HopAF1-YFP (Figures 5B–D). It is worth pursuing whether the PM association of effectors facilitates the PD-dependent movement of molecules along the PM lining the PD channel. Together, the findings suggest that the membrane association of effectors does not inhibit the PD-dependent movement. It is unclear whether mitochondrial, chloroplast, or the ER association of effectors affects the PD-dependent movement.

In Arabidopsis, the expression of PDLP5 is positively correlated with the accumulation of callose at PD (Lee et al., 2011). Here, we reported that the transient overexpression of Arabidopsis PDLP5 in N. benthamiana increases the accumulation of callose at PD (Figures 3A,B). The finding is supported by a recent report that the transient overexpression of PDLP5 suppresses the PD-dependent movement of mCherry (Wang et al., 2020). Similar to PDLP5, the transient expression of Arabidopsis PDLP7 also increases callose accumulation at PD in N. benthamiana (Figures 3A,B). Among different PDLP members, only the expression of PDLP5 transcripts and proteins is upregulated by bacterial infections and a defense hormone SA treatment (Lee et al., 2011). PDLP7 proteins are destabilized by P. syringae infection in a bacterial effector HopO1-1-dependent manner (Aung et al., 2020). Given that HopO1-1 physically associates with and destabilizes PDLP5 and PDLP7, the effector might target the PDLPs to suppress plasmodesmal immunity. The targeting of the PDLPs might play critical role in facilitating the PD-dependent movement of bacterial effectors from the infected cells to the adjoining non-infected cells through PD. In line with the notion, we observed that the transient overexpression of PDLP5 and PDLP7 significantly suppresses the PD-dependent movement of a highly mobile bacterial effector HopAF1.

Pathogen-associated molecular pattern-triggered callose accumulation at PD suggests that the plasmodesmal closure is a part of pattern-triggered immunity (PTI). PTI is considered the first line of plant immune responses during microbial infection (Boller and He, 2009). It is plausible that plants induce the plasmodesmal closure to limit the spread of microbial molecules from the infected cells to the surrounding plant cells. In line with the statement, flg22 treatment suppresses the PD-dependent movement of a bacterial effector HopAF1 (Figure 4C). It is postulated that the PTI-triggered callose accumulation at PD generally suppresses the PD-dependent movement of most effectors. Recent report showed that the expression of a bacterial effector HopO1-1 facilitates the PD-dependent movement of YFP molecules (Aung et al., 2020). As HopO1-1 targets and destabilizes PDLP5 and PDLP7, it is highly plausible that HopO1-1 functions to overcome the plasmodesmal immunity. We thus hypothesize that HopO1-1 might facilitate the PD-dependent movement of bacterial effectors to the surrounding plant cells. The hypothesis is supported by a recent report that the PD-dependent cell-to-cell movement of F. oxysporum effector Avr2-GFP requires Six5 (Cao et al., 2018). Further studies will reveal the role of HopO1-1 in modulating the PD-dependent movement of bacterial effectors.

Although the function of many Pst DC3000 effectors has been predicted according to their amino acid sequences, only a handful of them has been confirmed their activities in planta (Supplementary Table 2). As effector proteins are believed to be involved in suppressing plant immunity to benefit the microbes, the mobile effectors might play crucial roles in inhibiting non-cell-autonomous plant immunity. Successful suppression of both cell-autonomous and non-cell-autonomous plant immunity might be critical for pathogenic microbes to colonize and spread from the initial infection sites. Understanding the function of mobile effectors will allow us to better understand how pathogenic microbes regulate cellular processes in infected plant cells and the surrounding plant cells. This report also demonstrates that an Agrobacterium-mediated protein movement assay using N. benthamiana is a powerful experimental system to determine the PD-dependent movement of microbial effectors. The system has great potential in directly visualizing how the mobile effectors affect plant immune responses. Identification and characterization of robust plant immune response markers will allow us to investigate the functions of mobile effectors in modulating cell-autonomous and non-cell-autonomous immune responses in planta.
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The increasing pace of global warming and climate instability will challenge the management of pests and diseases of cultivated plants. Several reports have shown that increases in environmental temperature can enhance the cell-to-cell and systemic propagation of viruses within their infected hosts. These observations suggest that earlier and longer periods of warmer weather may cause important changes in the interaction between viruses and their host’s plants, thus posing risks of new viral diseases and outbreaks in agriculture and the wild. As viruses target plasmodesmata (PD) for cell-to-cell spread, these cell wall pores may play yet unknown roles in the temperature-sensitive regulation of intercellular communication and virus infection. Understanding the temperature-sensitive mechanisms in plant-virus interactions will provide important knowledge for protecting crops against diseases in a warmer climate.
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INTRODUCTION

Viruses can cause major losses in crop yields and are the primary cause of emerging diseases in plants (Nicaise, 2014). As has been reviewed comprehensively, changes in temperature and other parameters of climate change (changes in rainfall patterns, wind, accumulation of greenhouse gases, and extreme weather events, to name a few) are expected to affect the geographic distribution of the viral hosts and vectors, and thus the epidemiology of viruses that depend on these hosts and vectors for propagation and inter-plant transmission (Canto et al., 2009; Jones and Barbetti, 2012). As global temperatures increase, poleward and higher altitude areas with currently colder weather likely assume a more temperate climate, whereas the regions with currently temperate climate become warmer and may assume a climate that is more typical for tropical zones. Thus, in response to global temperature increases, the viral hosts and vectors adapted to temperate climates are expected to spread with their viruses poleward and to higher altitudes where temperatures will then be temperate, whereas hosts and viral vectors in tropical regions will invade with their viruses the regions with a currently mild climate where temperatures may have increased toward values that are currently typical for tropical areas. In these newly invaded regions, virus hosts and vectors as well as their viruses may find conditions that are similar as in previous habitats, thus allowing them to interact as previously. From this point of view, a warmer climate is predicted to cause a global shift in the distribution of viruses along with their hosts and vectors. And, because this process may allow viruses to interact with their current hosts and vectors as previously, a strong global impact on virus propagation and virus-caused diseases in agriculture may not be expected. On the other hand, this view may be too simple. First, the new geographical locations may allow viruses to find new hosts, which poses risks of new emerging diseases (Jones, 2020). Second and more important, plants tolerate broad ranges of temperatures (Parent and Tardieu, 2012; Figure 1), and most of them will likely not migrate, at least not immediately. For canola and potato, for example, the ranges of temperatures for growth with at least 50% of the maximum rate are from 15.0 to 29.6°C and from 21.6 to 37.3°C, respectively. For sunflower, which has a temperature optimum around 29°C, the range is from 17.3 to 38.3°C. The average high temperature currently reached in summer in London, Paris, or Berlin (23–25°C;1) is below the temperature optima for crops grown in the area such as wheat, barley, potato, maize, or sunflower (27.7, 26.6, 30.6, 30.8, and 29.3°C, respectively; Parent and Tardieu, 2012). Thus, there is room for temperature increases until these and other plants are forced to migrate. According to current climate change projections by the Intergovernmental Panel on Climate Change (IPCC), the global mean surface temperature change for the period 2016–2035 relative to 1986–2005 will likely be in the range of 0.3–0.7°C and, dependent on prediction scenarios, may reach 0.3–4.8°C at the end of the 21st century (2081–2100) (IPCC, 2014). These global changes in temperature are predicted to be accompanied by local weather extremes with heat waves and drought that cause significant yield losses (Bita and Gerats, 2013). However, except for plants currently growing in areas with conditions at their tolerance margins, these predicted changes in temperature will not cause an immediate global migration of all viruses and their hosts away from their current geographical zones. For most hosts and their viruses, expected movements to colder areas may occur only gradually, over long ranges of time. However, while these plants remain at their locations, warmer local temperatures will nevertheless already have immediate effects on the intracellular environment provided by these hosts to viruses, thus posing risks to agriculture.
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FIGURE 1. Temperature tolerance range of plant and crop species. Temperature optimum at which plant development has its maximum rate (diamonds) and range of temperature for which the rate of development is at least 50% of its maximum (horizontal bars). Adapted from Parent and Tardieu (2012), with permission by the authors.


Temperature is a physical parameter that influences biochemical reactions and higher molecular structures, like DNA and proteins, and supramolecular components, like membranes and the elements of the cytoskeleton, through simple thermodynamic effects (Ruelland and Zachowski, 2010). Warmer temperature thereby causes increased membrane fluidity and cytoskeletal dynamics, which can enhance the propagation of plant viruses that generally depend on these cellular components for replication and spread within their hosts. Consistently, numerous studies demonstrated that the rate at which viruses replicate and move through the infected plant increases with temperature up to a certain temperature optimum, beyond which viral propagation decreases. For example, Lebeurier and Hirth (1966) demonstrated already more than 50 years ago in Nicotiana tabacum leaf disks that Tobacco mosaic virus (TMV) increases its multiplication with temperature and that replication is again lower only when temperature reaches 34–36°C. Later, with a green fluorescent protein (GFP)-tagged virus it was shown that the cell-to-cell spread in N. benthamiana plants was threefold stronger when the temperature was increased by 10 degrees (from 22 to 32°C) (Boyko et al.,2000a,b). Similarly, Turnip mosaic virus (TuMV) showed increased accumulation in Chinese cabbage when temperature was increased from 13 to 23–28°C (Chung et al., 2015) and a GFP-tagged version of this virus shows a twofold more efficient cell-to-cell (Figures 2A,B) and systemic (Figures 2C,D) spread in canola (Brassica napus) upon shifting the daytime temperature by only four degrees from 24 to 28°C. In Arabidopsis, TuMV was shown to accumulate to higher levels when kept at 25°C during the day and 15°C in the night as compared to colder temperatures with 15°C during the day and 5°C in the night (Honjo et al., 2020). Potato plants infected with Potato virus Y showed a dramatic increase in systemic infection when temperatures were increased from 23 to 28°C (Choi et al., 2017). Barley yellow dwarf virus (BYDV) showed strong increases in systemic movement in oat when the temperature was elevated from 15.5 to 21°C (Jensen, 1973) and infection of bean leaves with Rothamsted tobacco necrosis virus (RTNV) increased with rising temperature from 10 to 22°C (Harrison, 1956). The spread and replication of Wheat streak mosaic virus and disease development in Winter Wheat was shown to increase with temperature within the tested temperature range of 10–27°C (Wosula et al., 2017). Given that virus accumulation and disease symptoms are often correlated, these examples hint toward the imminent risk that earlier and longer periods of warmer weather will aggravate virus-induced diseases in crops in their current growing areas, thus endangering yields.


[image: image]

FIGURE 2. Temperature effect on TuMV-GFP infection in B. napus cultivars Drakkar and Tanto. Plants were incubated at 20°C for 8 h (night) and 24°C for 16 h (day) until two leaf stage. Half of the plants were then transferred to 20°C for 8 h (night) and 28°C for 16 h (day). Plants were allowed to adjust for 2 days before inoculation. (A) Effect of temperature on viral cell-to-cell spread in inoculated leaves. Pictures were taken at 6 days post inoculation (6 dpi) under UV light. Scale bar, 1 cm. (B) Sizes of individual local infection sites at 6 dpi. Infection foci in leaves of five plants per condition were measured (Drakkar 24°C, N = 117; Drakkar 28°C, N = 111; Tanto 24°C, N = 112; Tanto 28°C, N = 102. The higher temperature causes a significant increase in the local cell-to-cell spread of infection in both Drakkar (ANOVA, p = 4,3− 21) and Tanto (ANOVA, p = 2,5− 37). (C) Systemic spread of TuMV-GFP in Drakkar is more efficient at 28°C (orange) than at 24°C (green). Inoculated leaves of nine plants at 24°C and of nine plants at 28°C were removed after 1, 2, or 3 dpi, followed by scoring the systemic leaves for GFP fluorescence (systemic infection) at 16 dpi. A control plant from which the inoculated leaf was not removed is shown in panel (D). (D) TuMV-GFP-infected Drakkar plant showing systemic infection at 21 dpi. The picture was taken under UV light.


The risks imposed by global warming may not be limited to viruses in crops, however. It is often overlooked that viruses are ubiquitous in the wild and play an important role in the evolution of life. Surveys have shown that 60–70% of plants grown in natural ecosystems are infected with viruses (Roossinck, 2015). Continuous host-virus co-evolution in natural habitats allows viruses to adapt to their hosts and maintain or even improve their fitness. Thus, plants in the wild are normally free of symptoms despite infection by viruses. Although a significant virus load is sustained in such virus-tolerant plants, the plant growth, yield, or reproduction attributes are only minimally affected and visible symptoms are either absent or mild (Pagan and Garcia-Arenal, 2018; Paudel and Sanfacon, 2018). However, tolerance, thus the ability of the infected plant to reduce negative effects of the infection, is a complex and highly evolved trait that depends on a well-adjusted host-virus crosstalk (Kørner et al., 2018; Paudel and Sanfacon, 2018; Pitzalis et al., 2020) and contributes to host fitness through multiple molecular mechanisms (Pagan and Garcia-Arenal, 2018, 2020). Higher average temperatures, leading to a more favorable environment for virus replication and movement, may break the delicate equilibrium between plant viruses and their hosts and thereby lead to the outbreak of new diseases. Such temperature-related loss of tolerance in crops and wild species and the spreading of new diseases from natural reservoirs toward crops may have important consequences for agriculture.

As humanity faces increasing average annual temperatures, it is important to understand the temperature-sensitive mechanisms that determine the propagation and spread of viruses within their hosts. The underlying mechanisms can be of a diverse nature. Apart from increased membrane fluidity and cytoskeletal dynamics that likely accelerate the membrane- and cytoskeleton-associated processes involved in virus replication and transport, temperature may also affect the regulation of the intercellular communication channels in the plant cell walls (plasmodesmata). Plasmodesmata (PD) are important gates through which viruses must move their genomes to spread infection between cells, into the phloem, and finally throughout the plant. In accordance with their central function in intercellular communication, PD are equipped with receptor proteins and receptor protein kinases that form signaling hubs through which PD are enabled to orchestrate processes related to plant growth and development but also responses to pathogens and abiotic stresses (Lee, 2015; Stahl and Faulkner, 2016). A recent study highlights the ability of PD to recruit receptor-like kinases in response to osmotic stress (Grison et al., 2019). It seems feasible, therefore, that changes in temperature can lead to specific alterations in the composition and regulation of PD, which in turn likely affects virus spread from cell to cell. So far, there are only few studies addressing the specific effects of temperature on PD function. Studies in poplar revealed that temperature influences the expression of dormancy-related genes, including gibberellin-acid (GA)-inducible members of beta-1,3-glucanase family involved in the degradation of callose at the plasmodesmal dormancy sphincter complexes (Rinne et al., 2011, 2018). Effects of temperature on PD structure and conductivity were also observed in maize (Bilska and Sowinski, 2010). Recent progress made in the analysis of PD structure, composition, and regulation (Wu et al., 2018; Brault et al., 2019; Grison et al., 2019; Huang et al., 2019; Cheval et al., 2020; Iswanto et al., 2020; Liu et al., 2020) may facilitate future research in model systems such as N. benthamiana and Arabidopsis to reveal the impact of increasing temperature on PD proteins and membranes and whether such changes correlate with an altered flow of PD targeted and non-targeted macromolecules (e.g., GFP) through the pore.

Warmer temperature may facilitate virus spread also by altering the activity or turnover of the viral movement proteins (MPs), which may affect the interaction of viruses with PD. The mentioned increased efficiency of intercellular spread of TMV in N. benthamiana at higher temperature correlated with changes in the subcellular accumulation pattern of the virus-encoded, GFP-tagged MP (Boyko et al., 2000b). During infection the protein is expressed in distinct cortical endoplasmic reticulum (cortical ER)-associated replication complexes that are formed at sites of the cortical ER at which this membrane network intersects with cortical microtubules (Niehl et al., 2013). At the lower temperature (22°C) the MP tends to stay and over-accumulate in the replication complexes that can grow to large sizes over time (Padgett et al., 1996; Heinlein et al., 1998; Niehl et al., 2013; Heinlein, 2015). At the higher temperature (32°C), however, the MP accumulates along microtubules rather than in the replication complexes (Boyko et al., 2000b). The ability of MP to interact with microtubules is involved in virus movement and has been correlated with the formation and mobility of distinct MP-containing replication complexes during early stages of infection in cells at the infection front (Boyko et al., 2000a, 2007; Niehl et al., 2014). Accumulation of high amounts of MP along the length of microtubules, in contrast, is dispensable for movement and is rather linked to its degradation in cells having completed the movement process (Gillespie et al., 2002; Niehl et al., 2012). The degradation of MP is triggered by its accumulation in the ER and depends on CDC48, an ATP-driven machinery that controls ER homeostasis by extracting over-accumulating or misfolded proteins from the membrane (Niehl et al., 2012). These observations are important in the context of other findings indicating that ER-associated virus replication and viral protein accumulation cause ER stress (Park and Park, 2019) and can lead to PD closure (Guenoune-Gelbart et al., 2008), thereby causing resistance against virus movement. Thus, by enhancing the removal of over-accumulated MP from the ER, which thereby results in the accumulated binding of MP along microtubules and promotes MP degradation, warmer temperature may avoid ER stress and PD closure, thereby facilitating efficient virus movement. Because of its direct binding affinity for microtubules (Ashby et al., 2006), the extraction of accumulated MP from the ER leads to its alignment along microtubules, which is directly or indirectly supported by another microtubule-associated protein (Curin et al., 2007). It is noteworthy that the movement of the TMV-related Oilseed rape mosaic virus (ORMV, also known as Youcai mosaic virus or TMV-Cg) is associated with the formation of distinct MP-containing, replication complexes during early stages of infection just like in the case of TMV. However, unlike the MP of TMV, the MP of ORMV does not accumulate on the ER or along microtubules. Importantly, this MP allows faster virus movement than the MP of TMV (Niehl et al., 2014). These observations are consistent with the conclusion that the enhanced TMV movement at higher temperature is associated with specific MP activities and turnover conditions.

Warmer temperature could affect TMV movement also by increasing myosin motor activity, thus facilitating the myosin-driven transport of the virus and of MP along the ER-actin network to the PD (Hofmann et al., 2009; Amari et al., 2014). Temperature may also alter the ability of MP to bind RNA and other proteins, or to gate the PD channel. Potentially, such alterations in MP activity could be mediated through changes in the post-translational phosphorylation of the protein (Trutnyeva et al., 2005).

However, warmer temperatures may affect virus cell-to-cell movement also more indirectly, for example, by causing changes in gene expression and alterations in the interactions of viruses with host defense responses. In plants carrying specific resistance (R) genes, warmer temperature may indeed provoke stronger infections since resistance genes against biotrophic and hemi-biotrophic microbes (viruses, bacteria, fungi) are often temperature-sensitive and are inactivated at elevated temperature (Wang et al., 2009). Thus, in several plant-virus interactions, hypersensitive resistance (HR) or HR-like responses are slower when the temperature is elevated by a few degrees from 21–22°C to 27–28°C, and are lost at temperatures above 30°C (Whitham et al., 1996; Wang et al., 2009). In addition to R-gene mediated resistance, plants control their viruses also through pattern-triggered immunity (PTI) (Kørner et al., 2013; Niehl et al., 2016; Teixeira et al., 2019; Amari and Niehl, 2020) and RNA silencing (Ding, 2010; Pumplin and Voinnet, 2013). Both defense pathways are activated by dsRNA produced during virus infection. PTI involves the activation of transcriptional signaling that confers broad-spectrum pathogen resistance. In contrast, RNA silencing uses 21–24 nts long small interfering RNAs (siRNAs) and 21 nts microRNAs (miRNAs) to direct sequence-specific cleavage or translational repression of viral and host RNAs through ARGONAUTE (AGO)-containing RNA silencing effector complexes. While antiviral PTI has only recently been discovered and its sensitivity to temperature in the context of virus infection remains to be studied, RNA silencing has been reported to be more active at higher temperature and shown to be correlated with reduced disease symptoms in infected tissues (Szittya et al., 2003). However, other reports argue against such correlations or even conclude that RNA silencing or its systemic signaling is inhibited at elevated temperature (Zhong et al., 2013). These contrasting findings show that we are far from understanding how temperature influences the interaction of viruses with host defense pathways and that further studies are needed.

As already highlighted, global warming comes along with various other impacts on humidity, drought, rainfall intensity and rainfall patterns, wind speed and direction, and greenhouse gas concentration. These parameters will result in altered crop cultivations systems and the range of cultivated species grown. This, in turn, will also influence the distribution of the viral insect vectors and plant hosts and, thereby, the distribution and evolution of virus species. However, while these long-term global consequences of climate change need to be studied, monitored, and modeled to improve disease management, changes in temperature have immediate effects on cellular mechanisms that are at the core of plant-virus interactions within each infected cell, irrespective of the region where the infected host is grown. This may aggravate diseases in natural and agricultural settings and damage yields and crop survival before temperatures will eventually exceed the host temperature tolerance ranges. To ensure agricultural yield, a concerted research effort is needed to understand the cellular mechanisms that determine disease tolerance in infected plants and to use this knowledge to adapt our crops toward temperature resilience and tolerance for viruses through dedicated breeding programs.
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Parasitic plants live in intimate physical connection with other plants serving as their hosts. These host plants provide the inorganic and organic compounds that the parasites need for their propagation. The uptake of the macromolecular compounds happens through symplasmic connections in the form of plasmodesmata. In contrast to regular plasmodesmata, which connect genetically identical cells of an individual plant, the plasmodesmata that connect the cells of host and parasite join separate individuals belonging to different species and are therefore termed “interspecific”. The existence of such interspecific plasmodesmata was deduced either indirectly using molecular approaches or observed directly by ultrastructural analyses. Most of this evidence concerns shoot parasitic Cuscuta species and root parasitic Orobanchaceae, which can both infect a large range of phylogenetically distant hosts. The existence of an interspecific chimeric symplast is both striking and unique and, with exceptions being observed in closely related grafted plants, exist only in these parasitic relationships. Considering the recent technical advances and upcoming tools for analyzing parasitic plants, interspecific plasmodesmata in parasite/host connections are a promising system for studying secondary plasmodesmata. For open questions like how their formation is induced, how their positioning is controlled and if they are initiated by one or both bordering cells simultaneously, the parasite/host interface with two adjacent distinguishable genetic systems provides valuable advantages. We summarize here what is known about interspecific plasmodesmata between parasitic plants and their hosts and discuss the potential of the intriguing parasite/host system for deepening our insight into plasmodesmatal structure, function, and development.

Keywords: Cuscuta, feeding hyphae, haustorium, interspecific plasmodesmata, parasitic plants, secondary plasmodesmata, symplasm


INTRODUCTION

Symplasmic domains are operational units which are formed by joining the protoplasts of cells by way of plasmodesmata (PD) that form complex structures across the plant cell walls (Ehlers and Kollmann, 2001) or by sieve pores that originate from PD (Kalmbach and Helariutta, 2019) but are limited to the sieve elements of the phloem. Based on when and where they originate, two different types of PD are distinguished: primary PD originate during cell division, while secondary PD are formed across already existing cell walls. Despite their different origin, no structural differences can be discerned between them (Burch-Smith et al., 2011). Studies of secondary PD have, therefore, focused on non-division walls, which are of ontogenetically different origin and contain exclusively secondary PD (Ehlers and Kollmann, 2001). While this is a convenient system for structural analyses, a challenge that remains is to delineate the chain of molecular events that regulates secondary PD formation. To this end, the study of PD formed between genetically different plants promises a possibility to distinguish the molecular steps in each of the two cells that contribute to their establishment. Such interspecific PD (iPD) are by definition secondary as they are inserted in principle into existing cell walls of two unrelated individuals. Such a situation occurs either in graft unions (Kollmann and Glockmann, 1985, 1991) or at the interface between parasitic plant haustoria and the invaded tissue of their hosts (Dörr, 1969; Lee, 2009). While grafting is limited to closely related species of a few angiosperm families, some parasitic plants infect a wide range of distantly related host plant species encompassing both monocots and dicots (Westwood et al., 2010).

Parasitic plants, by definition, procure part or all of their nutrients from autotrophic plants, which serve as their hosts. Having initially evolved from fully photoautotrophic ancestors, they now occupy a narrow and specialized but apparently lucrative niche – given that the evolution of parasitic lineages has taken place many times independently within the angiosperms (Nickrent, 2020). The specialized lifestyle has led to various adaptations of which the invention of an infection organ, termed haustorium, was the primary key to their success (Yoshida et al., 2016). The term haustorium refers to the tissue of the parasite that develops endophytically within the infected host plant and is a morphological trait that is common to all parasitic plants (Smith et al., 2013). Unlike their fungal counterparts, parasitic plant haustoria are complex multicellular organs. With them, parasites can invade either the shoots (e.g., dodders, mistletoes) or the roots (e.g., broomrapes) of their hosts and withdraw either only water and inorganic nutrients through xylem connections (hemiparasites) or inorganic plus organic compounds via connections to host xylem, phloem, and parenchyma cells (holoparasites).

One parasitic plant genus that has been classified as a noxious weed in many countries is Cuscuta (dodder) (Figure 1A). Cuscuta species are destructive shoot parasites due to their broad host spectrum that includes annual plants and perennial shrubs and trees from most orders within the angiosperm lineage (Vogel et al., 2018). The endophytic haustorium of Cuscuta species protrudes from the center of a suction cup-like ring, the adhesive disk, which anchors the parasite to the host surface (Vaughn, 2002; Lee, 2007). At an early stage of infection, the haustorium penetrates the host plant surface by applying mechanical pressure and releasing cell wall degrading enzymes that weaken the host tissue cohesion (Vaughn, 2003; Johnsen et al., 2015). Following this initial invasion, the haustorium expands and grows through the cortex and often the sclerenchymal ring in search of the vascular tissue of the host. At the final stages of the infection, elongated cells (so-called searching and feeding hyphae) emerge from the tips and flanks of a haustorium (Figure 1B). The active feeding stage usually only lasts for a limited time, and the process of nutrient acquisition is taken over by younger haustoria as the parasite grows and finds new hosts.


[image: Figure 1]
FIGURE 1. The host/parasite feeding interface. (A) The yellow vine C. campestris (Cc) twines around its host Pelargonium zonale (Pz) making infection sites (arrows) where parasitic haustoria penetrate the host tissue. (B) Light micrograph of a transverse vibratome section of C. campestris (Cc) infecting Cucumis sativus (Cs) revealing the endophytic haustoria (ha) with their protruding hyphae (black arrowheads) that connect both plants' vascular elements (v). Scale bar: 300 μm. (C) Fluorograph of an immunolabeled microtome cross section of a parasite/host boundary. A monoclonal antibody (JIM8) against arabinogalactan proteins selectively labels C. reflexa (Cr) cell walls but not cell walls of the host P. zonale (Pz) and enables the precise identification of the haustorium (ha) interface. Scale bar: 100 μm. (D) Light micrograph of a toluidine blue-stained section showing a hypha (Cr-hy) of the parasite C. reflexa (Cr). The hypha has grown through one host cortex cell (Pz-co) and is in the process of penetrating another (site marked with an asterisk, *). Scale bar: 20 μm. (E) Electron micrograph of the hypha (Cr-hy) shown in (D) penetrating a host cortex cell (co). The thinned or ruptured host cell wall is marked with an arrowhead. Parasite (Cr) and host (Pz) cell walls are highlighted with red and blue shading, respectively. The cell wall (w, with double-sided arrow indicating its width), cytoplasm (cy), host cell mitochondrion (mt), and parasite plastid (pt) are labeled. Scale bar: 2 μm. (F) Electron micrograph of a cell wall (w) between a C. reflexa hypha (Cr-hy) and a penetrated P. zonale cortex cell (Pz-co). Three plasmodesmata (1, 2, and 3) are marked with arrowheads that are colored either white where they connect to both cells' plasmalemma (pl) and black where they appear to cross the wall only partially. PD 2 appears to be branched, while the others are seemingly unbranched PD. Scale bar: 0.5 μm. cy = cytoplasm. (G) Schematic illustration of four hypothetical scenarios (Scenarios 1–4) how PD formation at the parasite/host interface could be coordinated. Cell walls are shaded with red (parasite) and blue color (host) like in (E). Cell wall enzymes secreted to thin/loosen the cell walls are represented by yellow (from parasite) or green (from host) dots. In Scenario 1, the parasite-secreted enzymes are moving across the middle lamellae (ML) to act on the host cell wall (H-CW). In Scenario 2, unknown signals (white triangles) from the parasite induce the release of host cell wall enzymes (green dots) to autodecompose their cell walls locally. In Scenario 3, the parasite cell wall enzymes are secreted in a location where the host wall is already thin [see situation at hyphal tips in (E)]. In Scenario 4, the parasite cell wall enzymes are secreted in a location where a pre-infection host PD is present. The white question mark indicates that this scenario is the most speculative because it assumes that the parasite is able to locate the host PD. The association of parasite ER (P-ER) and host ER (H-ER) with their respective plasma membranes is indicated by gray lines. The methods used to generate the microscopy images are described in the Supplementary Materials file.


The haustorial hyphae form physical and physiological bridges between host and parasite (Figures 1C–E) and facilitate the nutrient and water transfer. The hyphae appear to recognize which host cell type they approach, and they differentiate into a matching cell type (Vaughn, 2006). Thus, xylem vessels of the host, which are comprised of tube-like dead cells are intercepted by xylem-like (xylic) hyphae that re-direct water and minerals to the parasite (Christensen et al., 2003). On the other hand, amino acids, sugars, and other organic molecules in the phloem sap are channeled to the parasite through phloic hyphae that surround the host sieve elements (Dörr, 1972; Hibberd and Jeschke, 2001; Birschwilks et al., 2006; Vaughn, 2006). Hyphae connecting to parenchymal host cells show fewer morphological changes but are characterized by an electron-dense and organelle rich cytoplasm (Dörr, 1969). Chimeric cell walls and symplasmic connections between the different hyphae and the host tissue provide cohesion between the partners and it is tempting to also assume that they ensure the efficiency in nutrient uptake that the parasite depends on.



EVIDENCE FOR SYMPLASMIC CONNECTIONS BETWEEN HOLOPARASITIC PLANTS AND THEIR HOSTS

Although investigations of cytoplasmic contacts between parasitic plant haustoria and the infected host tissue are not exceptionally abundant, indirect and direct evidence for iPD at the host/parasite interface has accumulated over the past half century (Table 1).


Table 1. Summary of studies investigating cell-to-cell connections between parasitic plants and their hosts.
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Physiological and Molecular Evidence From the Genus Cuscuta

In contrast to mineral nutrients and small organic compounds that in plants take both apoplastic and symplastic transport routes (Offler et al., 2003; Zhang and Turgeon, 2018), macromolecules (proteins or nucleic acids) require symplasmic connections, either in the form of PD between neighboring cells or through sieve pores or sieve plates between sieve elements (Kalmbach and Helariutta, 2019). A nice demonstration of macromolecular transport between host plants and Cuscuta and, with it, unequivocal proof for a continuous and efficient connection between parasite and host vascular bundles was provided using the green fluorescent protein (GFP) (Haupt et al., 2001; Birschwilks et al., 2007). That the exchange of proteins in fact occurs at a large scale was recently shown through a proteomics approach (Liu et al., 2020). Several 100 host proteins were identified in C. australis growing on A. thaliana or soybean and, surprisingly, hundreds of Cuscuta proteins were found in the two host plants, indicating a massive bidirectional protein movement. Furthermore, mRNAs were found to move from host to parasite (Roney et al., 2007; David-Schwartz et al., 2008; LeBlanc et al., 2013) and this happens at a genomic scale involving transcripts of thousands of genes (Kim et al., 2014). MicroRNAs are also shuttled from the parasite to the host to target host gene expression (Shahid et al., 2018; Johnson and Axtell, 2019). Last but not least, plant viruses have for 75 years been known to move between Cuscuta and its host plants (Bennett, 1944; Mikona and Jelkmann, 2010), a transmission also depending on PD. Collectively, these data point to a massive flow of substances in both directions that cannot be explained by apoplastic translocation alone but necessitates open symplasmic connections between Cuscuta and its hosts. There are to date no molecular studies that explain how this massive flow could be regulated or to what degree it is selective.



Ultrastructural Evidence From the Genera Cuscuta and Orobanche

Despite the molecular data discussed above, there is only limited ultrastructural evidence for symplasmic connections between parasite and host vascular tissues (Table 1). In the root parasitic genus Orobanche a connection between parasite and host via sieve elements has been convincingly shown for O. crenata connecting to Vicia narbonensis (Dörr and Kollmann, 1995) and for O. cumana parasitizing Helianthus annuus (Krupp et al., 2019). In both cases, interspecific sieve plates were observed. For the shoot parasite Cuscuta, in contrast, compelling evidence for sieve plates at the parasite/host border is still lacking. Claims regarding sieve pores between phloic hyphae of Cuscuta japonica and sieve elements of Impatiens (Lee, 2009) were not supported by visual evidence and have not been confirmed when the same host was infected with Cuscuta pentagona (Vaughn, 2003, 2006). However, several accounts of plasmodesmata between host parenchyma cells and Cuscuta searching hyphae have been published (Table 1). Such investigations revealing iPD have used five different Cuscuta species infecting an even larger range of different hosts from genera like Pelargonium, Vicia, Impatiens, Nicotiana or Arabidopsis (Dörr and Kollmann, 1995; Vaughn, 2003, 2006; Birschwilks et al., 2006, 2007). The reports differ with respect to the abundance of iPD and it was proposed that they may be relatively short-lived and present only in hyphae from the younger parts of the haustorium while they seem to degenerate later (Dörr, 1969; Vaughn, 2003). Both authors provided very detailed descriptions of the versatile iPD structures with unbranched and complex branched forms with visible desmotubules occurring side by side. Vaughn (2003) also described collars and fibrillar spokes radiating out from the desmotubule, suggesting that their ultrastructure could be very similar to that of PD that connect cells from the same organism. Later stages were observed to contain occlusions or appear to fuse and form hairpin loops running back to the same cell, but it should be kept in mind that the reports show 2-dimensional snapshots of a complex system and both the spatial and temporal dimensions have not been investigated. Therefore, caution should be exercised when interpreting findings of incomplete iPD (see Figure 1F and literature cited in Table 1). This notion, together with the still unexplained sustained transport activities, calls for higher temporal resolution of haustorial development and additional modern technologies in future studies of the host/parasite connections.




ESTABLISHMENT OF INTERSPECIFIC SECONDARY PD

iPD are a special case of secondary PD as they span the cells of different individuals, species and even higher order phylogenetic lineages. So far, very little is known about this type of PD.


Control of Secondary PD Formation

Some evidence suggests that PD do not develop from one side only, but that they are formed in a coordinated process by the two opposing cells (Kollmann and Glockmann, 1991; Ehlers and Kollmann, 2001). The process is believed to start with a local thinning of the cell wall on both sides followed by the trapping of ER cisternae which develop into plasmodesmal desmotubules, the fusion of the two plasma membranes and finally the reconstruction of the cell wall (Ehlers and Kollmann, 2001; Burch-Smith et al., 2011). If both cells contribute to the formation of complete secondary PD, some kind of communication across the cell borders is needed. Potential scenarios how this could happen are depicted in Figure 1G. It should be noted that these are hypothetical alternatives and experimental insight regarding the regulation of secondary PD formation and the molecules involved in signaling is lacking. Whether PD initiation happens unilaterally by one cell in a given tissue or starts simultaneously in two neighboring cells, is also unresolved. While in the parasite/host system it is presumably the parasite that initiates PD formation as this connection appears to be vital for the parasite's survival, it is likewise still unclear how and how much the host contributes (Figure 1G).



Cell Wall Degradation and Rebuilding

Cell wall breakdown and rebuilding are thought to be important steps of secondary PD formation (Ehlers and Kollmann, 2001; Burch-Smith et al., 2011). In the case of intraspecific PD the two parts of the common cell wall and the enzymatic machinery for the cell wall remodeling are in principle identical. The cell walls of the host and parasite, on the other hand, do differ to some degree (Johnsen et al., 2015) (Figure 1C) and accordingly the enzymes involved in remodeling the cell walls are also expected to differ. It is well-known that during invasion of the host the parasite secretes a cocktail of enzymes which degrade the cell walls of the host but not their own (Nagar et al., 1984; Losner-Goshen et al., 1998; Olsen et al., 2016). Host cell walls abutting haustorial cells were observed to have a lower degree of pectin esterification than walls that were not in contact with the haustorium (Johnsen et al., 2015). Young hyphae were also often found to be surrounded by host cell walls that were stretched extremely thin [Figures 1D,E and Vaughn (2003)]. This provided evidence for extensive deconstruction and loosening of the host cell walls at the site of contact, but it remains speculative whether this thinning is mediated by host or parasite enzymes (see Figure 1G, scenarios 1 and 2). With cell wall degradation products being discussed as potential signaling molecules for cell wall integrity (Ferrari et al., 2013), the parasite's enzymes could tentatively contribute to the coordination of PD formation between parasite and host by inducing host enzyme secretion in corresponding places (Figure 1G, scenario 2). Alternatively, similar signals may help the parasite identify regions with thinned host walls and induce PD formation in these regions (Figure 1G, scenarios 3 and 4).



iPD in Graft Unions

Besides parasitic/host interfaces, graft unions are sites where interspecific symplasmic connections can potentially be formed. Already Jeffree and Yeoman (1983) observed cell wall thinning and formation of plasmodesmata in opposing cells of autografted tomato (Solanum lycopersicum) plants. More pertinent, Kollmann and colleagues were able to show iPD in heterografts between different species (Kollmann et al., 1985) and different orders (Kollmann and Glockmann, 1985, 1991). Anatomically, both full and partial unbranched connections as well as complex branched PD were described, thus resembling closely what has been found at the parasite/host interface. Cell wall thinning seemed to precede the PD formation in the described cases. Using serial sections, Kollmann and Glockmann (1985) could show that apparently incomplete “half” iPD were in fact continuous structures connecting both adjacent cells. However, this seems to depend on the cell types that align with each other and “half PD” that end at the middle lamella were found where the alignment was not perfect (Kollmann et al., 1985). Diffusion through graft interface iPD was demonstrated using fluorescein in grafts between different Prunus species (Pina et al., 2009), demonstrating the functionality of these structures in transport.




PARASITIC PLANTS AS TOOLS FOR THE ANALYSIS OF SECONDARY PD

Secondary iPD at the host/parasite border are an excellent system to overcome limitations of current PD research for several reasons. First, the symplasmically connected partners have different genotypes, and form many more different combinations than grafting currently offers. This facilitates the identification of the origin of the genes and proteins involved in the establishment of secondary PD, which could finally answer the question whether the PD are initiated uni- or bilaterally. Moreover, the searching and feeding hyphae of the parasite can be faithfully distinguished based on their characteristic ultrastructure (Dörr, 1969, 1972; Vaughn, 2003, 2006) or on unique epitopes in their cell walls (Vaughn, 2003; Johnsen et al., 2015) (Figure 1C). Thus, the border between parasite and host tissues and thereby the location of heterospecific cell walls can be precisely mapped. The parasite/host system therefore allows detailed analyses of the roles that each of the two symplasmically connected cells have in this process. In contrast, in successful grafts the two partners are often very closely related, making such differentiation more challenging, if not impossible.

Second, quite many parasitic plants, including the well-researched Orobanche and Cuscuta, can infect many different hosts (Yoshida et al., 2016; Shimizu and Aoki, 2019). Their host range includes popular model plants like A. thaliana, tobacco or tomato and thus offers the opportunity to harness all molecular genetic tools developed for those. Among them, a plethora of transgenic and mutant lines (overexpressing lines, knock-out lines, introgression lines) are available and have already been used to dissect parasite/host interactions (Hegenauer et al., 2016; Krause et al., 2018). Classical transgenic technology, RNA interference (Mansoor et al., 2006) and genome editing technologies like CRISPR-Cas9 (Doudna and Charpentier, 2014) are available for many compatible hosts. Furthermore, whole genome sequences and large-scale transcriptomic datasets are available for hundreds if not soon thousands of plants (Wong et al., 2020). On the parasite side, the first genome sequences have been published for Cuscuta (Sun et al., 2018; Vogel et al., 2018). Although transgenic parasitic plants cannot yet be produced efficiently, recent progress gives reason to believe that genetic manipulation of these parasites will soon be a standard (Lachner et al., 2020).

With the development of new methodology for tracing symplasmic transport via non-invasive approaches and suitable biotracers, the origin and fate of enzymes and structural components and maybe even of signaling molecules might in the future be traceable or even manipulated unilaterally using interspecific interfaces in parasites, but also in grafts.



WHAT CAN WE LEARN ABOUT PD USING THE PARASITE/HOST SYSTEM?

The basic structure of primary and secondary PD is very similar (Brunkard and Zambryski, 2017; Sager and Lee, 2018). The ER membranes and the plasma membranes of the two cells are fused and span the PD to provide a symplasmic connection. However, it is unclear whether the fusion resembles well-described membrane fusion processes, e.g., those between vesicles and the plasma membrane, or whether it is completely different. In the parasite/host system the protein composition and most likely also the lipid composition of the membranes of the two cells are sufficiently different to be of benefit for more detailed analyses of the fusion process.

Proteins also contribute to the structure of PD (Sager and Lee, 2018). Although in the last decades many proteins localized in PD have been identified (Han et al., 2019), their physiological and molecular functions are mostly unknown. It is not even known if the proteins are contributed by one or both cells. The different genotypes of the host and parasite cells provide an optimal instrument to answer such developmental questions.

Transport through PD changes during the course of plant development and in response to stress, and is therefore tightly controlled through the size exclusion limit (SEL) or pore size, or by closure of the PD (Brunkard and Zambryski, 2017). Although some factors regulating transport through PD such as light, the circadian clock (Brunkard and Zambryski, 2019) or sugars (Brunkard et al., 2020) have been identified recently, there is limited knowledge about PD regulation at the physiological and molecular level. Only a few molecules regulating SEL have been characterized. Among them are virus movement proteins which increase SEL to allow movement of viruses in a process called gating. In the parasite/host system similar processes are assumed to take place and it is tempting to speculate that this is achieved by “gating molecules” produced by the parasite to prevent closing of the PD by the host. Indeed, it has been proposed that the control of the common host/parasite symplast is the key characteristic of compatible interactions (Cheval and Faulkner, 2017), a claim that could be tested by investigating the iPD.



CONCLUSION

iPD established between parasitic plants and their hosts offer a unique perspective on symplasmic domains and secondary PD in general. They promise to be an advantageous system to address and answer open questions regarding their formation and regulation. In particular, the respective contribution of neighboring cells can be analyzed and discriminated. Considering that adequate molecular tools for the parasites are only now beginning to emerge, we will hopefully see many new pieces of valuable information generated in this highly contemporary field in the future.
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Xylem development in the Arabidopsis root apical meristem requires a complex cross talk between plant hormone signaling and transcriptional factors (TFs). The key processes involve fine-tuning between neighboring cells, mediated via the intercellular movement of signaling molecules. As an example, we previously reported that AT-HOOK MOTIF NUCLEAR LOCALIZED PROTEIN (AHL) 4 (AHL4), a member of the 29 AT-hook family TFs in Arabidopsis, moves into xylem precursors from their neighbors to determine xylem differentiation. As part of the effort to understand the molecular functions of AHL4, we performed domain swapping analyses using AHL1 as a counterpart, finding that AHL4 has three functionally distinctive protein modules. The plant and prokaryotes conserved (PPC) domain of AHL4 acts as a mediator of protein–protein interactions with AHL members. The N-terminus of AHL4 is required for the regulation of xylem development likely via its unique DNA-binding activity. The C-terminus of AHL4 confers intercellular mobility. Our characterization of modules in the AHL4 protein will augment our understanding of the complexity of regulation and the evolution of intercellular mobility in AHL4 and its relatives.
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INTRODUCTION

The vascular system plays a key role in the transport and mechanical support processes in vascular plants. It is composed of two major tissues, the xylem and phloem, and undifferentiated stem cells between them. The organization of the vascular system is well defined in the Arabidopsis root apical meristem (Figure 1A). It is bisymmetrically organized with xylem vessels running through the center and two phloem poles located perpendicular to the xylem axis. On the xylem axis, protoxylem cells differentiate in the periphery and metaxylem cells differentiate in the center. Procambium cells, undifferentiated stem cells, occupy the region between the xylem and phloem (Mahonen et al., 2000). Five xylem vessels usually differentiate in a single row while neighboring procambium cells remain undifferentiated. This suggests the presence of a tight regulatory process that defines the xylem axis.


[image: image]

FIGURE 1. Schematic illustration of the Arabidopsis root apical meristem and phylogenetic tree of AT-HOOK MOTIF NUCLEAR LOCALIZED PROTEINS (AHLs): (A) schematic illustration of the Arabidopsis root apical meristem. (B) Phylogenetic tree of AHL proteins in Arabidopsis. The evolutionary history was inferred using the neighbor-joining method (Saitou and Nei, 1987). The optimal tree with the sum of the branch length being 10.17264217 is shown. The tree is drawn to scale, with branch lengths in the units identical to those of the evolutionary distances used to infer the phylogenetic tree.


Given the importance of the vascular system in the success of plants in terrestrial environments, detailed molecular mechanisms underlying the development of this system have become available in recent years (Vaughan-Hirsch et al., 2018; Chiang and Greb, 2019). Findings pertaining to the Arabidopsis root indicate that the processes generating xylem precursors and determining their cell fates and that differentiation require extensive interplay among transcription factors (TFs) and cell–cell signaling (Seo et al., 2020).

Several TFs provide positional information by directly moving between cells (Gallagher et al., 2014; Gundu et al., 2020). Among them, SHORTROOT (SHR) broadly impacts the specification and patterning of root tissues inside the epidermis and root cap (Benfey et al., 1993; Laurenzio et al., 1996; Helariutta et al., 2000; Sabatini et al., 2003; Carlsbecker et al., 2010). SHR is expressed in parts of the stele, e.g., the xylem precursors, procambium, and neighboring pericycle cells (Helariutta et al., 2000; Sena et al., 2004). Translated SHR protein moves into adjacent phloem pole and cell layers outside the stele, specifically the quiescent center (QC), cortex–endodermis initial (CEI), and endodermis (Nakajima et al., 2001). In the phloem pole, SHR induces asymmetric cell division for the formation of proto- and meta-phloem sieve elements (Kim et al., 2020). SHR moving outside of the stele maintains the QC, promotes asymmetric cell division in the CEI, specifies endodermis cell fate, and patterns xylem vessels. To regulate these processes, SHR induces the expression of SCR and BIRD family genes, including JACKDAW (JKD), MAGPIE (MGP), and NUTCRACKER (NUC) (Levesque et al., 2006; Moreno-Risueno et al., 2015), and then interacts with their proteins.

SHR, SCR, and one of the BIRD members form trimeric protein complexes which play a role in downstream gene expression (Gallagher et al., 2004; Cui et al., 2007; Welch et al., 2007; Long et al., 2015). SHR–SCR with either MGP or NUC promotes asymmetric cell division of the CEI to generate the cortex and endodermis layers (Welch et al., 2007; Long et al., 2015). This requires the activation of D-type cyclin in the CEI (Sozzani et al., 2010). Spatial restriction of D-type cyclin to the CEI is achieved via the competitive inhibitory binding of JDK to SHR–SCR (Long et al., 2015). A recent study of the structure of the SHR–SCR complex (Hirano et al., 2017) suggested that the α/β core subdomain of the SHR protein can specifically recognize BIRD proteins. Spatiotemporally coordinated interactions between BIRD proteins and SHR–SCR enable tissue patterning and cell division at the proper time and in the correct places (Moreno-Risueno et al., 2015; Long et al., 2017). Furthermore, this protein–protein interaction is critical for controlling the intercellular movement of SHR (Gallagher et al., 2004; Cui et al., 2007; Long et al., 2015). SHR–SCR–BIRD complexes target the nuclei, which blocks the movement of SHR to an adjacent cell layer.

Some mobile TFs are under the regulation of plant hormones. As the auxin gradient is established during embryogenesis, MONOPTEROS (MP) activates the expression of several downstream targets, including TARGET OF MONOPTEROS 7 (TMO7) (Schlereth et al., 2010). TMO7, a small basic helix-loop-helix protein, moves into the hypophysis and promotes cell division of the hypophysis for QC formation (Lu et al., 2018). In postembryonic Arabidopsis roots, mutual inhibitory actions between auxin and cytokinin contribute to the bisymmetric organization of the xylem and phloem (Bishopp et al., 2011). Cytokinin on the phloem side promotes the expression of PHLOEM EARLY DOF 1 (PEAR1) and its homologs. PEARs then move to neighboring procambial cells and there suppress the expression of HD-ZIP IIIs, which function as repressors of cell division (Miyashima et al., 2019). Our group previously reported that two AT-HOOK MOTIF NUCLEAR LOCALIZED PROTEIN (AHL) family members, AHL3 and AHL4, are also possible mobile outputs of cytokinin to regulate the xylem axis in the Arabidopsis root (Zhou et al., 2013). During this regulation process, the AHL4 protein interacts with AHL3. Because interaction and movement are frequently discovered as characteristics of mobile TFs involved in cell type patterning, dissecting these two aspects is important to understand the molecular mechanisms.

In Arabidopsis, there are 29 genes encoding AT-hook TF family members (Consortium, 2011; Zhao et al., 2014), which are classified into two major clades: clades A and B. Some AHLs in clade A are known to regulate plant growth and development processes, such as hypocotyl and petiole elongation, leaf senescence, and gibberellin synthesis (Matsushita et al., 2007; Street et al., 2008; Xiao et al., 2009; Favero et al., 2020). Based on the amino acid sequence alignment of AHL proteins, all AHL members contain two highly conserved motifs: the AT-hook motif and the plant and prokaryotes conserved (PPC) domain (Fujimoto et al., 2004). The AT-hook motif contains a conserved palindromic core with a sequence of three amino acids (Arg-Gly-Arg) that can bind to the minor groove of the AT-rich B form of DNA (Reeves and Nissen, 1990; Huth et al., 1997). The PPC domain is approximately 120 amino acids in length and is highly conserved among AHL proteins (Fujimoto et al., 2004; Lin et al., 2007). The PPC domain in AHL29 of clade A has been shown to be involved in the protein–protein interactions with other AHL members (Zhao et al., 2013).

To understand how AHL4 in clade B regulates xylem development, we defined the AHL4 full-length protein into three domains and investigated the molecular function of each domain. For the domain analyses, we chose AHL1 as a counterpart, which is relatively close to AHL4 in the phylogenetic tree but does not have intercellular mobility, and generated a series of chimeric proteins between AHL1 and AHL4. Multifaceted analyses of the behaviors of these chimeras enabled us to understand how each domain serves as a functional module of AHL4.



MATERIALS AND METHODS


Plant Material and Growth Condition

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used throughout this research. ahl4 mutant (SALK_124619) was obtained from the ABRC in a previous study (Zhou et al., 2013). Seedlings for confocal imaging were germinated and grown vertically on the surface of the Murashige and Skoog (MS) solid medium supplemented with 1% sucrose. Before plating on the MS media, the seed surface was sterilized. Seeds on the MS media were stratified for 2 days at 4°C and then grown vertically in a growth chamber that was constantly maintained at 22°C with a cycle of 16-h days and 8-h nights.



Inference of the Phylogeny of AT-Hook Family Transcription Factors

All AHL family protein sequences used in this report were downloaded from TAIR1. The full-length amino acid sequences were subsequently aligned with Clustal Omega2 (Madeira et al., 2019). The phylogenetic relationship was analyzed using the MEGA X program (Kumar et al., 2018), with the neighbor-joining method (Saitou and Nei, 1987). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and are expressed here in units of the number of amino acid substitutions per site.



Cloning of the PPC Domain and AHL Protein Coding Sequences

All the AHL protein coding regions used in yeast two-hybrid assays, except for AHL3 and AHL4, were amplified from the root cDNA of Col-0 using polymerase chain reactions (PCR). PPC domains of AHL3 and AHL4 coding regions were amplified from AHL3 and AHL4 cloned in pENTR221, respectively (Zhou et al., 2013). PCRs were performed using Phusion®, High-Fidelity DNA Polymerase (New England Biolabs). Forward primers and reverse primers used in PCRs are indicated in Supplementary Table 3. Amplified DNAs from PCR were purified by HiGeneTM Gel and PCR purification system (BIOFACT). Except for AHL1, other AHL genes were inserted into pENTRTM/D-TOPOTM vector by pENTR/D-TOPO Cloning Kit (Invitrogen). The AHL1 gene was cloned by BP Clonase reaction. The TOPO and BP reactions were proceeded following the manufacturer’s instruction. The reaction mixture was transformed into Escherichia coli TOP10-competent cells and clones with expected cDNA inserts were identified. All the constructs were confirmed by Sanger sequencing.



AHL1 Promoter Cloning

Gateway technology (Invitrogen) was used for cloning the AHL1 promoter. Two-step PCRs and the BP Clonase reaction were used to clone the upstream intergenic region of AHL1 (pAHL1) into the pDONR P4_P1R vector. The primary PCR amplified the region encompassing the upstream and downstream sequences of pAHL1 using the genomic DNA of Col-0 as a template. The primary PCR amplicant was used as a template for the second PCR to amplify pAHL1 attached to attB sites. Phusion®, High-Fidelity DNA Polymerase (New England Biolabs) was used for the PCRs. For primary PCR, promoter AHL1 _3kb_F and promoter AHL1_R primers were used, and for secondary (containing attB site) PCR, promoter AHL1_3kb_Sense and promoter AHL1_Antisense were used. Sequence information about the primers is presented in Supplementary Table 3. The BP cloning reaction and E. coli transformation were conducted following the manufacturer’s instructions. The AHL1 promoter clone was finally confirmed by Sanger sequencing.



AHL1–AHL4 Chimeric Protein Cloning

For the cloning of chimeric proteins, the Gibson method was used (Gibson et al., 2009; Gibson, 2011). A set of primers were designed by NEBuilder®, 3. The primers used in the PCRs are indicated in Supplementary Table 3. To clone AHL4-4-1, GB_AHL1_D3_F/GB_AHL1_D3_R (template: AHL1 CDS in p221) were used for insert fragment cloning and GB_p221_AHL4_D1D2_F/GB_p221_AHL4_D1D2_R (template: AHL4 CDS in p221) were used for vector fragment cloning. To clone AHL4-1-1, GB_AHL4 _D1_F/GB_AHL4_D1_R (template: AHL4 CDS in p221) were used for insert fragment cloning and GB_p221_AHL1 _D2D3_F/GB_p221_AHL1_D2D3_R (template: AHL1 CDS in p221) were used for vector fragment cloning. To clone AHL1-1-4, GB_AHL4_D3_F/GB_AHL4_D3_R (template: AHL4 CDS in p221) were used for insert fragment cloning and GB_p221_AHL1_D1D2_F/GB_p221_AHL1_D1D2_R (template: AHL1 CDS in p221) were used for vector fragment cloning. To clone AHL1-4-4, GB_AHL1_D1_F/GB _AHL1_D1_R (template: AHL1 CDS in p221) were used for insert fragment cloning and GB_p221 _AHL4_D2D3_F/GB_p221_AHL4_D2D3_R (template: AHL4 CDS in p221) were used for vector fragment cloning. Then, 4 μl of purified insert, 1 μl of purified vector, and 5 μl 2 × Gibson Assembly Master Mix (New England Biolabs)®, were mixed and incubated at 50°C for 1 h. The reaction mixture was subsequently transformed into E. coli DH5a (dam+ strain), and the cloned plasmids from E. coli were purified and screened to select the predicted chimera. All the chimera constructs were confirmed by Sanger sequencing.



Cloning Transcriptional and Translational GFP Fusion Constructs

To generate transcriptional and translational GFP fusion constructs, Multisite Gateway LR cloning was used. Promoters were cloned into the pDONR P4_P1R vector. CDS for translational fusion without a stop codon was cloned into the pDONR221 vector. Free GFP and erGFP cloned into pDONR P2R_P3 were used (Lee et al., 2006). Then, pAHL1:erGFP, pAHL1:AHL1-GFP, pSHR:AHL1-GFP, pSHR:AHL4-GFP, pSHR:AHL4-4-1-GFP, pSHR:AHL4-1-1-GFP, pSHR:AHL1-1-4-GFP, pSHR:AHL1-4-4-GFP, pWOL:AHL1-GFP, and pWOL:AHL4-GFP were constructed into dpGreen-BarT (Lee et al., 2006) by means of an LR ClonaseTM II Plus enzyme reaction (Invitrogen). pAHL4:erGFP and pAHL4:AHL4-GFP transgenic plants were generated in a previous study (Zhou et al., 2013).



Floral Dipping and Transgenic Selection

All constructs in dpGreen-BarT were transformed into Agrobacterium tumefaciens GV3101 with pSOUP and were transformed into either the wild type or ahl4 by the floral dipping method (Clough and Bent, 1998). Every transgenic line containing a target transgene was selected with a 2,000-fold diluted Basta (Bayer Crop Science) solution on soil or 10 μg/ml of glufosinate ammonium (Fluka) on MS media.



Yeast Vector Cloning

Each of the AHL3, AHL4, and PPC domains of AHL3 and AHL4 in pENTR221 was cloned into both pDEST22, a prey vector for fusion with the GAL4 activation domain, and pDEST32, a bait vector for fusion with GAL4 DNA-binding domain, using Gateway LR recombination. Other AHLs and AHL1–AHL4 chimeras, AHL4-4-1, AHL4-1-1, AHL1-1-4, and AHL1-4-4, in pENTR221 were cloned into pDEST22. For LR reaction, 3 μl of each donor plasmid, 1 μl of pDEST22 or pDEST32, and 1 μl of LR II clonase were mixed and incubated for 1 h at room temperature. Then, the reaction mixture was transformed into E. coli TOP10-competent cells and screened for clones with expected cDNA inserts. All the constructs were confirmed by Sanger sequencing.



Yeast Two-Hybrid Assay

A ProQuest two-hybrid system (Invitrogen) was used for the yeast two-hybrid analysis. All of the procedures were performed according to the manufacturer’s standard protocol. Recombinant hybrid proteins were tested for self-activation. Plasmids between the pDEST32 and the pDEST22 vector were used as negative control. Plasmid DNA pairs between pEXP32-Krev1 and pEXP22-RalGDS were used as controls for positive interactions. To judge the protein–protein interaction, the 3-amino-1,2,4-triazole (3-AT) assay method was used. For the 3-AT assay, each yeast transformant was placed into 1.5 ml of SD2– (Leu–/Trp–) liquid media. After incubation for 2 days at 30°C, the OD600 value was measured using a biophotometer spectrometer (Eppendorf). Next, every yeast culture was diluted to an OD600 value of 0.1 by adding pure SD2– (Leu–/Trp–) media. These diluted transformants were dropped onto SD2– (Leu–/Trp–) media, SD3– (Leu–/Trp–/His–) media, SD3– (Leu–/Trp–/His–) media with 10 mM 3-AT, SD3– (Leu–/Trp–/His–) media with 20 mM 3-AT, and SD3– (Leu–/Trp–/His–) media with 40 mM 3-AT. These yeast droplets on the selection media were incubated at 30°C for 2 days.



Vibratome Sectioning of Roots for Confocal Microscopy

For Arabidopsis xylem pattern phenotyping, 5 DAT (days after transfer to growth chamber from stratification) seedlings were used. Five to six seedlings overlaid straight on a MS plate were pulled together and then dipped into 4% low-melting temperature SeaPlaque®, Agarose (Lonza), which was melted in 1 × PBS buffer (pH 7.5). Next, the seedlings in the 4% agarose solution were placed in disposable base molds (30 mm × 24 mm × 5 mm). The solidified agarose was cut into a block and sectioned using a vibratome (Leica VT1000S), resulting in thicknesses in the range of 100–120 μm. For observation of the cell boundaries under a confocal microscope, each slice was stained with 10 μg/ml of a Calcofluor white M2R (Sigma-Aldrich) solution.



Confocal Microscopy

To visualize the GFP protein, 5 DAT seedlings were stained with 10 μg/ml of a propidium iodide (PI) solution (Life Technologies) for 2 min and imaged with a confocal microscope. Subsequently, a 500 × PI solution (5 mg/ml) was prepared and diluted with a 1 × PI solution in water before staining. Images were taken on a Carl Zeiss LSM700 and a Leica TCS SP8 confocal microscope with an argon-ion laser (488 nm excitation and 509 nm emission for GFP; 493 nm excitation and 636 nm emission for PI; 349 nm excitation and 420 nm emission for Calcofluor white M2R).



Statistical Analysis

All statistical analyses were performed using RStudio v.1.4.1103. A non-parametric chi-square test of goodness of fit was conducted to determine the p-value of each dataset. Bar graphs were generated by GraphPad Prism v.8.4.0 (Motulsky and Christopoulos, 2004).



RESULTS


The PPC Domain of AHL4 Mediates Protein–Protein Interaction

A total of 29 AHL proteins in Arabidopsis can be classified into two major clades, clade A and clade B (Figure 1B), as defined by Zhao et al. (2014). These clades are supported by major differences in amino acid sequences of the PPC domains of the AHLs. Clade A has a type of PPC domain which starts with Leu-Arg-Ser-His, and clade B has another type of PPC domain which starts with Phe-Thr-Pro-His (Zhao et al., 2014). The PPC domain of the AHL proteins in clade A was found to mediate the protein–protein interaction (Zhao et al., 2013). However, the PPC domain sequences between clade A and clade B are quite different; therefore, it remains unknown as to whether the PPC domain of clade B also serves to mediate the interaction between AHL proteins.

AHL3 and AHL4 are clade B AHLs. To define the role of the PPC domain in the clade B AHLs, we cloned the PPC domains of AHL3 and AHL4 into yeast expression vectors and then analyzed the interactions between the AHL3/4 proteins and the cloned PPC domains. A series of 3-AT was used to prevent autoactivation by the bait. We found that the PPC domains of AHL3 and AHL4 interact well with full-length AHL3/AHL4 proteins (Figure 2A). The criterion of protein–protein interaction was whether a yeast colony appeared on the SD3– media with 20 mM of 3-AT. We extended these assays to other 14 AHL members, finding that the PPC domain of AHL4 does not interact with that of the AHL in clade A, whereas it does interact with AHLs belonging to the same subclade as AHL4, except for AHL2 (Figure 2B). These data suggest that the PPC domain in the AHL4 protein functions as a key mediator of protein–protein interactions to form homomeric or heteromeric proteins and that it provides specificity to interact with AHL proteins in the same clade.


[image: image]

FIGURE 2. Plant and prokaryotes conserved (PPC) domain of AHL4 mediates protein–protein interaction specific to clade B AHLs. (A) Analysis of the PPC domain of AHL3 and AHL4 in the protein–protein interactions using yeast two-hybrid assays. (B) Analysis of the PPC domain of AHL4 during interactions with other AHLs using a yeast two-hybrid assay. Left column, a pair of interactors; upper row, series of selection media. DBD (bait), DNA-binding domain; AD (prey), activation domain.




AHL1 and AHL4 Show Differences in Spatial Expression Patterns and Intercellular Mobility Levels

In the phylogenetic analysis, AHL3 and AHL4 belong to the subclade that includes AHL1, AHL2, AHL6, and AHL7 (Figure 1B). While AHL3, AHL4, and AHL6 showed enriched expression levels in the xylem precursor in Arabidopsis roots, AHL1, AHL2, and AHL7 showed broad expression levels in multiple cell types (Supplementary Figure 1; Zhang et al., 2019). For further analyses of AHL4 protein domains, we selected AHL1 and compared its behavior with that of AHL4.

First, we aimed to define the transcriptional domain of AHL1 and the intercellular mobility of AHL1 proteins in the root meristem. To this end, we cloned the 3,265-bp-long upstream intergenic region of AHL1 (pAHL1) and attached the endoplasmic reticulum-targeted green fluorescence protein (erGFP). This construct, pAHL1:erGFP, which we call transcriptional fusion, was introduced into wild type Col-0. We also made translational fusion lines in Col-0 which express the AHL1 protein fused with a free GFP driven by pAHL1. In our confocal microscopy observations, the GFP signal of the AHL1 transcriptional fusion lines was very low, making it challenging for us to discern the cell layers with GFP expression from those with autofluorescence (Supplementary Figures 2A,B). Nevertheless, the GFP signal was higher in the epidermis and stele region than in the cortex and endodermis (Supplementary Figure 2B). The GFP intensity in the translational fusion lines was much higher than that in the transcriptional fusion lines (Supplementary Figure 2C). Due to the major difference in the GFP intensity levels between the transcriptional and translational fusion lines, we could not determine the intercellular mobility of AHL1. We compared the AHL1 expression patterns with those in AHL4 transcriptional (Supplementary Figure 2D) and translational fusion lines (Supplementary Figure 2E). The spatial expression of AHL4 transcriptional fusion was restricted to the subset of the stele, while AHL4 translational fusion GFP was broadly found in the stele, consistent with a previous report (Zhou et al., 2013).

The intercellular mobility of AHL1 was unclear when it was examined with its own promoter. Thus, we employed the promoter of SHR, which is well defined. We expressed erGFP under the SHR promoter (pSHR:erGFP in the Col-0) as a non-mobile control (Figure 3A) (Gallagher et al., 2004) and compared its expression domains with those of GFP translationally fused with AHL1 and AHL4 in each case. The expression levels of these proteins were imaged in five to seven individuals of at least five independent T2 lines. pSHR:erGFP started GFP expression broadly right above the QC and then became restricted to the xylem and procambium (Figure 3A). We observed AHL4-GFP throughout the stele and endodermis in all five transgenic lines analyzed (Figure 3B). However, the expression of AHL1-GFP was found only in the stele cells and not in the endodermis (Figure 3C). Z-stack images of each transgenic line were consistent with the longitudinal images (Figures 3D–F). We also noted that the expression level of the AHL1 protein was remarkably lower than that of the AHL4 protein. Nevertheless, our results collectively indicate that AHL1 is not mobile between cells, in contrast to AHL4. To reconfirm this finding, we also checked the expression patterns of GFP fused to either AHL1 or AHL4 under the WOODEN LEG (WOL) promoter (Figures 3G–J) (Mahonen et al., 2000). Consistent with AHL4/AHL1-GFP driven by the SHR promoter, AHL4-GFP expressed under the WOL promoter expanded its domain to the endodermis, while AHL1-GFP did not (Figures 3G–J).
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FIGURE 3. Comparison of the intercellular movements of AHL1 and AHL4 under the SHR and WOL promoters. Longitudinal views of root apical meristems expressing pSHR:erGFP (A), pSHR:AHL4-GFP (B), and pSHR:AHL1-GFP (C). (D–F) Cross-sectional images of the dashed-line positions of panels (A–C). Longitudinal views of root apical meristems expressing pWOL:AHL4-GFP (G) and pWOL:AHL1-GFP (H). (I,J) Cross-sectional images on the dashed-line positions of panels (G,H). White asterisks, endodermis; yellow arrowheads, GFP moved to the endodermis; scale bars = 20 μm.




Design of Chimeric Proteins Between AHL4 and AHL1 to Identify Functional Modules

Proteins consist of modules (domains) with distinctive structural/functional features (Lin et al., 2005, 2007). AHL members are defined by a highly conserved PPC domain in the middle and one or two DNA-binding AT-hook domains in the N-terminus. To determine the functional modules of AHL4, its amino acid sequence was compared with AHL1, which does not have intercellular mobility. The amino acid alignment showed three distinctive regions separated by a PPC domain in the middle (Figure 4A). In the alignment, the N-terminus and C-terminus regions separated by the PPC domain are dissimilar between AHL1 and AHL4; however, there is a well-conserved AT-hook motif located in the N-terminus region. In our search for a nuclear localization signal (NLS) in the AHL1 and AHL4 protein sequences using the NLS Mapper (Kosugi et al., 2009), one NLS in the C-terminus of AHL1, two in the N-terminus of AHL4, and one in the C-terminus of AHL4 were detected (Figure 4A). To characterize the functional modules of AHL4, we divided the AHL1 and AHL4 protein sequences into three domains: N-terminus, PPC domain, and C-terminus. Then, we designed four chimeric proteins, each of which had partial sequences from both the AHL1 and AHL4 proteins by means of Gibson cloning (Figure 4B). The first of these, AHL4-4-1, had the AHL4 N-terminus, the AHL4 PPC domain, and the AHL1 C-terminus. The second, AHL4-1-1, had the AHL4 N-terminus, AHL1 PPC domain, and AHL1 C-terminus. The third, AHL1-1-4, had the AHL1 N-terminus, AHL1 PPC domain, and AHL4 C-terminus. The last domain, AHL1-4-4, had the AHL1 N-terminus, AHL4 PPC domain, and AHL4 C-terminus.
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FIGURE 4. Intercellular movement of AHL1–AHL4 chimeric proteins: (A) Amino acid sequence alignment of AHL1 and AHL4 using the AlignX program (Lu and Moriyama, 2004). Asterisks, identical amino acids; red box; NLS sequence; black box, AT-hook motif; gray box, PPC domain. (B) Schematic illustration of four chimeric proteins between AHL1 and AHL4. Dark gray box, domain from the AHL1 protein; white box outlined in the light gray, domain from the AHL4 protein. (C–N) Confocal microscopy of roots expressing chimeric proteins in the wild type Col-0. (C–E) pSHR:AHL4-4-1-GFP, (F–H) pSHR:AHL4-1-1-GFP, (I–K) pSHR:AHL1-1-4-GFP, and (L–N) pSHR:AHL1-4-4-GFP. (D,G,J,M) Magnified images of regions outlined in white in panels (C,F,I,L). (E,H,K,N) Cross-sectional images of the dashed-line positions of panels (C,F,I,L). White asterisks, endodermis; yellow arrowheads, GFP moved into the endodermis; scale bar = 20 μm.


It was previously shown that the interaction between AHL4 and AHL3 proteins affects the intercellular movement of the AHL4 protein (Zhou et al., 2013). Accordingly, we examined whether four chimeric proteins still interact with the AHL3 protein as one indication of the maintenance of functional integrity. To do this, we cloned the chimeric proteins and AHL3 into yeast expression vectors and analyzed the interactions between each of the chimeric proteins and AHL3 using a yeast two-hybrid assay (Supplementary Figure 3). It was found that AHL1 and all four chimeric proteins interact with the AHL3 protein. Therefore, creating chimeric proteins did not affect the protein–protein interaction capacity.



C-Terminus Domain of AHL4 Confers Intercellular Mobility

After confirming that all chimeric proteins from AHL1 and AHL4 interacted with the AHL3 protein (Supplementary Figure 3), we generated transgenic lines expressing each of the chimeric proteins to study their cell-to-cell mobility characteristics. We introduced the following constructs, pSHR:AHL4-4-1-GFP, pSHR:AHL4-1-1-GFP, pSHR:AHL1-1-4-GFP, and pSHR:AHL1-4-4-GFP, into the wild type Col-0 background. Then, we observed the localization of GFP proteins in T2 seedling roots of each transgenic line under a confocal microscope. For AHL4-4-1-GFP (Figures 4C–E) and AHL4-1-1-GFP (Figures 4F–H), GFP was restricted to the stele. In contrast, AHL1-1-4-GFP (Figures 4I–K) and AHL1-4-4-GFP (Figures 4L–N) were observed outside of the stele.



The N-Terminus Domain of AHL4 Is Required for the Regulation of Xylem Development

Next, we investigated whether any of these four chimeric proteins can complement the ahl4 mutant phenotype. In a previous paper, we reported that the ahl4 mutant shows a higher frequency of the extra-xylem phenotype than the wild type; however, this report lacked a quantitative analysis (Zhou et al., 2013).

To analyze the xylem phenotype in a quantitative manner, we cross-sectioned the root differentiation zone of wild type Arabidopsis seedlings using a vibratome, stained the sections with Calcofluor white, and then imaged them under a confocal microscope (Figures 5A–D). Based on this quantitative phenotyping, we categorized xylem organizations into four types. We considered large cells with thickened cell walls as differentiated xylem vessels. The first type is defined as “normal” because it is the most abundant phenotype in the wild type with two protoxylem cells on both ends of the xylem axis and three metaxylem cells in the center (Figure 5A). The second type is defined as “4 xylem cells,” having only four xylem cells on the xylem axis even after the xylem cell wall thickening process (Figure 5B). The third phenotype is “6 xylem cells in a row,” having an extra xylem cell along the xylem axis (Figure 5C). The last phenotype is called “extra-xylem,” having a differentiated extra protoxylem or metaxylem cell present outside the single row of xylem cells (Figure 5D). To ensure that the aforementioned types of xylem organization in the root differentiation zone are consistent with the organizations of the xylem precursors in the root meristem, we analyzed the GFP expression levels of typical molecular marker lines in the root meristem (Supplementary Figure 4). These are pTMO5:erGFP to denote the xylem axis (Lee et al., 2006), pARR5:erGFP for procambium cells (Lee et al., 2006), and pAHP6:erGFP for protoxylem cell and two neighboring pericycle cells (Mahonen et al., 2006). This molecular marker analysis suggested that the xylem phenotype can be divided into four classes, consistent with our classification of four xylem cell phenotypes based on cell wall thickening in the differentiation zone.
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FIGURE 5. Xylem phenotype recovery by chimeric proteins that are expressed in the stele of the ahl4 mutant: (A–D) Four typical phenotypes of xylem arrangements categorized in the root. Normal phenotype (A), “four xylem cells” phenotype (B), “six xylem cells in a row” phenotype (C), and “extra-xylem” phenotype (D). Scale bars = 20 μm. (E) Distribution of the xylem phenotypes of the wild type, ahl4, and ahl4 expressing each chimeric protein, as categorized in (A–D). n = 39∼85. All of the detailed scoring data are presented in Supplementary Table 1.


In our analyses of 39 wild type Col-0 individuals, 77% showed the “normal” xylem type and 23% showed variant xylem types. When we analyzed 66 individuals of the ahl4 mutant, we found a reduction of the “normal” type to 54% and an increase of variant types. Next, we analyzed ahl4 introduced with chimeric proteins expressed under the SHR promoter. Because the SHR promoter drives transcription in the xylem precursor, procambium, and neighboring pericycle, it can cover the region into which the AHL4 protein moves to function. We thus used the same constructs used for the analysis of intercellular mobility to analyze the complementation of the ahl4 phenotype.

Before checking whether chimeric proteins can rescue ahl4 or not, we analyzed the cases of pSHR:AHL4-GFP; ahl4 and pSHR:AHL1-GFP; ahl4. In the AHL4 case, we noted the recovery of the xylem phenotype to “normal” in three independent transgenic lines. The percentage of “normal” increases from 54 to 73% on average. On the other hand, in the AHL1 case, we noted that there is no meaningful change in the ratio of the xylem phenotype (two individual lines, 54 and 60%) (Figure 5E). Because AHL1 cannot recover the ahl4 mutant phenotype, we conclude that the molecular function of AHL1 differs from that of AHL4.

In the analysis of transgenic plants with four different chimeric proteins, we determined the rescue of the xylem phenotype based on whether the frequencies of the “normal” phenotype are recovered to those of the wild type and the pSHR:AHL4-GFP; ahl4 transgenic lines, which are between 73 and 77% (Figure 5E). We also performed chi-square test-based goodness-of-fit analyses between distributions of xylem types of transgenic lines and the reference genotypes (Supplementary Table 1). Under this criterion, we found that the recovery of the xylem phenotype was to “normal” in three out of four independent transgenic lines expressing pSHR:AHL4-4-1-GFP; ahl4 (two lines with the xylem distribution similar to the wild type; p value of goodness-of-fit test > 0.5) and all three lines expressing pSHR:AHL4-1-1-GFP; ahl4. In contrast, two independent transgenic lines with pSHR:AHL1-1-4-GFP; ahl4 (50% of the normal phenotype on average; p-values of goodness-of-fit test < 0.5) and four independent transgenic lines with pSHR:AHL1-4-4-GFP; ahl4 (59% of the normal phenotype on average; p-values of goodness-of-fit test < 0.5) did not show a rescue of ahl4 xylem phenotype. These data indicate that the chimeric proteins containing the AHL4 N-terminus can complement the ahl4 xylem phenotype. In this context, the N-terminus of AHL4 is important for the specific functions of AHL4 during the xylem development process.



Intercellular Movement of AHL4 to the Xylem Axis Is Required for Its Regulation of Xylem Development

To reconfirm the importance of the N-terminus of AHL4 in the xylem development process, we analyzed the GFP expression levels and the xylem phenotype of the ahl4 mutant introduced with AHL4-4-1-GFP, AHL1-1-4-GFP, or AHL1-4-4-GFP under the AHL4 promoter. Given that the C-terminus of AHL4 confers intercellular mobility (Figure 4), we expected that the immobile AHL4-4-1-GFP protein would only be in the procambium area, while GFP fused to AHL1-1-4 or AHL1-4-4 would be mobile and would be found broadly in the stele. Consistent with our prediction, confocal microscopy indicated that AHL4-4-1-GFP was in the stele but excluded from the xylem axis (Figures 6A,D), while AHL1-1-4-GFP and AHL1-4-4-GFP were found throughout the stele (Figures 6B,C,E,F). The intercellular mobility of AHL1-1-4 and AHL1-4-4 appeared to be more extensive than that of AHL4 because the GFP fusion of the former two expanded not only throughout the stele but also to the ground tissue, epidermis, quiescent center, and root cap.


[image: image]

FIGURE 6. Xylem phenotype rescue of the ahl4 mutant by chimeric proteins expressed under the AHL4 promoter. Longitudinal views of root apical meristems expressing pAHL4:AHL4-4-1-GFP (A), pAHL4:AHL1-1-4-GFP (B), and pAHL4:AHL1-4-4-GFP (C). (D–F) Cross-sectional images of the dashed-line positions of panels (A–C). Scale bars = 20 μm. (G) Distribution of xylem phenotypes of the wild type, ahl4, and ahl4 expressing pAHL4:AHL4-4-1-GFP, pAHL4:AHL1-1-4-GFP, and pAHL4:AHL1-4-4-GFP. Xylem phenotype categorization is identical to that in Figures 5A–D. n = 27∼70. All detailed scoring data are presented in Supplementary Table 2.


Subsequently, we analyzed whether those chimeric proteins could recover the xylem phenotype in ahl4. Based on complementation analyses of chimeric proteins expressed under the SHR promoter (Figure 5E), AHL4-4-1 expressed under the AHL4 promoter was predicted not to recover the ahl4 phenotype because it cannot move into xylem precursor cells even though it has a functional domain in the N-terminus. AHL1-1-4 and AHL1-4-4 were also predicted not to rescue the ahl4 phenotype because these two proteins do not have functional domains in the N-terminus even though they move into the xylem precursors. As predicted, one independent line expressing pAHL4:AHL4-4-1-GFP; ahl4 showed only 60% of the “normal” phenotype. Three independent lines expressing pAHL4:AHL1-1-4-GFP; ahl4 showed only 59% of the “normal” phenotype. Likewise, four independent lines expressing pAHL4:AHL1-4-4-GFP showed 59% of the “normal” phenotype (Figure 6G and Supplementary Table 2).



DISCUSSION

In this study, we characterized the functional domains of AHL4, one of the 29 AHLs in Arabidopsis. AHLs are largely classified into two clades, clades A and B, based on the amino acid sequences of the PPC domain. The PPC domain in clade A has been characterized as a mediator of the protein–protein interactions between AHL members in clade A (Zhao et al., 2013). In the N-terminus region outside the PPC domain, there are one or two AT-hook motifs, a condition required for DNA binding (Fujimoto et al., 2004). Other than the AT-hook motif, the N-terminus and C-terminus regions outside of the PPC domain are highly variable among AHLs.

AHL4 belongs to clade B and has one AT-hook motif. Our group reported that AHL4 controls xylem development in the root meristem by moving from the procambium to the xylem precursor (Zhou et al., 2013). However, how the functions of AHL4 are differentiated from those of other AHLs remains elusive. To address this, we divided the AHL4 protein into three domains and investigated the function of each domain. First, we isolated the PPC domains of AHL3 and AHL4 and examined their interactions with AHL3 and AHL4 as well as other AHLs (Figure 2). Our yeast two-hybrid assays suggest that the PPC domains alone can interact with the AHL3 or AHL4 protein (Figure 2A). Thus, like the PPC domain in clade A, the PPC domain in clade B appears to mediate the protein–protein interactions among AHLs. Moreover, we found that the PPC domain of AHL4 does not interact with the AHLs in clade A, whereas it does interact with AHL1, AHL6, and AHL7 in clade B (Figure 2B). This finding indicates that the PPC domain of AHL4 confers the specificity of interactions exclusively with the AHLs in clade B. Interestingly, the PPC domain of AHL4 does not interact with the AHL2 protein despite that AHL2 belongs to clade B.

Next, we constructed chimeric proteins while employing AHL1, which is closely related to AHL4 in the phylogeny but does not have intercellular mobility. Analyses of the chimeric proteins between AHL1 and AHL4 provided important clues related to the definitions of the functions of each domain in AHL4. Visual inspections of pSHR:AHL4-4-1-GFP and pSHR:AHL4-1-1-GFP indicated that these two types of chimeric proteins do not move from the stele to the endodermis (Figures 4C–H). In contrast, our analysis of pSHR:AHL1-1-4-GFP and pSHR:AHL1-4-4-GFP indicated the movement of GFP-fused proteins from the stele to endodermis cells (Figures 4I–N). Moreover, a visual inspection supported our contention that the movement of GFP fused to AHL1-4-4 is more pronounced than that of AHL1-1-4 (Figures 4I–N). These data indicate that the AHL4 C-terminus domain is responsible for the intercellular mobility of AHL4. Because GFP with the AHL4 C-terminus exhibited different frequencies of movement depending on the origin of the attached PPC domain, the PPC domain appears to be capable of influencing the efficiency of intercellular movements. A previous study reported that NLS in the C-terminus and a hydrophobic end part of the PPC domain are required for the nuclear localization of AHL1 (Fujimoto et al., 2004). AHL4 also possesses predicted NLS in the C-terminus domain (Figure 4A), and all the chimeric proteins we examined, including AHL1-1-4, are nuclear localized. In that context, NLS in the C-terminus domain of AHL4 also seems to play a key role for nuclear localization.

This leads to the question of how the development of the xylem is regulated by AHL4. The N-terminus domain of AHL4 contains an AT-hook domain, which is known to be involved in DNA-binding activity (Reeves and Nissen, 1990; Huth et al., 1997). The AHL1 protein expressed under the SHR promoter could not rescue ahl4’s xylem phenotype. However, when the chimeric protein had the AHL4 N-terminus and others derived from AHL1, it could complement the ahl4 phenotype if the protein was expressed in the xylem precursors in the root meristem (pSHR:AHL4-1-1-GFP; Figure 5E). This complementation did not occur when the chimeric protein could not move into the xylem precursors (pAHL4:AHL4-4-1-GFP; Figure 6). These findings collectively indicate that the N-terminus of AHL4 contains AHL4-specific DNA-binding domains and that this DNA binding likely occurs in xylem precursors.

To consolidate these findings further, we expressed GFP-tagged AHL1-1-4 and AHL1-4-4 under the AHL4 promoter in the ahl4 mutant background. Consistent with the proposal that the C-terminus of AHL4 confers intercellular mobility, their expression levels expanded to outside of the stele region as well as to the xylem precursors. The degree of domain expansion of these chimeric proteins appeared to be more extensive than that of the intact AHL4 protein. Considering that both chimeric proteins interact with AHL3, as does AHL4, this phenomenon is unlikely due to the enhanced protein mobility caused by the lack of protein–protein interaction. Despite the presence of AHL1-1-4 and AHL1-4-4 proteins in xylem precursors (Figures 6B,C,E,F), these two chimeras failed to complement the ahl4 xylem phenotype (Figure 6G), highlighting the importance of the AHL4 N-terminus for the AHL4-specific regulation of xylem development.

AHL4 can interact with AHL3 and likely other AHLs in the same clades via the PPC domain. Thus, AHL4 may regulate xylem development as a protein complex with other AHLs. Based on a structural analysis of the PPC domain, AHLs are predicted to form heterotrimers (Fujimoto et al., 2004). In such a case, deciphering the structure and components of an AHL complex would be important to understand how it functions. Furthermore, the interaction between the AHL complex and a non-AHL protein appears to be crucial for downstream regulation. For example, AHL22 binds to and recruits a subset of histone deacetylase (HDAC) enzymes to regulate flowering times (Yun et al., 2012). AHL27 and AHL29 interact with TCP4 and TCP13 to regulate hypocotyl elongation (Zhao et al., 2013). In the clade B case, it has been reported that AHL10 directly interacts with highly ABA-induced1 (HAI1), a protein phosphatase that functions in response to drought stress (Wong et al., 2019).



CONCLUSION

We found that the molecular functions of AHL4 for xylem development, protein–protein interaction, and intercellular mobility are achieved via its N-terminus, middle PPC domain, and C-terminus. These findings indicate that AHL4 (and possibly others, too) is composed of modules, each of which has its unique function. Whether and how such a modular composition of AHL4 and related AT-hook members contribute to their evolution as positional signals for xylem development, and diversification in vascular plants (Zhao et al., 2014), would be interesting topics for further studies.



SUMMARY STATEMENT

This article reports how the modular organization of the AHL4 protein, an AT-hook family transcription factor in Arabidopsis, contributes to its function as an intercellular signal during the root xylem development process.
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Supplementary Figure 1 | Expression patterns of AHL1, AHL2, AHL3, AHL4, AHL6, and AHL7 in representative cell types of Arabidopsis roots. Relative expression patterns of AHL1, AHL2, AHL3, AHL4, AHL6, and AHL7 in the cell-type-specific expression data. Expression values were row-normalized to visualize relative expression patterns along cell types.

Supplementary Figure 2 | Comparison of expression domains and intercellular movements of AHL1 and AHL4 in the root apical meristem. (A–E) Transcriptional and translational GFP expressions of AHL1 and AHL4. (A) Wild type non-transgenic root, (B) pAHL1:erGFP, (C) pAHL1:AHL1-GFP, (D) pAHL4:erGFP, and (E) pAHL4:AHL4-GFP. Scale bar 20μm.

Supplementary Figure 3 | Interaction between AHL3 and four types of AHL1-AHL4 chimeric proteins. The result of a 3-AT assay of the interaction between AHL3 and AHL1-4 chimeric proteins is shown. Left column, a pair of interactors; upper row, a series of selection media. DBD (bait), DNA binding domain; AD (prey), Activation domain.

Supplementary Figure 4 | Cell-type-specific molecular marker expression levels in four types of xylem organization: (A–C) Expressions of TMO5 (A), ARR5 (B), and AHP6 (C) of the ‘normal’ type. (D–F) Expressions of TMO5 (D), ARR5 (E), and AHP6 (F) of the ‘four xylem cell’ type. (G–I) Expressions of TMO5 (G), ARR5 (H), and AHP6 (I) of the ‘six xylem cell in a row’ type. (J–L) Expressions of TMO5 (J), ARR5 (K), and AHP6 (L) of the ‘extra-xylem’ type. Xylem phenotype categorization is identical to that in Figures 5A–D. Yellow arrowhead, xylem axis.

Supplementary Table 1 | Xylem phenotype scoring of ahl4 introduced with four chimeric proteins under the SHR promoter and statistical analyse.

Supplementary Table 2 | Xylem phenotype scoring of ahl4 introduced with four chimeric proteins under the AHL4 promoter and statistical analyses.

Supplementary Table 3 | List of primers used in this study.
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Intercellular signaling during embryo patterning is not well understood and the role of symplasmic communication has been poorly considered. The correlation between the symplasmic domains and the development of the embryo organs/tissues during zygotic embryogenesis has only been described for a few examples, including Arabidopsis. How this process occurs during the development of somatic embryos (SEs) is still unknown. The aim of these studies was to answer the question: do SEs have a restriction in symplasmic transport depending on the developmental stage that is similar to their zygotic counterparts? The studies included an analysis of the GFP distribution pattern as expressed under diverse promoters in zygotic embryos (ZEs) and SEs. The results of the GFP distribution in the ZEs and SEs showed that 1/the symplasmic domains between the embryo organs and tissues in the SEs was similar to those in the ZEs and 2/the restriction in symplasmic transport in the SEs was correlated with the developmental stage and was similar to the one in their zygotic counterparts, however, with the spatio-temporal differences and different PDs SEL value between these two types of embryos.
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INTRODUCTION

Intercellular communication and the spatio-temporal regulation of gene expression are global mechanisms that control development. Plants have developed a unique structure, plasmodesmata (PDs), for intercellular communication in which each plant cell can form direct conduits to its neighbors, thus creating domains of cells that share common components. PDs are active channels that control the movement of the factors that regulate plant development (Heinlein, 2002; Sevilem et al., 2015; Otero et al., 2016; Sager and Lee, 2018 and literature therein).

The presence/absence and permeability of PDs lead to the formation of symplasmic domains, e.g., specialized groups of cells that become isolated either due to the absence of PDs or the downregulation of the cytoplasmic flux on the border of the domain (Bayer and Salmon, 2013; Kitagawa and Jackson, 2017 and literature therein). Such transient symplasmic domains may participate in the coordination of plant growth and development (Sager and Lee, 2014).

Why a symplasmic communication survey during plant development is important? What makes PDs an element of the supracellular information exchange system? By identifying which cells and tissues communicate through PDs, it is possible to determine when and where the signaling is related to the developmental processes. Signaling molecules, transcription factors and mRNA can travel through PDs and are thought to influence the developmental processes (Tilsner et al., 2016; Kehr and Kragler, 2018 and literature therein).

Embryogenesis, during which the zygote follows a defined cell division pattern and differentiation to form the mature embryo, is a crucial developmental process in the lives of flowering plants (Schrick and Laux, 2001; Park and Harada, 2008; Smertenko and Bozkhov, 2014 and literature therein). During embryo development, the basic body pattern is established and therefore, understanding the mechanisms that regulate this stage is important because they affect further growth. The details of ZEs development at the morpho-histological and molecular levels have been well described (Capron et al., 2009; Tvorogova and Lutova, 2018). Because the present studies concern an analysis of symplasmic communication/isolation in SE, specifically its correlation with morphogenesis and histogenesis, the differences in the morphology and histology between the ZEs and SEs will be briefly described. The morphological and histological abnormalities in SEs compared to their zygotic counterparts are manifested by an increased number of ground promeristem layers (Levi and Sink, 1991; Mordhorst et al., 1998; Kurczyńska et al., 2007; Jariteh et al., 2015), an abnormal patterning of the root apical meristem (Bassuner et al., 2007), fused cotyledons of the SEs and fused SEs with changes in the cell patterning (Luo and Koop, 1997; Pescador et al., 2008), differences in the embryo size (Tereso et al., 2007; Jin et al., 2014) and malformations of the SEs (Etienne et al., 2013). If the pattern formation is correlated with the determination of organs/tissues during embryogenesis, the question of how symplasmic communication occurs in these embryos arises.

What is known about symplasmic communication during ZEs and SEs development? An analysis of the zygotic embryogenesis of Capsella bursa-pastoris (Schulz and Jensen, 1968) and Torenia fourieri (Han et al., 2000) showed changes in symplasmic communication from the beginning of ZEs development. Patricia Zambryski’s team conducted fundamental research for determining the correlation between the symplasmic tracer movement and ZE development. It was proven that in Arabidopsis thaliana, cell-to-cell communication via the PDs conveys positional information that is critical for establishing the axial body pattern during embryogenesis (Kim et al., 2002, 2005b; Burch-Smith and Zambryski, 2010; Burch-Smith et al., 2011). Ruth Stadler’s team conducted another set of studies on Arabidopsis seeds and ZEs. They demonstrated that the establishment of symplasmic domains coincides with the differentiation of specific cells/tissues (Stadler et al., 2005). Changes in symplasmic communication during zygotic embryogenesis were also observed in Sedum acre (Wróbel-Marek et al., 2017).

Data concerning the involvement of symplasmic communication/isolation during the development of SEs are scarce. There is much more information about symplasmic communication in explants during the induction phase of embryogenesis than during SEs development (Dubois et al., 1991; Canhoto et al., 1996; Puigderrajols et al., 2001; Verdeil et al., 2001; Grimault et al., 2007; Reis et al., 2008; Godel-Jedrychowska et al., 2020). Because elucidating the patterning mechanisms in embryogenesis requires understanding intercellular communication, a good knowledge of the establishment of the symplasmic domain in embryos of different origins is required. Therefore, the aim of the presented study was to analyze symplasmic communication in the SEs in order to determine whether the symplasmic domains that form in SEs correspond to the developing tissue and organs that is similar to their zygotic counterparts.



MATERIALS AND METHODS


Plant Material and Culture Conditions

The STM:ER-GFP, STM:1XsGFP, STM:2XsGFP, and STM:3XsGFP transgenic lines were described in Kim et al. (2005a). The AtGL2:tmGFP9, AtGL2:GFP, AtSUC3:tmGFP9, and AtSUC3:GFP transgenic lines were described in Stadler et al. (2005) and PDBG2OE [PD-located beta 1,3 glucanases that is tagged internally with mCitrine was described in Benitez-Alfonso et al. (2013)]. The seeds of all of the lines were sown into pots with garden soil and vermiculite mixed at a 1:1 volume ratio. The plants were grown under controlled conditions at a temperature of 20–23°C under a 16 h photoperiod with a light intensity of 40 μmol/m–2s–1 and relative humidity of 60–70%. After 6–8 weeks, siliques with immature zygotic embryos (IZEs) were collected (Gaj, 2001), surface-sterilized for 20 min in a 20% sodium hypochlorite solution and rinsed three times in sterile water. The IZEs were isolated from the seeds in sterile dishes in water using preparation needles under a stereomicroscope. 10–15 IZEs (explants) were grown on a Phytagel solidified (Sigma, Poland; 3.6 g L-1) E5 medium (Sigma, Poland; Gamborg et al., 1968), which had been supplemented with 1.1 mg/ml 2,4-dichlorophenoxyacetic acid (2,4-D, Sigma-Aldrich) and 20 g L–1 sucrose (pH 5.8). The embryo culture was conducted at 21°C under a 16h photoperiod at a light intensity of 20 μmol/m–2s–1 for up to 21 days. Next, SEs at various stages of development were collected. The analyses were repeated three times. The pictures on the plates show the figures that illustrate the representative results for each variant/replication. For the analyses of the ZEs, 45–71 embryos were tested for each line and the number of examined embryos ranged from 18 in the heart stage to 28 in the torpedo stage per one repetition. For the SEs, the total number of embryos that was analyzed was 65 on average and for each developmental stage, it was about 20 per one repetition. The data in the tables are from the documented and collected images that were taken during the study (a range of “n” = the number of embryos per line/stage; Tables 1–4).


TABLE 1. Characteristics and comparison of the zygotic and somatic embryos.
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TABLE 2. Comparison between the ZEs and SEs domains that emerged during development in Arabidopsis thaliana STM:1XsGFP, STM:2XsGFP, and STM:3XsGFP lines.
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TABLE 3. Comparison of the movement frequency of the GFP in the SEs and ZEs of the Arabidopsis thaliana AtGL2:GFP transgenic line.
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TABLE 4. Comparison of the movement frequency of the GFP in ZEs and SEs of the Arabidopsis thaliana AtSUC3:GFP transgenic line.
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Histochemical Staining

For the histological analyses, the samples were fixed in a solution of 2.5% (w/v) glutaraldehyde (GA) in a phosphate buffer (pH = 7.0) for 12 h at 4°C. Then, they were embedded in Steedman’s wax as was described in Sala et al. (2019). The sections (5–7 μm thick) were cut using a HYRAX M40 rotary microtome (Zeiss, Oberkochen, Germany) and collected on microscopic slides that were covered with Haupt’s adhesive (according to Barlow and Kurczyńska, 2007). The sections were stained using the periodic acid-Schiff (PAS) reactions and toluidine blue (TBO, Sigma-Aldrich) staining (0.1% water solution of TBO for 5 min).



Microscopic Observation

In order to analyze the GFP distribution within the ZEs and SEs, serial optical sections of the embryos were obtained using a confocal laser scanning microscope (CLSM; system FLUO-view 1000; Olympus). The GFP was excited using a multi-Argon Laser (laser power 100 mV; Melles Griot BV; Max. 150 mW) at a 488 nm wavelength and an emission at 500–530 nm. Targeted embryos at each stage of development were studied with an objective lens at different magnifications (UPlanFLN 10x-0.30 numerical aperture, UPlanFLN 20x-0.50 numerical aperture, UPlanFLN 40x-1.35 numerical aperture). Observations were also made using an Olympus BX42 epifluorescence microscope equipped with an Olympus XC50 digital camera and software (Nikon, Tokyo, Japan). The GFP was excited at a maximum wavelength of 490 nm [Nikon Plan Fluor 10x objective lens (0.30 numerical aperture); 20x (0.5 numerical aperture); and 40x (0.75 numerical aperture)]. The histological images were acquired with a Nikon Eclipse Ni-U microscope equipped with a Nikon Digital DS-Fi1-U3 camera and software (Nikon, Tokyo, Japan).



Image Processing

Maximum intensity projections (Figures 1B–D,D inset,J inset,K–O,O inset,P, 2D,D inset,F,H,M,O,P, 3B,C,C inset,E,E inset,F,I,I inset,L,L inset, 4E,E inset,F,I,K,L, 5) were created from at least 20 optical sections using FLUOVIEW (Olympus 1.6) and/or ImageJ software. The brightness and contrast of the images that were used for the figure panels were adjusted in Corel Draw X10.


[image: image]

FIGURE 1. STM:ER-GFP promoter activity and localization of the 3XsGFP in the ZEs and SEs. Promoter activity in the (A) globular; (B) heart, (C) torpedo, and (D) cotyledonary stages of ZEs. (D inset) The optical section of the ZE (from CLSM). (E) Globular SE without any visible promoter activity. (E inset) Advanced stage of the globular SE with a promoter activity. (F and F inset) Heart and (G) torpedo stages of the SE. (H) Cotyledonary stage of the SE. (H inset) The SAM in an embryo in the cotyledonary stage. (I) Globular and (J) heart stages of the ZEs with the fluorescence of the 3XsGFP. (J inset) Optical section through the heart embryo. (K) Torpedo and (L) cotyledonary stages of the ZE – green fluorescence indicates the presence of the 3XsGFP. (M) In the globular SE, the 3XsGFP was not detected. (N) Heart and (O) torpedo stages of the SE. (O inset) The optical section through the basal part of the SE embryo in the torpedo stage. (P) Cotyledonary stage of the SE – green fluorescence indicates the presence of the 3XsGFP [arrowheads on (O,P) indicate the area with the GFP in the identified SAM area]. The embryo was divided into three parts I – apical, II – central and III – basal. A,F,F inset,G,H,H inset – Images from the epifluorescence microscope; B–D,D inset,J inset,K–O,O inset,P – images from CLSM. Scale bars; A,C,D,D inset E,E inset,F,F inset,G–O,O inset, P = 100 μm; B,J,J inset,H inset = 50 μm.




Classification of the SE Stages

Spherical-shape embryos with an easily distinguishable protodermis and a diameter of about 100 μm were called globular. Heart-shaped, rod-like, or triangular shaped embryos with the cotyledon primordia and size (long axis) between 150 and 250 μm were called the heart. Embryos 250–400 μm long with distinguishable cotyledons were classified as torpedo. The length of the embryos in the cotyledonary stage was greater than 400 μm with a maximum of about 1000 μm (Table 1).




RESULTS


Symplasmic Communication Between the Embryo Organs

To compare the symplasmic communication between the embryo organs (along the apical-basal axis) in the Arabidopsis thaliana SEs with ZEs, GFP variants of different molecular sizes that were under the control of the SHOOT MERISTEMLESS (STM) gene promoter were used. In order to trace the mobility of the molecules of 27 kDa (1XsGFP), 54 kDa (2XsGFP), and 81 kDa (3XsGFP), they were compared with the GFP that had been retained in the endoplasmic reticulum (ER-GFP). The analyses concerned: 1/determining the promoter activity sites and 2/determining the distribution of the 1Xs, 2Xs, and 3Xs mobile GFP molecules (sGFP) at various stages of the ZEs and SEs embryo development. The STM gene promoter in the ZEs was active in the globular stage (Figure 1A). In the heart (Figure 1B) stage, the gene promoter activity was detected in the shoot apical meristem (SAM) and cells in nearest vicinity. At the torpedo stage (Figure 1C), the area of promoter activity was detected in the cotyledon node and the ectopic expression of promoter activity was observed in some of the cells of the hypocotyl (to facilitate the description of the individual areas of embryos, especially SEs, the following terms were used: apical – comprising the SAM, cotyledon node and cotyledons; central – comprising the hypocotyl and basal – comprising the root pole). In the cotyledonary stage, the STM promoter activity was observed in the SAM and in the basal part of the hypocotyl (Figure 1D and inset).

In the SEs in the early globular stage, no STM promoter activity was observed (Figure 1E) and this activity appeared in the embryos in the late globular stage (Figure 1E inset). In the heart stage, promoter activity was detected in the SAM and in the hypocotyl (Figure 1F). In the torpedo stage (Figure 1G), the activity of the STM promoter was observed in the cells of the emerging SAM (cotyledon node), the hypocotyl and the basal part of the embryo. In the embryos in the cotyledonary stage, a double distribution pattern of the promoter activity was observed: in the SAM cells (Figure 1H inset) and in the basal part of the hypocotyl (Figure 1H). To summarize, the STM promoter activity in the heart stage SEs was not only found in the SAM but also in the hypocotyl cells and from the torpedo stage was similar to that described for the ZEs.

The distribution pattern of 3XsGFP, which is expressed under the STM promoter in different developmental stages of ZEs and SEs, was also compared. In the globular ZEs, 3XsGFP was distributed almost uniformly in the entire embryo (Figure 1I). In the heart stage embryos, the GFP did not move from the sites of its expression or only moved into the cells in its nearest vicinity (Figure 1J). In the torpedo stage, the GFP distribution pattern in the SAM was similar to the one that was observed for the heart stage, but additionally, the GFP was detected in the basal part of the hypocotyl (Figure 1K). In the cotyledonary stage, the 3XsGFP was detected in the SAM and the basal part of the hypocotyl (Figure 1L). In the globular stage of the SEs, no fluorescence of the 3XsGFP was detected (Figure 1M). In the heart stage, the GFP was detected in the hypocotyl and basal part of the embryo corresponding to novel subdomain(Figure 1N and Table 2). In the torpedo (Figure 1O) and cotyledonary (Figure 1P) stages, the 3XsGFP was present only in the embryo areas that corresponded to the sites of promoter activity. The results suggest that for molecules up to 81 kDa in the ZEs and SEs, three symplasmic domains were present from the torpedo stage (Table 2).

The distribution pattern of the 1XsGFP and 2XsGFP was analyzed in both embryo types (Figure 2). The distribution of the 1XsGFP at different stages of the ZEs development showed that all of the domain boundaries permitted the passage of the 1XsGFP to spread from the STM expression site (Figures 2A–D). In the SEs in the globular stage, the GFP was detected in the entire embryo (Figure 2E). In the heart stage, the 1XsGFP was present in the entire embryo except for several layers of the cells at the distal parts of the cotyledons and the basal part of the embryo (Figure 2F). This restricted movement of the 1XsGFP in the SEs (Figure 2F) might indicate that novel subdomain boundaries must be established for the movement of the 1XsGFP from the STM expression site in the direction toward the distal part of the cotyledons. In the torpedo stage, the 1XsGFP was observed in the hypocotyl and the cotyledon node (Figure 2G). The cotyledonary stage was characterized by the presence of the 1XsGFP only in the SAM, the basal part of hypocotyl and the root (Figure 2H and inset). These results indicate that in SEs, restrictions in symplasmic transport for molecules up to 27 kDa began in the heart stage of embryo development and from the torpedo stage led to the formation of the three symplasmic domains (apical, central and basal, that corresponded to the somatic embryo organs (cotyledon, hypocotyl and root). To summarize: (1) the distribution pattern of the GFP in the ZEs indicates that all of the domain boundaries permitted the passage of molecules up to 27 kDa in all of the developmental stages; for SEs, the distribution pattern of the 1XsGFP indicates the presence of the symplasmic domains and subdomains from the heart stage, and therefore, the domain boundaries had been established earlier than in ZEs; (2) a globular SEs and ZE are a single symplasmic domain in which the SEL of the PDs is at least 27 kDa; (3) in the heart stage SE, the SEL of the PDs between the symplasmic domains is equal to 27 kDa; (4) in the torpedo stage SE, there are three symplasmic domains: a cotyledon and a root meristem domain with the SEL of the PDs equal to or less than 27 kDa and a hypocotyl domain with the PDs SEL on the boundaries that are equal to or more than 27 kDa and (5) in the cotyledonary stage, three symplasmic domain are present (Table 2).


[image: image]

FIGURE 2. Distribution pattern of the 1XsGFP and 2XsGFP in the ZEs and SEs. Distribution of the 1XsGFP was observed in the entire ZEs at all of the developmental stages: (A) globular, (B) heart, (C) torpedo, and (D) cotyledonary. (D inset) The optical section (CLSM; only GFP channel) shows the 1XsGFP presence in the entire embryo. (E) Globular and (F) heart stages of the SE with the fluorescence of the 1XsGFP. (F inset) The GFP channel. (G) Torpedo stage of the SE. (G inset) The intracellular localization of the GFP. (H) Embryo in the cotyledonary stage. (H inset) The SAM in the embryo in the cotyledonary stage (green fluorescence indicates the presence of the 1XsGFP). (I) Globular, (J) heart, (K) torpedo, and (L) cotyledonary stage of the ZEs (green fluorescence indicates the presence of the 2XsGFP). (M) In the globular SE, the 2XsGFP was not detected. (N) Heart and (O) torpedo SE. (O inset) Basal part of the torpedo SE. (P) Cotyledonary stage of the SE (green fluorescence indicates the presence of the 2XsGFP). (P inset) Optical section through the SE in the cotyledonary stage with fluorescence visible in the SAM cells. (I, II, and III – description is the same as for Figure 1). A–C,E,G,H inset,I–L – images from the epifluorescence microscope; D,D inset, F,H,M,O,P,P inset – images from the CLSM. Scale bars; A,C,D,D inset,E–G,H inset,I,K–O,O inset,P,P inset = 100 μm; B,J,H = 50 μm; G inset = 10 μm.


An analysis of the 2XsGFP distribution in the ZEs showed that up to the heart stage, the 2XsGFP was observed throughout the entire embryo (Figures 2I,J). In the torpedo stage, the presence of the 2XsGFP was observed only in the hypocotyl (Figure 2K). This indicates a restriction in the GFP movement into the cotyledons and the basal part of embryos at this stage of development. In the cotyledonary stage, the 2XsGFP was detected in the basal part of the hypocotyl and the SAM (Figure 2L). In the globular stage SEs, no fluorescence of the 2XsGFP was detected (Figure 2M). In the heart stage, the 2XsGFP was observed in groups of irregularly distributed cells in the hypocotyl (Figure 2N). In the SEs in the torpedo stage, the 2XsGFP was detected only in the SAM and root pole (Figure 2O). In the the cotyledonary stage SEs, the 2XsGFP was detected in the cotyledon node cells and in the basal part of the embryo (Figure 2P). To summarize: (1) restrictions in the movement of molecules up to 54 kDa began to occur in the torpedo stage of the ZEs; (2) the 2XsGFP did not move within the SEs to the same extent as it did in the ZEs; (3) the globular ZEs, which comprise one domain as the distribution pattern of 3XsGFP compared with that of ER-GFP, indicate that all of the PD can traffic molecules of at least 81 kDa; (4) in the heart stage, the 2XsGFP appeared to spread into the SE cotyledons from the hypocotyl expression zone (see the ER-GFP pattern in SE); (5) the distribution pattern of the 2XsGFP in the SEs seemed to be more restricted than in the 3XsGFP; (6) the distribution of the 2XsGFP in the torpedo SEs was observed only within the hypocotyl and there was little to no expression in the root pole and (7) in the SE, the 2XsGFP and 3XsGFP did not spread from the location of their expression, unlike in the ZEs.



Symplasmic Communication Between the Embryo Tissues

The sites of the AtGL2 promoter activity (Arabidopsis thaliana GLABRA 2) were analyzed using the transgenic lines AtGL2:tmGFP. The distribution pattern of the GFP molecule between the protodermis and underlying tissues was determined using the AtGL2:GFP transgenic line (AtGL2 promoter/GFP; in the AtGL2:tmGFP transgenic line, the GFP was fused to the C-terminus of the transmembrane helicase of the AtSTP9 monosaccharide transporter; Stadler et al., 2005).

The tmGFP expression site in the ZEs and SEs indicated that the AtGL2 promoter was inactive in the globular stage (not shown). It was activated in the heart stage and was expressed in the protodermal cells of the hypocotyl (Figure 3A). These sites of promoter activity persisted in the successive stages of the development of the ZEs and, in some cases, the fluorescence of tmGFP also occurred in the proximal part of the cotyledons (Figure 3B). There was a characteristic pattern in the distribution of the fluorescence of the tmGFP in the hypocotyl in the torpedo stage (Figure 3B inset), which was quite pronounced in the cotyledonary stage (Figure 3C and inset). The protodermal cells in which the tmGFP was expressed formed files along the long embryo axis and alternated with the cells that did not express the tmGFP. The AtGL2 promoter was only active in the protodermal cells (Figures 3B,C and insets).
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FIGURE 3. The AtGL2 promoter activity and GFP distribution pattern in the ZEs and SEs. (A) AtGL2 promoter activity in the ZE in the heart stage, (B) in the torpedo and (C) cotyledonary stages. (B,C insets) An optical section. (D) Heart stage of the SE – fluorescence in the central and basal part of the embryo. (E) The torpedo stage – promoter activity is present in the protodermal cell of the entire embryo. (E inset) An optical section showing the fluorescence in the protodermal cells. (F) Cotyledonary stage with fluorescence in the protodermal cells of the hypocotyl and cotyledons. The GFP distribution in the (G) heart, (H) torpedo, and (I) cotyledonary stages of the ZE embryos. (I inset) An optical section. The GFP in the (J) heart and (K) torpedo stages of the SE. (K inset) Hand-cut section through the SE – fluorescence in the provascular tissue. (L) Cotyledonary stage of the SE. Dotted lines indicate the embryo surface. (I, II, and III – description is the same as for Figure 1). A,D,G,H,J,K,K inset – images from the epifluorescence microscope; B,C,C inset,E,E inset,F,I,I inset,L,L inset – images from the CLSM. Scale bars = 100 μm.


In the SEs, promoter activity was mainly observed in the heart stage embryo’s basal parts (Figure 3D). In the torpedo stage, the fluorescence of the tmGFP was mainly observed in the hypocotyl and also in a punctate pattern within the protodermal cells of the cotyledons (Figure 3E). Within the hypocotyl, the tmGFP-expressing cells formed irregular files along the organ’s long axis, which alternated with the tmGFP-negative cell files (Figure 3E and inset). The expression of the tmGFP in the cotyledonary SEs was detected in the hypocotyl and cotyledons (Figure 3F). Similar to the ZEs, the AtGL2 promoter was active only in the protodermal cells of the SEs (Figures 3E inset,F inset). The results indicate that there are similarities in the sites of the AtGL2 promoter activity in the SEs and ZEs, but that in the SEs, the expression pattern of the tmGFP in the hypocotyl was quite irregular and was also visible in the cotyledons (Table 3).

An analysis of the GFP distribution in the ZEs of the AtGL2:GFP line showed that in the heart stage, the GFP was detected throughout the entire embryo in both the protodermis and in the underlying cell layers (Figure 3G). A similar distribution of the GFP was observed for the embryos in the torpedo stage (Figure 3H). In the cotyledonary stage, the GFP fluorescence was only observed in the protodermal cells (Figure 3I and inset). To summarize, the GFP moves until (including) torpedo stage, within the entire embryo from the protodermis to the underlying tissues, thus indicating that the movement of molecules of 27 kDa through the PDs in centripetal direction was possible. In the cotyledonary stage, the protodermis is a symplasmic domain for molecules up to 27 kDa.

An analysis of the GFP distribution in the SEs of the AtGL2:GFP line, the GFP was not detected in the globular stage (not shown). In the heart stage, the GFP fluorescence was visible throughout the embryo’s hypocotyl and embryo basal parts (Figure 3J). In the torpedo stage, the GFP fluorescence was observed in the hypocotyl protodermis and in the underlying cell layers (Figure 3K inset) as well as in the apical part of the embryo (Figure 3K). In the embryos in the cotyledonary stage, the GFP fluorescence was observed in the hypocotyl and in the proximal and middle parts of the cotyledons. The GFP was not detected in the underlying cell layers (Figure 3L and Table 3). The results indicate that there were restrictions in the symplasmic movement of the GFP between the protodermal cells in the cotyledonary stage in both the SEs and ZEs.

The transgenic lines AtSUC3:tmGFP and AtSUC3:GFP (Arabidopsis Suc-transporter3 AtSUC3 gene promoter) were used to design these constructs (Stadler et al., 2005). Using the AtSUC3:tmGFP line, the sites of the AtSUC3 promoter activity in the ZEs were examined first. The analysis showed that in the early stages of embryogenesis, the AtSUC3 promoter was active in the suspensor and the hypophysis (Figure 4A). In the torpedo stage, the promoter activity was observed in all of the cells in the basal part of the embryo (Figure 4B) and in the cotyledonary stage, it was visible in the columella cells and the root cap peripheral cells (Figure 4C, inset 1) as well as in the cotyledon provascular tissue (Figure 4C, inset 2).


[image: image]

FIGURE 4. The AtSUC3 promoter activity and GFP distribution in the ZEs and SEs. The AtSUC3 promoter was active in the ZE (A) in the heart, (B) torpedo, and (C) cotyledonary stages. In SE: (D) in the heart, (E) torpedo, and (F) cotyledonary stages, the promoter activity was in the central and basal parts of the embryo. The GFP distribution in (G) the heart, (H) torpedo, and (I) cotyledonary stages of the ZE. GFP in (J) the heart, (K) torpedo, and (L) cotyledonary stages of the SE embryos. (K inset) An optical section through the basal part of the hypocotyl. (L inset) – confocal image showed that the GFP fluorescence was only in the protodermal cells. Dotted lines indicate the embryo surface. (I, II, and III – description is the same as for Figure 1). A–C,C insets,D,G,H,J – images from the epifluorescence microscope; E,E inset,F,I,K,L – images from the CLSM. Scale bars: A,A inset G – 50 μm; B,C,C inset 1,D–F,H,I–K,K inset,L,L inset = 100 μm


In the SEs, the AtSUC3 promoter was inactive in the globular stage (not shown). In the heart stage, the promoter activity was observed in the cells of the middle (hypocotyl) and basal (the root pole) parts of the embryo (Figure 4D). The area of the tmGFP-derived fluorescence at this stage covered a significant part of the embryo. In the torpedo stage, the tmGFP was expressed only in the cells in the basal part of the embryo (Figure 4E and inset). The expression of the tmGFP in the SEs in the cotyledonary stage was detected in the cells of the root and in the basal part of the hypocotyl (Figure 4F). The results indicate that the sites of the AtSUC3 promoter activity in the SEs and ZEs are similar and include the embryonic root surface cells; however, in the SEs, especially in the heart stage, the number of cells expressing the tmGFP was greater.

The GFP in the ZEs of the AtSUC3:GFP line in the heart stage was detected in the cells of the entire embryo (Figure 4G). In the torpedo stage, the GFP fluorescence was observed in the basal and central parts of the embryo, where it was present in the protodermal cells, ground promeristem and provascular tissue (Figure 4H). In the cotyledonary stage, the GFP fluorescence was observed in the basal part of the embryo and in discontinuous cell files (representing the provascular tissue) within the cotyledon (Figure 4I). The results indicate that in the cotyledonary stage of the ZEs, symplasmic isolation occurs between the embryo root and the other embryo organs and between the cells of the provascular tissue and ground promeristem (Table 4).

The presence of the GFP in the SEs of AtSUC3:GFP in the heart stage was detected in the central and basal parts of the embryo (Figure 4J). In the torpedo stage (Figure 4K), the GFP fluorescence was seen in the protodermal cells of the entire embryo and in the ground promeristem cells in the basal part of the hypocotyl (Figure 4K and inset). In the cotyledonary stage, the GFP fluorescence was observed throughout the protodermal cells of the hypocotyl and cotyledons but the distribution pattern was patchy (Figure 4L and Table 4).

The PdBG1OE-mCitrine line (PdBG1 – a Callose-Degrading Enzyme in PDs; Benitez-Alfonso et al., 2013) was used to determine the involvement of callose in the formation of the symplasmic domains during embryogenesis. This enzyme is directly involved in degrading the β-1,3 glucans and indirectly in modifying the callose deposition in the PDs. The PdBG1 tagged with mCitrine shows areas with a higher enzyme activity that corresponds to less callose deposition (Benitez-Alfonso et al., 2013). Present studies were performed on ZEs in the cotyledonary stage and SEs in the torpedo and cotyledonary stages, for which the symplasmic domains were determined and described above. In the ZEs, the area without the PdBG1 was detected in the basal part of the embryos, which might indicate that there is a higher level of callose compared to the other embryo parts (Figure 5A). In the SEs in torpedo and cotyledonary stages, the areas without the PDBG1 were localized in the cotyledon node and at the boundary between the hypocotyl and the root pole, that is, in the areas that corresponded to the distinguished symplasmic domains (Figures 5B,C).


[image: image]

FIGURE 5. PDGB1 distribution in ZEs and SEs. (A) ZE in the cotyledonary stage. (B) SE in torpedo and (C) in cotyledonary stage. Arrows indicated the areas with lower PDGB1. Dotted lines indicate the embryo root surface. All images are from CLSM. Scale bars; (A) = 50 μm; (B,C) = 100 μm.




Histology of the SE in the Different Developmental Stages

The studies on symplasmic communication in the SEs were accompanied by a histological analysis to define the histology of the SEs. The SE developmental stages were globular (Supplementary Figure 1A and inset), heart (Supplementary Figure 1B), torpedo (Supplementary Figure 1C), and cotyledonary (Supplementary Figure 1D). The embryos had a more or less spherical shape in the globular stage with an easily distinguishable protodermis (Supplementary Figure 1A). Embryos in the heart stage had cotyledon primordia, ground promeristem and provascular tissue (Supplementary Figure 1B and inset). The histological structure of the embryos in the torpedo stage was similar to that of the embryos in the heart stage (Supplementary Figure 1C). The SAM was rarely convex and was usually flat (Supplementary Figure 1C and inset). In the cotyledonary stage, the SEs had well-developed cotyledons, hypocotyl and embryonic root and protodermis, provascular tissue and a ground promeristem (Supplementary Figures 1D,E). The SEs quite often had more than two cotyledons (not shown), fused hypocotyls and roots (Supplementary Figures 1F,H) or had a malformed hypocotyl (Supplementary Figure 1G). The provascular tissue ran from the root meristem along the hypocotyl, then branched and passed into the cotyledons (Supplementary Figure 1E). The abnormalities in tissue arrangement and cytological features of the cells that comprised the tissues were distinct from the cotyledonary stage. The most pronounced malformations were detected in the ground promeristem and provascular strands (Supplementary Figures 1F–H). The files of the ground promeristem cells were not aligned (Supplementary Figure 1D inset) and in many of the SEs were composed of more cell layers than in their zygotic counterparts (Supplementary Figures 1C–H for comparison, a ZE is shown as an inset in Supplementary Figure 1G). The provascular tissue was well visible and like the ground promeristem was composed of more cell files than their zygotic counterparts (Supplementary Figures 1F,H and Table 4).




DISCUSSION

The establishment of the body pattern during embryogenesis, both zygotic and somatic, is under the control of auxin signaling and differential gene expression (Smertenko and Bozkhov, 2014; Horstman et al., 2017; Fehér, 2019; Tian et al., 2020 and literature therein). Increasing evidence had indicated that symplasmic communication is also involved in the control of embryogenesis (Xu et al., 2012; Brunkard et al., 2015; Choudhary et al., 2020; Godel-Jedrychowska et al., 2020 and literature therein) as well as postembryonic development (Sorkin and Nusinow, 2021; Sager et al., 2021 and literature therein). In the present study, the distribution pattern of the GFP within the SEs and ZEs at different developmental stages was studied to determine the spatio-temporal localization of the symplasmic domains that accompany the establishment of the embryo organs and tissues.

The results of the GFP distribution in the ZEs and SEs showed that: (1) in the SEs, the symplasmic domains for molecules up to 27 kDa can be distinguished from the heart stage; (2) in the ZEs, the symplasmic domains were established from the torpedo stage for molecules up to 54 kDa; (3) the symplasmic domains between the embryo tissues in the SEs is similar to the one in the ZEs; (4) a key difference between the ZEs and SEs is that in the SE, there is no expression of the STM in the globular stage, which might indicate that the apical-basal polarity is not established at this stage and (5) a restriction in symplasmic transport in the SEs and ZEs is correlated with the developmental stages (Figure 6).
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FIGURE 6. The symplasmic domains identified in the longitudinal direction (between the embryo organs; dotted lines indicate the embryo parts; apical central; basal). In the radial direction – between the embryo tissues; dark green – protodermis; light green – ground promeristem; olive – provascular tissue; octagon – 1XsGFP; triangle – 2XsGFP; star – 3XsGFP; yellow circle – SAM; greenish circle – GFP expressed under pSUC3; arrows – the movement in the direction indicated by the arrowhead; a crossed arrows indicates no movement in the direction indicated by the arrowhead.



Symplasmic Domains and Embryo organ Development

During embryogenesis, along the apical-basal axis, the SAM, cotyledons, hypocotyl and radicula are determined and in the radial direction, the protodermis, ground promeristem and provascular tissues are established (Laux et al., 2004). Achieving such an organization requires cell specification in an integrated manner (Laux et al., 2004; Radoeva et al., 2019 and literature therein). The involvement of symplasmic communication/restriction in embryogenesis was first described for development in Arabidopsis ZEs. Studies using the GFP as a mobile fluorescent protein have shown that the symplasmic domains accompany the development of the embryo organs and are established by the mid-torpedo stage with the PDs SEL of 54 kDa at the organ boundaries (Kim et al., 2005a, b). Similar symplasmic domains were detected in the Arabidopsis SEs, but these subdomains appeared in the heart stage and the PDs SEL at their boundaries was determined to be 27 kDa (Figure 6). Regardless of the identified differences, the results support the hypothesis that restrictions in symplasmic communication was correlated with embryo development and the idea that postulates the participation of the PDs as control “points” for the movement of signals during embryogenesis (Otero et al., 2016; Sager and Lee, 2018 and literature therein). The question then arises of whether the identified differences between the ZEs and SEs are developmentally significant. It seems not because the correlation between the emerging domains and the developing embryo organs is clear, and therefore, from a qualitative point of view, there are no differences between the SEs and ZEs in terms of the correlation between the embryo development and the formation of the symplasmic domains. The reason that the limitations in symplasmic communication appear earlier in the SEs than in the ZEs is unknown. It can be presumed that they arise from the morphological heterogeneity (a greater number of cotyledons, the malformation of the SAM and RAM in SEs in comparisons to the ZEs) between the SEs and ZEs that have been described in many species (Dodeman et al., 1997; Mordhorst et al., 1998; Pullman et al., 2003; Etienne et al., 2013; Jariteh et al., 2015) and that was observed in the present study. Such heterogeneity may be the result of disturbances in the spatio-temporal establishment of the apical-basal and radial polarity of the SEs. The detected differences could also have resulted from the diverse capacity of the PDs to transport molecules in these two types of embryos. The GFP movement is (generally) a passive, diffusion-driven transport. Such transport is a function (among others) of the area of passage, the length of the PDs, the wall effects and the electrochemical potential differences between adjacent cells (Liarzi and Epel, 2005; Dashevskaya et al., 2008). It cannot be ruled out that these parameters are different in the ZEs and SEs, at least in the early stages of development. The the shape of the PDs can also influence the GFP movement between organs/tissues (Dashevskaya et al., 2008; Amsbury et al., 2018 and literature therein). Thus, in future studies, the cell wall thickness and the the shape of the PDs in the SEs must also be evaluated.



Radial Pattering of Embryo and Symplasmic Domains

The results showed that using two transgenic lines, it was possible to trace the GFP distribution pattern between the embryo tissues during embryogenesis. The epidermis has been shown to become symplasmically isolated from the underlying shoot/embryo tissues for tracer dyes and several transcription factors and the reasons for this have previously been discussed (e.g., Roberts and Oparka, 2003; van Bel, 2018). The symplasmic communication between the protodermis and underlying tissues in the ZEs occurred freely in the heart and torpedo stages, thus indicating that these embryos were a single symplasmic domain (Stadler et al., 2005). The results for the SEs were similar to those that were obtained for their zygotic counterparts. In the cotyledonary stage, the protodermis was a distinct symplasmic domain in the ZE and SE, thus indicating that the protodermis, at least for molecules equal to or greater than 27 kDa, was isolated from the underlying tissues. Why is it important to isolate the protodermis as a separate symplasmic domain? Perhaps, this covering tissue must be specified because in the post-embryonic development, it differentiates into several different cell types, but whether this is the only reason is unknown.

Studies on the ZEs of Arabidopsis showed that the embryos in the heart stage that had been derived from the AtSUC3 promoter/GFP plants were a single symplasmic domain (Stadler et al., 2005). In the torpedo stage, only the hypocotyl was a single domain, but in the fully developed embryos, there was restricted movement between the embryo tissues (Stadler et al., 2005). It appeared that in the SEs, the symplasmic domain occurred earlier in the temporal sense but that it was similar to their zygotic counterparts in qualitative sense (Figure 6).



PD SEL Changes and Embryogenesis

The PDs SEL is regulated during development (Sager and Lee, 2018; Petit et al., 2020 and literature therein) and can be changed by callose deposition (Benitez-Alfonso et al., 2013; Wu et al., 2018; Li et al., 2020 and literature therein). Callose turnover in the PDs plays a key role in different developmental processes (Benitez-Alfonso et al., 2013 and literature therein), including embryogenesis (Du et al., 2020). The reason for the difference in the PDs SEL between the ZEs and SEs is not known. Because the PDs SEL is associated with callose deposition, it seems reasonable to look at this mechanism for an explanation of the detected difference. Results describing the symplasmic communication between the embryonic and non-embryonic areas of an Arabidopsis explant indicated that callose deposition at the PDs is a prerequisite for changing the cell fate (Godel-Jedrychowska et al., 2020). The present results using the PdBG1OE-mCitrine line indicate that callose degradation was lower on the boundaries of the distinguished symplasmic domains along the apical-basal axis. These results support the role of the PDBG1 in callose deposition in the PD and indicate that the establishment of symplasmic domains is important for embryogenesis independent of the origin of an embryo.




CONCLUSION

Despite the detected differences in the the spatio-temporal diversity in the formation of the symplasmic domains, there was a clear correlation between the identified domains and the embryo development independent of origin of an embryo (Figure 6). This may indicate that symplasmic communication, which is based on the restrictions of the symplasmic transport of signals, is a mechanism that is involved in regulating embryogenesis.
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Supplementary Figure 1 | Histology of the somatic embryos in the different stages of development. (A) Somatic embryos in the globular stage (arrow on inset points to the protodermis), (B,B inset) heart stage, (C) torpedo stage (arrows point to the SAM), (D,E) cotyledonary stage. (D inset) intercellular spaces between the ground promeristem cells. (F) Somatic embryos fused along the root and hypocotyl axis. (F inset) vessels on a single cross-section; the appearance of these vessels indicates that the provascular tissue meanders in the embryo. (G) A somatic embryo with a malformed hypocotyl. (G inset) longitudinal section through the ZE (for comparison to the SE). (H) Somatic embryos fused in the hypocotyl part. Staining: 0.05% TBO. Scale bars: (A) – 50 μm; (A inset) – 20 μm; (B,C,G inset) – 100 μm; (B inset,F inset) – 50 μm; (C inset,D inset) – 30 μm; (D–H) – 200 μm.
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Plant cells are connected by plasmodesmata (PD), nanoscopic channels in cell walls that allow diverse cytosolic molecules to move between neighboring cells. PD transport is tightly coordinated with physiology and development, although the range of signaling pathways that influence PD transport has not been comprehensively defined. Several plant hormones, including salicylic acid (SA) and auxin, are known to regulate PD transport, but the effects of other hormones have not been established. In this study, we provide evidence that cytokinins promote PD transport in leaves. Using a green fluorescent protein (GFP) movement assay in the epidermis of Nicotiana benthamiana, we have shown that PD transport significantly increases when leaves are supplied with exogenous cytokinins at physiologically relevant concentrations or when a positive regulator of cytokinin responses, ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 5 (AHP5), is overexpressed. We then demonstrated that silencing cytokinin receptors, ARABIDOPSIS HISTIDINE KINASE 3 (AHK3) or AHK4 or overexpressing a negative regulator of cytokinin signaling, AAHP6, significantly decreases PD transport. These results are supported by transcriptomic analysis of mutants with increased PD transport (ise1–4), which show signs of enhanced cytokinin signaling. We concluded that cytokinins contribute to dynamic changes in PD transport in plants, which will have implications in several aspects of plant biology, including meristem patterning and development, regulation of the sink-to-source transition, and phytohormone crosstalk.
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INTRODUCTION

Plasmodesmata (PD) are narrow, membrane-lined channels in plant cell walls that connect the cytosols of neighboring cells (Brunkard and Zambryski, 2017; Faulkner, 2018; Azim and Burch-Smith, 2020). Diverse cytosolic molecules move through PD, including metabolites, small RNAs, proteins up to ~80 kDa, and viruses. The size of molecules that can move through PD and the rate of trafficking through PD varies considerably during plant development and in response to physiological cues. However, little is known about how PD transport is regulated at the molecular level. To discover genetic pathways that coordinate PD transport, the Zambryski lab conducted forward genetic screens for mutants with increased or decreased PD transport at the mid-torpedo stage of Arabidopsis embryogenesis (Kim et al., 2002; Xu et al., 2012). These screens led to the discovery and characterization of five mutants so far: four with increased PD trafficking (ise1–ise4; Kobayashi et al., 2007; Stonebloom et al., 2009; Burch-Smith and Zambryski, 2010; Burch-Smith et al., 2011; Brunkard et al., 2020) and one with decreased PD trafficking (dse1; Xu et al., 2012).

To identify pathways that could contribute to the increased PD transport phenotype observed in ise mutants, we took a comparative transcriptomic approach. Previously, we used this approach to discover that chloroplast retrograde signaling (Burch-Smith et al., 2011; Burch-Smith and Zambryski, 2012; Brunkard et al., 2013) and target of rapamycin (TOR) signaling (Brunkard et al., 2020) coordinate PD transport in embryos and leaves. One of the most strongly repressed genes in both ise1 and ise2 embryos is ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6; Burch-Smith et al., 2011). AHP6 is expressed during wild-type embryogenesis from the heart stage through the torpedo stage; later in development, AHP6 is most strongly expressed in inflorescence and root meristems (Bishopp et al., 2011; Besnard et al., 2014). In both ise1 and ise2, AHP6 expression is reduced by >20-fold at the mid-torpedo stage of development compared to wild-type plants, one of the most strongly repressed genes in these transcriptomes (Burch-Smith et al., 2011).

ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 is a member of the AHP family (Hutchison et al., 2006; Mähönen et al., 2006), which is composed of histidine phosphotransfer proteins that mediate responses to a phytohormone, cytokinin, via a two-component system (Hwang and Sheen, 2001). Briefly, cytokinins directly bind to and stimulate a family of histidine kinases (ARABIDOPSIS HISTIDINE KINASE (AHK) 2, AHK3, and AHK4) that phosphorylate AHPs, which then transfer phosphorylation and thus activate ARABIDOPSIS RESPONSE REGULATORs (ARRs), a large family of diverse transcription factors (Müller and Sheen, 2007). Cytokinins regulate diverse developmental and physiological processes, with especially important roles in cell fate and proliferation (Amasino, 2005; Hwang et al., 2012; Wybouw and De Rybel, 2019). AHP6 is unique in this pathway because it is a pseudo-histidine phosphotransfer protein with a mutation in the conserved histidine residue that prevents it from relaying the phosphorylation to response regulators (Mähönen et al., 2006). Instead of facilitating cytokinin signaling, AHP6 interferes with the phosphorelay and attenuates cytokinin responses. Detailed studies of AHP6 have revealed that it is transcriptionally induced by another phytohormone, auxin, which often antagonizes cytokinin signaling (Bishopp et al., 2011). After transcription and translation, the small (17.9 kDa) cytosolic AHP6 protein freely moves to neighbor cells via PD, effectively establishing an inhibitory field that limits cytokinin responses and thereby locally enhances the formation of auxin maxima (Bishopp et al., 2011; Besnard et al., 2014). In meristems, the mobile AHP6 signal helps to define boundaries and establish robust developmental patterning (Besnard et al., 2014). In embryos, AHP6 is expressed primarily in cotyledons and differentiating vasculature (Bishopp et al., 2011), but given the small size of AHP6, we suspect that the AHP6 protein may spread to an even larger domain when it is briefly transcriptionally induced during the heart-to-torpedo stages.

Phytohormones can play crucial roles in regulating PD transport during plant development and physiological responses to biotic and abiotic stresses (Lee, 2014; Brunkard et al., 2015b). For example, salicylic acid (SA) triggers membrane remodeling and callose deposition in the cell wall surrounding PD, limiting PD trafficking in response to pathogen infection (Lee et al., 2011; Wang et al., 2013; Lim et al., 2016; Huang et al., 2019). Auxin also stimulates callose deposition in the cell wall surrounding PD, restricting PD transport during developmental transitions, such as lateral root formation (Benitez-Alfonso et al., 2009; Han et al., 2014). Little is known about the connections between other phytohormones and PD, although there is evidence that other hormones can at least conditionally regulate PD trafficking. For example, abscisic acid promotes dormancy in Populus buds during winter, in part by decreasing PD transport to isolate buds from growth signals (Tylewicz et al., 2018); gibberellins antagonize abscisic acid signaling and can therefore impact PD transport, at least in this context (Singh et al., 2019). Cytokinins can stimulate PD formation in some circumstances (Ormenese et al., 2006), but it is not known whether cytokinins dynamically impact PD transport in plant cells. In this study, using an established model system for functional studies of PD transport, the leaf epidermis of Nicotiana benthamiana, we directly tested how the cytokinin signaling network affects PD transport.



MATERIALS AND METHODS


Plant Growth Conditions

For trans-Zeatin application experiments, N. benthamiana (accession Nb-1) plants were grown in a greenhouse at 22°C and in 16-h daylengths for 4 weeks prior to infiltration. For transient overexpression experiments, growth conditions were identical, but plants were grown for 4 or 5 weeks before infiltration, depending on the size of the plant. For virus-induced gene silencing (VIGS) experiments, plants were grown in autoclaved soil and in isolation from other plants to prevent the presence of pathogens and pests at 22°C and in 16-h daylengths for 3 weeks prior to silencing. All plants used in the VIGS experiments were photographed prior to infiltration to assess phenotypic differences among AHK3-, AHK4-, and mock β-glucuronidase (GUS)-silenced plants and validate effective silencing with PHYTOENE DESATURASE (PDS)-silenced plants. As previously described (Brunkard et al., 2015a), plants that have effectively silenced PDS exhibit photobleached leaves.



Cloning Silencing Triggers

Silencing triggers were cloned as previously described (Brunkard et al., 2015a). Briefly, RNA was isolated from N. benthamiana, Nb-1, with the Spectrum Plant Total RNA kit (Sigma-Aldrich, St. Louis, MO, United States), treating RNA with on-column DNase I digestion (New England Biolabs, Ipswich, MA, United States). Complementary DNA (cDNA) was synthesized from isolated RNA using random hexamers and SuperScript III reverse transcriptase (Fisher Scientific, Waltham, MA, United States). Silencing triggers were amplified with Phusion DNA polymerase (New England Biolabs). Triggers and the TRV2 plasmid pYL156 were digested with XbaI and XhoI (New England Biolabs) and ligated with Promega T4 DNA ligase (Fisher Scientific). Ligations were transformed into XL1-Blue Escherichia coli, were mini-prepped (New England Biolabs, Ipswich, MA, United States), and were Sanger sequenced to confirm insertion sequences. The AHK4 trigger was cloned with oligonucleotides 5'-gat TCT AGA AAC TAT GGA GGA ACG GG-3' and 5'-gat ctc GAG GTT TCA TTA TCA CCG C-3' to silence the two AHK4 homologues, Niben101Scf08855g02013 and Niben101g09260g03002. The AHK3 trigger was cloned with oligonucleotides 5'-cat TCT AGA TGT GAC ACA ACA AGA TTA TGT C-3' and 5'-gat ctC GAG CAA TAG AAG GAC CAA C-3' to silence the two AHK3 homologues, Niben10103911g05013 and Niben101Scf02711g00003.



Cloning AHP Overexpression Constructs

As with the silencing triggers, AHP5 and AHP6 were amplified with Phusion DNA polymerase (New England Biolabs) from N. benthamiana cDNA that was synthesized as above. AHP5 was cloned using oligonucleotides 5'-aattacaggcctcccgggaccATGAACACCATCGTCGTT-3' and 5'-TTCGCTTCCTGAccc CTAATTTATATCCACTTGAGGAATT-3', while AHP6 was cloned using oligonucleotides 5'-aattacaggcctcccgggaccATGTTGGGGTTGGGTGTG-3' and 5'-TTCGCTTCCTGAcccCTACATTGGATATCTGACTCCTGC-3'. All oligonucleotides contained 15 bp of homology compatible with the SmaI digestion site of binary vectors containing a CaMV 35S promoter, TMV Omega enhancer sequence, and CaMV 35S terminator for transient gene expression. The plasmid was digested with SmaI, and both genes were treated with T5 DNA exonuclease (New England Biolabs) as previously described (Xia et al., 2019). These reactions were used to transform chemically competent DH10B E. coli, were mini-prepped, and were Sanger sequenced to confirm insertion sequences.



Agroinfiltration

Agrobacterium tumefaciens strain, GV3101, was grown overnight in a lysogeny broth medium at 28°C, 250 rpm, with kanamycin, gentamicin, and rifampicin (each at 50 mg ml−1). Cultures were centrifuged at ×700 g for 10 min and then resuspended in an infiltration medium [10 mM MgCl2, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), and 200 μM acetosyringone, pH 5.6, adjusted with KOH] to OD600nm = 1.0. Agrobacteria were then left to induce virulence at room temperature for 2–4 h with gentle shaking prior to infiltration. Immediately before infiltrating, cultures were then further diluted in infiltration media to OD600nm = 10−5 for green fluorescent protein (GFP) movement assays or OD600nm = 0.1 for overexpression. Cultures were left at OD600nm = 1.0 for VIGS, as previously described (Brunkard et al., 2015a).

Briefly, for VIGS experiments, the first two true leaves of N. benthamiana plants were infiltrated with equal induced inocula of A. tumefaciens carrying the previously described binary vectors: pYL192 (which expresses the TRV1 subgenome) and pYL156 (which expresses the TRV2 subgenome with silencing triggers). A TRV2-GUS trigger was used as a negative control for VIGS, and a TRV2-NbPDS trigger was used as a positive control for VIGS. About 14 days after infiltration of the VIGS inocula, the fourth leaf of each plant was infiltrated with an induced inoculum containing the 35SPRO:GFP binary vector diluted to OD600nm = 10−5. Each plant was left under normal growing conditions (22°C and 16-h daylengths) for 48 h prior to GFP movement assays (described below).

For overexpression experiments, the fourth leaf from 4-to-5-week-old N. benthamiana plants was infiltrated with an induced inoculum containing the 35SPRO:GFP binary vector diluted to OD600nm = 10−5 and the transient overexpression vector diluted to OD600nm = 0.1, with an empty transient overexpression plasmid used as a negative control. These plants were left under normal growing conditions (22°C and 16-h daylengths) for 72 h prior to GFP movement assays (described below).



Trans-Zeatin Infiltration

A 1 mM stock solution of trans-Zeatin (Cayman Chemical Company) in DMSO was diluted to several concentrations (1.0 nM, 10 nM, and 100 nM) in infiltration media, with the infiltration media containing no trans-Zeatin used as a negative control. The 35SPRO:GFP binary vector was then diluted to OD600nm = 10−5 in these solutions and infiltrated into the fourth leaf from 4-week-old N. benthamiana plants, as above. These plants were left under normal growing conditions (22°C and 16-h daylengths) for 48 h prior to GFP movement assays (described below).



Assaying PD Transport With GFP Transformation

Plasmodesmata movement assays were performed using the fourth leaf from either 4-week-old (for trans-Zeatin treatment experiments) or 4-to-5-week-old (for VIGS and overexpression experiments) N. benthamiana plants. GFP movement assays were conducted as previously described (Brunkard et al., 2015a; Figure 1), observing GFP movement in only the proximal 25% of the leaf. Briefly, leaves were infiltrated with very low inocula of Agrobacterium (OD600nm < 10−4) carrying a binary vector to transform cells to express GFP under the CaMV 35S promoter. Only a handful of individual, isolated cells are transformed by the low inocula of Agrobacterium. About 48 h after agroinfiltration, the genetically transformed cells show bright GFP fluorescence and are surrounded by “rings” of cells with lower fluorescence, indicating that GFP has moved into these cells via PD. In this study, we report the greatest distance, in numbers of cells, that GFP has spread.

[image: Figure 1]

FIGURE 1. Trans-Zeatin (cytokinin) stimulates plasmodesmata (PD)-mediated green fluorescent protein (GFP) movement in Nicotiana benthamiana leaves. (A) Cytokinins (e.g., trans-Zeatin, whose structure is shown) stimulate the cytokinin receptors, ARABIDOPSIS HISTIDINE KINASES (AHKs, light teal), to phosphorylate ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEINS (AHPs, teal), which transfer phosphorylation to B-class ARABIDOPSIS RESPONSE REGULATORS (ARRs, dark teal), which then promote transcription of cytokinin response genes, including the A-type ARR genes, ARR4, ARR16, and ARR17. AHP6 (orange) acts as a decoy AHP, preventing phosphorylation of AHPs and thus antagonizing cytokinin signaling. Transcriptomic analysis of four mutants with increased PD trafficking, ise1 through ise4, revealed the induction of AHP genes that promote cytokinin signaling, induction of A-type ARR genes that indicate elevated cytokinin responses, and repression of the AHP6 gene that inhibits cytokinin signal transduction (Burch-Smith et al., 2011; Brunkard et al., 2020). Fold-changes in mRNA levels of these genes are indicated. (B) Infiltration of 100 nM solutions of trans-Zeatin significantly increased PD transport (n = 53, **p < 0.01; error bars indicate SEM). 10 or 1.0 nM trans-Zeatin somewhat increased PD transport, but not to statistically significant thresholds (n = 51 or n = 56, respectively). (C) Representative confocal images of transformed N. benthamiana cells for different treatments of the trans-Zeatin show the range of GFP movement from transformed cells. In mock-treated leaves, GFP rarely moved 1–2 cells beyond the transformed cell. After applying trans-Zeatin, GFP movement tended to increase, often moving to three cells or more beyond the transformed cell in leaves treated with 100 nM trans-Zeatin. The fourth leaf from 4-week-old N. benthamiana plants was used for each experiment; white scale bars = 100 μm.


In all experiments, leaves that were previously infiltrated with the 35SPRO:GFP vector were infiltrated with water immediately prior to harvesting. For VIGS experiments, leaves were harvested from plants infiltrated with media containing the 35SPRO:GFP vector 48 h after infiltration. For trans-Zeatin experiments, leaves were similarly harvested from plants infiltrated with media containing trans-Zeatin and the 35SPRO:GFP vector 48 h after infiltration. For overexpression experiments, leaves were harvested from plants infiltrated with media containing the 35SPRO:GFP vector 72 h after infiltration. For all conditions, small sections were cut from each infiltrated leaf (~1 × 2 cm), mounted abaxial side up on microscope slides, and imaged (as shown in “Microscopy” below).

For each experiment, at least 5, and as many as 24, plants were assayed for each condition per replicate, and each experiment was replicated three times, resulting in each experiment being conducted in at least 70 plants. GFP movement from 1 to 5 randomly selected transformed cells per plant was observed, depending on how many transformed cells were found in the section used for microscopy. The movement was scored by counting the distance in rings of cells to which GFP had moved from the originally transformed cell (e.g., no movement was scored as zero, since GFP remained only in the transformed cell; movement into one or all cells immediately touching the originally transformed cell but none beyond was scored as one; and so on). The total number of cells containing GFP was also counted for each sample.



Microscopy

GFP was observed in the epidermis of N. benthamiana leaves using a Leica DM6 CS confocal laser scanning microscope, with settings as described by Brunkard et al. (2015a). To ensure no artifacts were introduced during microscopy, identical settings (such as laser strength, gain, emission filters, and aperture) were used in all experiments, and samples were imaged in randomized order to avoid any bias during experimentation. All movement assays were scored by both authors to ensure reproducibility.



Quantification and Statistical Analysis

Movement assay results are presented as the average movement of GFP and SEM. Differences in GFP movement between two given conditions were compared using unpaired heteroscedastic Student’s t-tests in Excel, with p < 0.05 being considered significantly different.




RESULTS

Based on the previous finding that the cytokinin signaling inhibitor, AHP6, is severely transcriptionally repressed in ise1 and ise2 (Burch-Smith et al., 2011), we explored whether the transcriptomes of ise mutants reveal any clear changes in the gene expression that could reflect enhanced cytokinin signaling, which would support the hypothesis that cytokinin signaling could contribute to the ise phenotype. Indeed, ise2 shows several additional signatures of elevated cytokinin signaling, including a 9-fold increase in the messenger RNA (mRNA) level of a standard transcriptional reporter for cytokinin responses, ARR4 (ARABIDOPSIS RESPONSE REGULATOR 4), and >3-fold induction of cytokinin phosphorelay proteins, AHP1 and AHP2, that promote cytokinin responses. The cytokinin response reporter gene, ARR4, is also induced >5-fold in both ise3 and ise4, suggesting that elevated cytokinin signaling could be a common feature of ise mutants.


Cytokinin Can Stimulate PD Movement in Leaves

Given the evidence of enhanced cytokinin signaling and increased PD transport in the ise mutants, we next tested whether exogenous application of cytokinin is sufficient to increase PD transport. To this end, we infiltrated leaves of 4-week-old N. benthamiana plants with infiltration media containing a low inoculum of Agrobacterium (OD600nm < 10−4) carrying a 35SPRO:GFP binary vector and a range of concentrations (1.0, 10, or 100 nM) of the cytokinin trans-Zeatin (Letham and Miller, 1965). Infiltration media with no trans-Zeatin was used as a negative control. About 48 h post-infiltration, we excised sections of infiltrated leaves, imaged GFP foci with confocal microscopy, and statistically analyzed the results to quantitatively assess GFP movement. The final results are expressed as the maximal distance that GFP had spread from the transformed cell into neighboring cells.

We found that higher concentrations of trans-Zeatin correspondingly increased the movement of GFP in leaves (Figure 1). On average, GFP moved 1.36 ± 0.12 cells from the transformed cell in the presence of no exogenous trans-Zeatin. With the addition of 100 nM of trans-Zeatin, GFP moved 1.91 ± 0.14 cells from the transformed cell; when compared with results from the control, we found that this difference is statistically significant (n = 53, p < 0.01). Even with smaller concentrations of trans-Zeatin application, GFP movement also apparently increased, though to proportionately smaller degrees (1.73 ± 0.14 cells with 10 nM of trans-Zeatin, 1.59 ± 0.12 cells with 1.0 nM of trans-Zeatin). Overall, these results demonstrate that cytokinins promote PD movement.



Silencing Expression of Cytokinin Receptor Genes Reduces PD Transport

Following these results, we took a genetic approach and tested whether silencing the expression of genes directly involved in cytokinin sensing would result in lowered PD movement. Using VIGS, we silenced AHK3 and AHK4, which encode cytokinin receptors that initiate the cytokinin-AHK-AHP-ARR signal transduction pathway in plant cells. We used a TRV2-GUS trigger as a negative control for silencing and a TRV2-NbPDS trigger as a positive control for silencing. After plants were infiltrated with the VIGS constructs, we allowed 2 weeks for silencing to establish before infiltrating leaves on each plant with the same 35SPRO:GFP construct used in other experiments. Immediately prior to this, we took photographs of each plant to document phenotypic differences among conditions. We observed no obvious morphological or physiological differences between mock silenced and AHK-silenced plants, so we experimented in the same manner as above for the trans-Zeatin experiments.

In both AHK3‐ and AHK4-silenced plants, we observed a significant decrease in GFP movement relative to the GUS mock treatment (Figure 2). Whereas GFP moved 1.61 ± 0.07 cells from the transformed cell in mock-silenced (TRV-GUS) plants, GFP movement in AHK3-silenced plants was reduced to 1.31 ± 0.07 cells and to 1.35 ± 0.06 cells in AHK4-silenced plants. We found that both results were statistically significant (n = 124, p < 0.01; n = 133, p < 0.01). These findings further bolstered the hypothesis that the regulation of PD transport is intimately linked to the cytokinin signaling pathway.
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FIGURE 2. Virus-induced gene silencing (VIGS) of cytokinin receptor expression reduces PD-mediated GFP movement in N. benthamiana leaves. (A) Compared to control TRV-GUS plants, GFP movement from transformed cells was significantly lowered in plants where the cytokinin receptors AHK3 or AHK4 were silenced (n = 124, **p < 0.01; or n = 133, **p < 0.01; respectively; error bars indicate SEM). (B) Representative confocal images of transformed N. benthamiana cells and examples of 5-week-old VIGS-treated plants indicate that GFP movement was reduced in AHK3 and AHK4-silenced plants, but there were no obvious phenotypic effects on the plants themselves. In mock-treated TRV-GUS plants, GFP typically moved 1–3 cells beyond the transformed cell; in AHK3 and AHK4-silenced plants, GFP movement rarely exceeded two cells. The fourth leaf from 5-week-old N. benthamiana plants was used for each experiment; white scale bars = 100 μm.




AHP5 and AHP6 Antagonistically Regulate PD Transport in Leaves

Given the findings regarding the influence of upstream members of the cytokinin signaling pathway on GFP movement, we asked whether overexpressing proteins downstream of AHKs in the cytokinin signaling pathway would alter PD transport. To test this hypothesis, we cloned AHP5 and AHP6 into binary vectors for transient expression in N. benthamiana leaves. Agrobacteria carrying 35SPRO:AHP5 or 35SPRO:AHP6 were then co-infiltrated with 35SPRO:GFP into N. benthamiana leaves.

When compared to control plants infiltrated with empty vector, we found that leaves overexpressing AHP5 exhibited significantly increased levels of PD transport, whereas leaves overexpressing AHP6 exhibited significantly decreased levels of PD transport (Figure 3). In leaves agroinfiltrated with empty vector, GFP moved 1.58 ± 0.07 cells from the transformed cell vs. 2.13 ± 0.07 for plants overexpressing AHP5 and 1.38 ± 0.06 for plants overexpressing AHP6. The change in GFP movement was significant for both AHP5-overexpressing plants (n = 141, p < 0.001) and AHP6-overexpressing plants (n = 161, p < 0.05) relative to control plants. Together, these results indicate that manipulating the expression of different members of the cytokinin signaling pathway phosphorelay chain directly impacts the rate of PD transport.

[image: Figure 3]

FIGURE 3. Cytokinin phosphorelay proteins AHP5 and AHP6 regulate PD transport. (A) Compared to mock-infiltrated plants, GFP movement from transformed cells significantly increased in leaves overexpressing AHP5 (n = 141, ***p < 0.001; error bars indicate SEM). Overexpressing the negative regulator of cytokinin signaling, AHP6, had the opposite effect, decreasing PD transport in leaves (n = 161, *p < 0.05; error bars indicate SEM). (B) Representative confocal images of transformed N. benthamiana cells demonstrate the difference in GFP movement between conditions. GFP moved 1–3 cells beyond the transformed cell in mock-treated leaves. In leaves overexpressing AHP5, GFP regularly moved more than two cells and often as many as four cells from the transformed cell. In leaves overexpressing AHP6, GFP movement was confined to one, or sometimes two, cell(s) beyond the transformed cell. The fourth leaf from 4-to-5-week-old N. benthamiana plants was used for each experiment; white scale bars = 100 μm.





DISCUSSION

In this study, we provide evidence that cytokinins can stimulate intercellular trafficking through PD in plants. We demonstrated that manipulating the cytokinin signaling pathway produces consistent observable effects on GFP movement in the leaf epidermal tissue. Directly infiltrating cytokinins increased the rate of GFP movement, as did overexpression of the gene encoding a phosphotransfer protein, AHP5, that promotes cytokinin responses. Conversely, overexpressing AHP6, which encodes a protein that lacks the phosphotransfer capability of AHP5 and thus suppresses cytokinin responses, or silencing AHK3 or AHK4, which encodes two cytokinin receptors, decreased PD-mediated GFP movement. Given the transcriptomic signs that cytokinin signaling is enhanced in ise mutants, it is plausible that increased cytokinin levels contribute to the elevated PD transport observed in ise embryos.

Previous studies in non-model systems demonstrated that cytokinin treatment can induce the de novo formation of PD in cell walls (Ormenese et al., 2006), but this is the only direct experimental evidence that cytokinin signaling affects PD trafficking. Cytokinins can now be added to the growing list of physiological and developmental cues that dynamically regulate PD transport, including auxin, SA, abscisic acid, light, and the circadian clock, metabolic status, and oxidative stress, among others. Admittedly, in this report, we have not determined how cytokinins promote trafficking through PD. The best-defined mechanisms that mediate changes in PD trafficking are the reversible hyperaccumulation of callose in the cell wall surrounding PD, which is believed to occlude the PD channel and prevent trafficking, or de novo PD biogenesis, which is consistently correlated with increased PD transport. We hypothesize that cytokinins could act through multiple mechanisms to alter PD transport. For example, cytokinin could stimulate rapid de novo PD biogenesis, which will require further investigation in the future. We should note that there are more PD in the cell walls of ise1 and ise2 embryos; if cytokinin indeed does stimulate the formation of new PD in cell walls, the additional PD in ise1/ise2 embryos could correlate with the induction of transcriptional responses to cytokinin in these mutants.

Although a relationship between cytokinin levels and PD transport in leaves has not been previously explored, cytokinin is known to impact sink-source relations in plants (Peleg et al., 2011; Kieber and Schaller, 2014). As young leaves develop, they transition from rapidly-growing “sinks” that import sugars to mature “sources” that export sugars for long-distance transport via the phloem (Turgeon, 2010). PD transport rapidly decreases during the sink-to-source transition, which is thought to contribute to the sink-to-source transition by limiting the diffusive backflow of sugars from the phloem into the exporting source leaf (Roberts et al., 1997, 2001; Imlau et al., 1999; Brunkard, 2020; Brunkard et al., 2020). Genetic and physiological experiments have shown that cytokinins increase so-called “sink strength” in leaves, the rate of sugar import into growing leaves. For example, tobacco transformed to overexpress cytokinin oxidases, which degrade cytokinins and thus reduce cytokinin signaling, decreased the concentrations of glucose, fructose, and sucrose by as much as 10-fold in sink leaves without comparably affecting the sugar concentrations in source leaves (Werner et al., 2008). While the defect in sink strength is likely due to multiple pathways impacted by cytokinin signaling, we speculate that PD transport could be limited in cytokinin-deficient plants, effectively reducing the rate of phloem import to sink leaves.

Plasmodesmata transport dynamics are especially crucial for patterning in the shoot apical meristem (SAM; Rinne and Van der Schoot, 1998; Gisel et al., 1999; Kitagawa and Jackson, 2019). Multiple transcription factors that determine whether SAM cells proliferate, differentiate, or remain quiescent readily move between cells via PD, including the homeobox proteins Knotted1 (Kn1, sometimes called SHOOT MERISTEMLESS or STM in Arabidopsis; Lucas et al., 1995) and WUSCHEL (WUS; Yadav et al., 2011). The hormones that specify cell fate in the meristem, especially cytokinin and auxin, which act antagonistically to regulate meristem size and organ initiation, can also move through PD (Kitagawa and Jackson, 2019). Kn1 and WUS maintain stem cell fates in the meristem partly by stimulating cytokinin biosynthesis; the cytokinins then move through PD to neighboring cells, presumably forming a concentration gradient. In contrast, as auxin maxima form, auxin response factors drive the expression of AHP6 to locally prevent cytokinin signal transduction (Besnard et al., 2014). Like the transcription factors and hormones, AHP6 also moves through PD, creating a zone of cells that are “immune” to the WUS-Kn1-promoted cytokinin biosynthesis (Besnard et al., 2014). The discovery that supplying cells with cytokinin is sufficient to increase PD transport suggests that cytokinin-PD signaling should be considered in models of cell–cell communication at the SAM. Given the intricate balance of molecules, ranging from metabolites and hormones to transcription factors and small RNAs, that move through PD in the SAM, we expect that reevaluation of SAM dynamics in light of cytokinin-PD signaling could open exciting new avenues for future research.
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Plasmodesmata (PD) are cytoplasmic canals that facilitate intercellular communication and molecular exchange between adjacent plant cells. PD-associated proteins are considered as one of the foremost factors in regulating PD function that is critical for plant development and stress responses. Although its potential to be used for crop engineering is enormous, our understanding of PD biology was relatively limited to model plants, demanding further studies in crop systems. Recently developed genome editing techniques such as Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associate protein (CRISPR/Cas) might confer powerful approaches to dissect the molecular function of PD components and to engineer elite crops. Here, we assess several aspects of PD functioning to underline and highlight the potential applications of CRISPR/Cas that provide new insight into PD biology and crop improvement.
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INTRODUCTION

The discovery of plasmodesmata (PD) in 1885 by Edward Tangl has revolutionized the field of plant science. PD functions as one of the vital controllers in plant growth and development (Wu et al., 2018; Vu et al., 2020). Briefly, PD are symplasmic (cytoplasm-to-cytoplasm) nanochannels between adjacent cells, approximately 50-60 nm in size. Structurally, a plasmodesma (the singular form of PD) consists of a cytoplasmic sleeve and a desmotubule (Bell and Oparka, 2011). The space between plasmalemma connecting the cytosol of adjacent cells is the cytoplasmic sleeve. Tubes of appressed endoplasmic reticulum (ER) connecting two adjacent cells are termed desmotubules. As symplasmic tunnels, PD provide pathways for transport of a range of molecules from cell-to-cell, including sugars, ions, proteins, and other essential nutrients, as well as different types of RNA molecules (Wu and Gallagher, 2012; Sager and Lee, 2018; Li et al., 2020b). Cell-to-cell movement of molecules through PD is thought to be dependent on a PD-size exclusion limit (PD-SEL), which involves several aspects, such as PD permeability, PD morphology, PD-associated proteins, and their functions (Sager and Lee, 2018). SEL is determined by the size of the largest molecules that can diffuse through PD. PD-SEL regulates the effectiveness of intracellular communication, which is required for plants to fine-tune their biological and developmental processes under various environmental circumstances (Wu et al., 2018). PD permeability is highly dynamic. The up-and-down modes of PD permeability are controlled by callose, a polysaccharide formed by callose (or β-1,3-glucan) synthase (CalS) enzymes and degraded by glucanase (BG) proteins (Zavaliev et al., 2011; Wu et al., 2018). Callose degradation increases the PD-SEL, whereas callose deposits reduce the PD-SEL. Moreover, PD morphology is considered an essential factor in intercellular transport and can range from simple, twinned or funnel to more complex forms (Oparka et al., 1999; Roberts et al., 2001; Faulkner et al., 2008; Nicolas et al., 2017; Ross-Elliott et al., 2017; Sager and Lee, 2018; Dorokhov et al., 2019).

As plasma membrane (PM)-lined channels, PD-PMs are occupied by unique membrane domains named lipid rafts, sterols- and sphingolipid-enriched microdomains. Lipid rafts provide attractive places for PD-receptor-like proteins (PD-RLPs) and PD-receptor-like kinases (PD-RLKs) to perceive signaling molecules in response to prevailing environmental stimuli (Iswanto and Kim, 2017; Iswanto et al., 2020; Vu et al., 2020). As a gatekeeper of cell trafficking, dynamic PD structure permits the cell-to-cell movement of endogenous molecules and acts as a channel for spreading disease-causing factors. Genome sequencing and proteome analyses are expanding the database of putative or partially characterized PD-related proteins from different plant species (Fernandez-Calvino et al., 2011; Kraner et al., 2017; Leijon et al., 2018). Also, some genes encoding PD-related proteins are redundant in sequence and function. In this regard, to characterize the functions of redundant genes, recent techniques such as genome editing serve as an ideal tool for generating knockout mutants, inducing randomized mutagenesis of the targeted region, or modulating transcriptional regulation.

The most popular genome-editing tool is CRISPR (clustered regularly interspaced short palindromic repeats)/Cas (CRISPR associated) for engineering plants at the DNA and RNA levels (Shelake et al., 2019a; Pramanik et al., 2021). CRISPR/Cas technology has been widely optimized for various applications in several plant species. Such applications include knockout generation, DNA insertion, DNA deletion, gene replacement, chromosome rearrangement, nucleic acid imaging, precise nucleotide substitution, epigenetic modification, pathogen detection, transcription regulation, and more. In this article, we highlight the role of PD-SEL (including PD-associated proteins) in response to multiple external stimuli. We also summarize the characterization of viral/fungal/bacterial proteins targeted at PD, along with potential genome editing tools, strategies, and techniques to understand the basics and improve agronomic traits through PD-SEL engineering.



PD PROTEINS INVOLVED IN ABIOTIC STRESS RESPONSES

The characteristics of callose deposition in response to abiotic stresses (such as osmotic, drought, cold, heat, metal stress) have been reviewed in recent literature (Sager and Lee, 2014). Several reports have highlighted the factors that regulate callose accumulation, thereby conferring enhanced abiotic stress resistance. However, the mechanisms that connect callose-mediated cell-to-cell signaling to the perception of abiotic cues are elusive. This section highlights the PD-associated proteins that positively or negatively control PD-callose under abiotic stresses.

In Arabidopsis, callose deposition in response to salt (NaCl) stress was first characterized by Wrzaczek’s group. It has been reported that the receptor-like kinase (RLK), Cys-rich receptor-like kinase 2 (CRK2), can positively regulate the salt stress-dependent pathway in Arabidopsis (Hunter et al., 2019). CRK2-overexpressing lines showed an enhanced germination rate and root length under high salinity conditions. They also found that CRK2 relocalizes to PD after 15 min of mannitol treatment or 30 min of 150 mM NaCl treatment. Furthermore, CRK2 regulates callose deposition under salt-stress conditions by interacting with CalS1. They also highlighted that the CalS1 played an important role in PD permeability during salt stress. cals1 mutant plants showed impairment in callose accumulation and germination deficiency under high NaCl treatment, which indicated that the phenotype of cals1 was similar to the crk2 mutant. The exact mechanism of salt-stress tolerance mediated by CRK2 relocalization (from PM to PD) and callose deposition is not clear because the CRK2-overexpression plants showed enhanced PD callose deposition and reduced PD permeability even without salt stress. Therefore, it can be hypothesized that CRK2 is implicated not only in callose-dependent salt-stress tolerance but may also be involved in plant growth and development irrespective of salt-stress conditions. In the same year, another study demonstrated that Qian Shou kinase 1 (QSK1) and inflorescence meristem kinase 2 (IMK2), a different class of RLKs, relocalize from the PM to PD in response to salt stress (Grison et al., 2019). The mechanism of callose-mediated salt stress tolerance depends on QSK1 phosphorylation but not on sterol or sphingolipid membrane composition. Interestingly, QKS1 and IMK2 rapidly modulate its localization from PM to PD within 1–4 min post-treatment of 400 mM mannitol and 100 mM NaCl. QSK1 is involved in callose deposition, the PD transportation pathway, lateral root density control, and root development. QSK1 overexpression displays an increased lateral root number and a slightly delayed lateral root formation compared to wild-type and mutant. It was also suggested that the relationship between callose accumulation and tolerance phenotypes observed with QSK1 overexpression was unclear.

Some metals were reported to trigger PD-associated proteins. Calreticulin is a highly conserved Ca2+-sequestering protein that typically resides within the ER lumen, especially in maize and Medicago truncatula (Baluska et al., 1999; Sujkowska-Rybkowska and Znojek, 2018). Under Aluminum stress, calreticulin protein in M. truncatula mycorrhizal roots was induced and colocalized with Ca2+ at the interface of fungal structures and in the periphery of the infected cortex cells (Sujkowska-Rybkowska and Znojek, 2018). Microscopic observations suggested that this colocalization might be required for the calcium mobilization that controls fungal accommodation inside the cortical cells and arbuscular development under Al stress conditions. However, the interaction of calreticulin and Ca2+ at PD needs further characterization. Interestingly, calmodulin (CaML) proteins have been found to reside at PD during flg22 treatment in Arabidopsis, which raises the possibility of CaML and calreticulin involvement in stress response (Xu et al., 2017; Wu et al., 2018). Similarly, treatment with subtoxic levels of copper and iron can severely inhibit primary root growth and interfere with the cell-to-cell movement of green fluorescence protein (GFP) (O’Lexy et al., 2018). Iron and copper alter PD permeability in roots via the regulation of callose synthases (CalS5, CalS12) and β-1,3-glucanases (BG_ppap, β-1,3-glucanase-putative; BG6, β-1,3-glucanase 6), respectively.

Wound stress results in alteration of callose accumulation via CalS1 and CalS8 (Cui and Lee, 2016). Aniline blue staining and Drop-ANd-See assay revealed no accumulation of PD callose in mutant leaves lacking CalS1/8 compared with wild-type after wounding. Genetically, CalS8 regulates PD permeability independently with PD-located protein 5 (PDLP5) upon wounding-induced reactive oxygen species (ROS) stress, while CalS1 requires PDLP5 in salicylic-dependent plasmodesmal response. Notably, CalS1 and CalS8 are suggested to localize along with the PM and PD. It remains to deciphered how CalS1 and CalS8 overexpression control PD permeability to enhance plant defense during biotic stresses. Abiotic stresses like heat and light trigger multi-layer signaling pathways that produce systemic acquired acclimation in plants. For example, a recent study reported the involvement of PD proteins (PDLP1 and 5) in propagating systemic ROS-signal waves in response to high light stress in Arabidopsis by altering the PD pore size (Fichman et al., 2021). Further studies into the role of PD-associated proteins in regulating the relay of different systemic signals triggered by various stresses may uncover novel mechanisms of plant protection. The list of PD-associated proteins involved in abiotic stresses is summarized in Table 1. Overall, examining the dynamic relocalization of PD-associated proteins from PM-to-PD and their role in long-distance signaling during abiotic stresses will help to understand new dimensions of PD biology.


TABLE 1. PD-associated proteins and their involvements in response to abiotic stress.
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PD PROTEINS INVOLVED IN BIOTIC STRESS RESPONSES

Several living organisms, specifically fungi, bacteria, yeast, nematodes, insects, arachnids, and weeds, interact with plants. These plant interactions with other species could be beneficial (mutualism), useful to another partner only (commensalism), or harmful to a partner (parasitism). When viruses, fungi, or bacteria attack the plants, it often causes disease due to their virulence activities. In many cases, invasion by pathogens causes plant growth retardation and significant losses in crop quality and productivity. To protect from pathogens, host plants have evolved diverse barricades and remarkable immune machinery for pathogen recognition and the activation of defense signaling modes (Jones and Dangl, 2006; Nguyen et al., 2021). However, some viral, fungal, and bacterial pathogens target PD to mediate intercellular spread in host plant cells.



VIRUS-PD PROTEIN INTERACTIONS

Viruses are neither “living” nor “non-living” and depend on host organisms to replicate and propagate, such as animals, bacteria, fungi, and plants. When viruses invade host plants, they form three major types of proteins, replication proteins (RPs), structural proteins (SPs), and movement proteins (MPs) which are classified based on their functions. RP is crucial for nucleic acid production; SP forms the outer protein shell and other units in the virions, whereas MP is employed to facilitate virus spread between host plant cells (Lefeuvre et al., 2019). The first study on plant viruses began in the 1890s; an infectious virus causing leaf spots in tobacco was characterized, Tobacco mosaic virus (TMV). TMV was the first virus of any host ever to be identified. So far, hundreds of plant viruses have been identified, almost all of which are infectious viruses of crop plants (Roossinck, 2010). Ten important plants viruses were ranked based on the scientific and economic importance, including TMV, Tomato spotted wilt virus (TSWV), Tomato yellow leaf curl virus (TYLCF), Cucumber mosaic virus (CMV), Potato virus y (PVY), Cauliflower mosaic virus (CaMV), African cassava mosaic virus (ACMV), Plum pox virus (PPV), Brome mosaic virus (BMV), and Potato virus x (PVX) (Scholthof et al., 2011). Plant viruses are transmitted from one plant to another by different modes such as seeds or pollen, vectors, grafting, or mechanical wounds (Hipper et al., 2013). Upon entry into the plant cell, viral components replicate and move from cell to cell through PD or are transported to long-distant organs through the vascular system. Plant viruses have evolved mechanisms of cell-to-cell movement, which involves the MP to facilitate intercellular trafficking of the plant viruses to and through the PD (Heinlein, 2015). Strikingly, some plant viruses encode multiple MPs, epitomized by triple gene block (TGB) proteins. Each TGB protein is involved in different stages of virus replication and cell-to-cell movement. In addition to MPs, some viral movement machinery requires additional virus-encoded proteins to deliver the viral genome. For instance, PVX also requires capsid protein (CP), whereas some potyviruses which do not encode MP require cylindrical inclusion protein for their cell-to-cell and long-distance dissemination (Carrington et al., 1998; Tilsner et al., 2013; Kumar et al., 2015). Many MP and other virus-encoded proteins are targeted to be localized at intercellular host regions such as the chloroplast, vesicles, ER, Golgi apparatus, nucleus, PM, and PD apertures. The list of plant virus-encoded proteins-targeted PD is summarized in Table 2.


TABLE 2. List of plants virus/bacterial/fungal-encoded proteins-targeted PD.
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Since many plant virus-encoded proteins localize to PD, it has been assumed that these symplasmic channels play a pivotal role in the viral spread. Plant viruses have evolved in several ways to achieve virulence and pathogenicity. However, PD-SEL is considered one of the main factors limiting the spread of virus infection (Kumar et al., 2015). The PD-SEL is highly linked to the callose accumulation at the edges of PD; therefore, the regulation of CalSs or BGs are depicted as the central signaling pathways to maintain intercellular trafficking via PD (Wu et al., 2018). It has been reported that increased callose accumulation at PD through the suppression of class I BG (GLU I, β-1,3-glucanase) inhibits intercellular movement of TMV, PVX, CMV in the tobacco plants. In contrast, increased PD flux by class III BG (GLU III) overexpression dilates the spread of potato virus YNTN (PVYNTN) in the potato plants (Iglesias et al., 2000; Bucher et al., 2001; Dobnik et al., 2013), see Table 2. The alteration of callose-mediated PD-SEL upon virus infection also involves the physical interaction between PD-associated proteins and virus-encoded proteins. A cytoplasmic receptor ankyrin repeat-containing protein 1 (ANK1) from Nicotiana tabacum recruited and interacted directly with TMV MP at PD, resulting in callose attenuation, subsequently enhancing the cell-to-cell movement of TMV MP (Ueki et al., 2010). In addition to PD-associated proteins, PDLP1 interacts with 2B MP from Grapevine fanleaf virus (GFLV) at PD, and a pdlp1/2/3 triple mutant leads to reduced intercellular movement of GFLV (Amari et al., 2010). Besides PDLP1, PDLP5 may also be essential for the movement of other viral proteins. It has been reported that PDLP5 regulates PD permeability in a callose-dependent manner, and reduced callose accumulation in the pdlp5 mutant exhibits increased cell-to-cell movement of TMV MP30 (Cui and Lee, 2016). However, it remains unknown whether PDLP1 regulates the cell-to-cell movement of GFLV through a callose-dependent manner, and it has not yet been explicitly verified whether PDLP5 physically interacts with TMV MP30.

In addition to PD-associated proteins, a plant-specific lipid microdomain and PD protein, Solanum tuberosum Remorin 1.3 (StREM1.3), physically interacts with PVX TGB1 protein (Raffaele et al., 2009). The overexpression of StREM1.3 significantly inhibits the cell-to-cell movement of PVX TGB1, TMV MP30 as well as PVY Hc-Pro (Raffaele et al., 2009; Perraki et al., 2014). Another study on plant REM has shown that Nicotiana benthamiana REM1 (NbREM1) is a negative regulator of the intercellular movement of Rice stripe virus (RSV) through the S-acylation suppression process (Fu et al., 2018). Although a PVX TGB2 protein interacts indirectly with a BG protein (Fridborg et al., 2003) and grain setting defect 1 (GSD1) (Gui et al., 2015), a REM protein identified from Oryza sativa interacts directly with OsACT1 at PD in controlling PD permeability (Gui et al., 2014). Most recent studies on plant REM indicate that the restriction of PVX spread occurs in a REM-induced callose accumulation-dependent manner and may involve the activation of salicylic acid (SA) signaling (Perraki et al., 2018; Huang et al., 2019). Overall, REM proteins from different plant species were reported to be implicated in callose deposition at PD, a key mechanism in plant development and stress responses. Therefore, REM interaction with viral components could be targeted by genome editing or transgenic technology for imparting viral-stress tolerance depending on the negative or positive effect on the viral spread, respectively.

In structure, PD represents membrane-lined canals that provide a suitable compartment for plant receptors to perceive diverse environment-related stimuli. Some of the plant receptors are predominantly localized or recruited at PD in response to abiotic and biotic stresses (Vu et al., 2020). In the case of viral infection, host plants have evolved an antiviral defense mechanism, namely RNA interference (RNAi) mediated by small interfering RNA (siRNA) (Borges and Martienssen, 2015). This RNAi moves from cell to cell through PD to overcome virus infectivity (Smith et al., 2007). However, viruses also develop viral suppressors of RNA silencing (VSR) to target multiple parts of the RNAi machinery (Csorba et al., 2015). In the recent study of virus-related PD-RLKs, BARELY ANY MERISTEM 1 and 2 (BAM1 and BAM2) are essential for the cell-to-cell movement of RNAi whereby they interact with C4 protein from TYLCV (Rosas-Diaz et al., 2018) and the viral silencing suppressor P19 from Tomato bushy stunt virus (TBSV) at PD (Garnelo Gomicronmez et al., 2021). However, the role of BAM1 and BAM2 in callose-mediated PD closure is still elusive. In addition to PD-PM protein, SYNAPTOTAGMIN A (SYTA)- an ER-PM contact site protein- can be recruited at PD to facilitate the cell-to-cell movement of Turnip vein-clearing virus (TVCV) MP (Levy et al., 2015). SYTA also interacts with the TMV MP and PD localization signal (PLS) of TMV MP and other virus-encoded proteins from Cabbage leaf curl virus (CaLCuV). The suppression of SYTA leads to reduced cell-to-cell movement of TMV MP, inhibited the systemic spread of CaLCuV, Turnip mosaic virus (TuMV), and TVCV, and disrupted PD targeting of TMV PLS (Lewis and Lazarowitz, 2010; Uchiyama et al., 2014; Yuan et al., 2016; Yuan et al., 2018). However, it remains unknown whether SYTA-mediated viral movement occurs in a callose-mediated PD closure-dependent manner or not. A recent study highlighted the importance of phosphorylatable amino acid residues of CMV MP in symptom development and PD localization (Sáray et al., 2021). Investigating such new aspects will shed light on virus-plant host interactions in detail and provide potential clues toward designing novel crop protection strategies in the future.



FUNGAL/BACTERIAL-PD PROTEIN INTERACTIONS

Like pathogenic viruses, plant pathogenic fungi and bacteria cause different diseases that hinder crop quality and productivity. The following plant pathogenic fungi and bacteria have been listed based on their scientific and economic importance. The list of pathogenic fungi includes Magnaporthe oryzae, Botrytis cinerea, Puccinia spp., Fusarium graminearum, Fusarium oxysporum, Blumeria graminis, Mycosphaerella graminicola, Colletotrichum spp., Ustilago maydis, and Melampsora lini (Dean et al., 2012). The list of pathogenic bacteria includes Pseudomonas syringae pathovars, Ralstonia solanacearum, Agrobacterium tumefaciens, Xanthomonas oryzae pv. oryzae, Xanthomonas campestris pathovars, Xanthomonas axonopodis pathovars, Erwinia amylovora, Xylella fastidiosa, Dickeya (dadantii and solani), Pectobacterium carotovorum, and Pectobacterium atrosepticum (Mansfield et al., 2012). Like viruses, pathogenic fungi and bacteria have also evolved sophisticated machinery to invade their host plants. The most common approach for invasion among pathogenic fungi and bacteria is to deploy various effector proteins that can target and modulate PD channels, thus activating various processes in host plants (Lee and Lu, 2011). A hemibiotrophic rice blast fungus M. oryzae utilizes invasive hyphae to exploit PD channels (Kankanala et al., 2007) and spread to neighboring cells through PD to expand its vicinity, possibly by delivering an effector Pathogenicity toward Weeping Lovegrass (PWL2) protein (Khang et al., 2010). In addition to M. oryzae, the effectiveness of fungal growth from one cell to a neighboring cell is mainly controlled by the attenuation of callose deposition at PD in which a single fungal mitogen-activated protein kinase (MAPK), PmK1, is involved (Sakulkoo et al., 2018). Melampsora larici-populina causes rust disease and severe problems in the genus Populus plants and other family Salicaceae plants. M. larici-populina is grouped into biographic plant-parasites that secrete an assortment of effectors to determine host cell colonization. A recent study indicates that one of the effectors from M. larici-populina, MLP37347, is located at PD (Germain et al., 2018). Even though MLP37347 is targeted to PD, there is no unequivocal evidence showing that MLP37347 effector regulates PD function during M. larici-populina infection. It will be interesting to explore the role of the MLP37347 effector in correlation with PD biology. Other effectors from F. oxysporum, Avr2 and Six5, have been reported to interact at PD. This interaction is required to manipulate PD apertures, allowing Avr2 to move from one cell to neighboring cells. The presence of Six5 is required for Avr2 cell-to-cell movement through PD, whereas without Avr2, the Six5 effector alone is not sufficient to alter PD permeability. This experiment indicates that to trigger PD opening upon F. oxysporum infection, the interaction between Avr2 and Six5 effectors in host cells is required (Cao et al., 2018).

To manipulate the immunity and physiology of host plants, pathogenic fungi and bacteria not only secrete effectors but also target them into PD aperture or other host interiors. Like viruses, it can be assumed that some fungi or bacteria effectors target PD and interact directly with PD-associated proteins to regulate symplasmic continuity. Recently, two pathogen effectors, RxLR3 from Phytophthora brassicae and HopO1-1 from P. syringae, were reported to localize at PD and interact with PD proteins (Aung et al., 2020; Tomczynska et al., 2020). RxLR3 targets CalS1, CalS2, and CalS3 to control symplasmic trafficking through callose turnover at PD (Tomczynska et al., 2020). Unlike the RxLR3 effector, HopO1-1 physically associates with other PD proteins, such as PDLP5 and PDLP7, to hamper their stability (Table 3). The destabilization of PDLP5 and PDLP7 proteins upon HopO1-1 infection leads to enhanced symplasmic conductivity (Aung et al., 2020). It has been shown that PDLP5 is involved in the immune response upon bacterial infection through maintaining callose accumulation at PD (Lee et al., 2011; Cui and Lee, 2016). Furthermore, the mechanism of HopO1-1-enhanced PD permeability seems to be PDLP5/PDLP7-regulated callose accumulation-dependent. In addition to HopO1-1, recent studies reported that several effectors from P. syringae not only localized at PD, but they also moved symplastically between the cells through these channels (Kang et al., 2021; Li et al., 2021). It was also suggested that the intercellular movement of effectors is PD permeability dependent manner (Li et al., 2021). However, the molecular linkage between the intercellular movement of effectors and PD regulation is still poorly understood.


TABLE 3. PD-associated proteins and their interactions with virus/fungal/bacterial proteins.
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GENOME EDITING TOOLS

Recent advancements in genome engineering tools based on CRISPR/Cas systems have opened new doors to fine-tune the plant genome at all layers of the central dogma (Pramanik et al., 2021). Another major advantage of CRISPR-based tools is the ability to customize a strategy to precisely edit the redundant genes or simultaneously edit multiple homologs (Wang et al., 2019; Hong et al., 2020). CRISPR-based tools have been employed in the editing of PD-related genes in recent times (Rosas-Diaz et al., 2018), but their real potential is yet to be explored for manipulating PD biology. In the following sections, we present and discuss the CRISPR/Cas tools and their future applications to investigate fundamental aspects of PD biology or PD engineering for stress management strategies.

The first report demonstrating the potential of CRISPR/Cas components for genome editing was published in 2012 (Jinek et al., 2012). Since then, tremendous progress has been made in developing novel CRISPR-based tools (Figure 1). The primary CRISPR/Cas tool consists of two components comprising a nuclease enzyme (Cas) and a programmable RNA guide (gRNA) complementary to the target DNA. Cas enzyme bound with scaffold-fused gRNA (sgRNA) recognizes the target site followed by a short recognition motif called protospacer adjacent motif (PAM). The protein-RNA-DNA complex formation leads to the generation of DNA double-strand breaks (DSBs) at desired sites in the complex genome, and endogenous DNA repair pathways make precise or error-prone DNA modifications. The Cas9 and Cas12a (Cpf1) are the most commonly applied Cas enzymes for mutant creation in different organisms (Shelake et al., 2019b). Various Cas variants and orthologs have been characterized to maximize the editing scope and different PAM specificities. Simultaneous targeting of multiple loci in the genome is a significant advantage of CRISPR-based tools compared to other genome engineering methods.
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FIGURE 1. Major genome editing techniques for crop improvement through plasmodesmal engineering. Many PD-associated proteins are involved in a variety of environmental stresses (abiotic and biotic stresses). Depending on the impact on stress mechanism, particular PD-associated proteins can be classified as negative (A) or positive (B) regulators. PD-associated proteins that negatively regulate stress tolerance in plants (summarized in panel A) can be targeted using genome editing tools such as simple knockout by CRISPR/Cas, base editor, prime editor, gene targeting and directed evolution tools (C). On the other hand, PD-associated proteins that positively regulate stress tolerance in plants (summarized in panel B) may provide the easiest way to overexpress them by transgenic approach. Targeting PD-associated proteins by genome editing or transgenically possess potential avenues to improve crop quality and productivity. ER, Endoplasmic reticulum; PM, plasma membrane; BAM1 and 2, barely any meristem 1 and 2; GLU I and III, β-1,3-glucanase class I and III; ANK1, ankyrin repeat-containing protein; SYTA, Synaptotagmin A; NbHIPP26, Nicotiana benthamiana heavy metal-associated isoprenylated plant protein; NbEXPA1, N. benthamiana α-expansin 1; PDLP1, 2, 3, 5, and 7, Plasmodesmata-located protein 1, 2, 3, 5, and 7; PATL3 and 6, patellin 3 and 6; CML41, calmodulin-like protein 41; REM1.3, Remorin 1.3; CRK2, Cys-rich receptor-like kinase 2; QSK1, Qian Shou kinase 1; DHyPRP1, double hybrid proline-rich protein 1; LYM2, lysin motif domain-containing glycosylphosphatidylinositol-anchored protein 2; IMK2, inflorescence meristem kinase 2; RGP2, reversibly glycosylated polypeptide 2.


The use of CRISPR/Cas in homologous recombination-based gene targeting (HR-GT) has demonstrated the potential to improve gene-targeting efficiency through precise DSB induction if a donor template is provided to promote the homology-directed repair (HDR) pathway (Capdeville et al., 2021). The HDR-based GT mostly occurs in dividing cells and desired HR-GT products are often mixed with additional indels (insertions/deletions) due to preferred non-homologous end joining (NHEJ). To address this issue, partial catalyzed (nickase, D10A, or H840A) or fully deactivated (dead D10A together with H840A) Cas9 nuclease is engineered for delivering the effector molecules to the target locus for many applications beyond simple DSB-mediated knockout generation (Adli, 2018). Primary tools based on the fusion of effector molecules with nCas9 or dCas9 include base editors that introduce base substitutions without the need for HDR, DSBs, or donor templates (Komor et al., 2016; Gaudelli et al., 2017). A recent addition to the CRISPR toolbox is the prime editor, which needs a template (Anzalone et al., 2019). Although the prime editor tool can introduce customized changes (small insertions or deletions, all 12 base substitutions) at the targeted genomic locus, optimization for plant use is desirable in the near future. Several in silico and in vivo protocols are being devised for target site selection, validation of gRNAs, appropriate choice of CRISPR tool for the desired application, and suitable delivery strategies depending on the species (Huang et al., 2021). Overall, several features like simple design, high precision, efficiency, lower cost, choice of versatile tools, and a broad range of targeting in the genome have enabled the wider adoption of CRISPR/Cas technology for various purposes in plants.


Genome Editing of PD-Related Genes

Despite the discovery of PD in the nineteenth century, precise knowledge about PD structure and function is still elusive. Although PD operating mode remains challenging to understand, applications of contemporary techniques are revealing their novel facets. Broadly, CRISPR-based technologies can be applied in PD research with bidirectional aims. The first direction is the understanding of PD biology, and secondly, targeting PD-related proteins for the development of stress-tolerant crops. The choice of the CRISPR tool predominantly depends on the possible outcome. As discussed earlier, CRISPR tools may produce a variety of genetic modifications- for example, simple knockout, base substitution, precise insertion/deletion/replacement, strong/weak allele generation, epigenetic modulation, transcriptional regulation, and chromosomal rearrangements (Shelake et al., 2019a). We describe the potential of CRISPR tools for exploiting plasmodesmal biology in two parts: understanding the basics of PD functioning and their modulation for stress management.



Genome Editing for Understanding PD Biology and Crop Improvement

The PD interactome can be roughly divided into three parts depending on their direct or indirect role in PD formation and functioning. Group 1 consists of the actual players that form the PD structure itself; the second group involves the molecules that regulate the PD SEL. The third group contains the molecules trafficking through PD. The interplay between the molecules from these three groups is crucial not only to plant physiology and development but also to plant stress responses and environmental signals (Azim and Burch-Smith, 2020). On the one hand, long-distance trafficking of soluble molecules and defense signals occurs through PD. On the other hand, pathogens also hijack the PD cell-to-cell movement machinery to spread from infected to non-infected plant parts. Therefore, the PD-PM interface is at the forefront of the battle between pathogens and plant defense molecules.

Considerably, several studies have uncovered different facets of PD-mediated spread of viruses and plant defense signaling molecules such as siRNAs. For example, the C4 protein of TYLCV primarily interacts with proteins implicated in plant defense, ubiquitination, and translation from host tomato plants (Kim et al., 2016). Recent reports showed that the RLK homologs (BAM1 and BAM2) act as a positive regulator of siRNA spread through PD (Rosas-Diaz et al., 2018). CRISPR-mediated double knockout mutants (bam1 bam2) were generated, confirming the redundant role of BAM1 and BAM2 in promoting the cell-to-cell spread of RNAi. Also, this study suggested the C4 interaction halts the BAM1/2 function and eventually the spread of RNA silencing. In the follow-up study, another viral protein, P19 from TBSV, was demonstrated to interact with BAM1/2 in a similar fashion like C4, indicating that BAM1 and BAM2 are good candidates for CRISPR targeting of C4/P19-interacting domains to develop geminiviral-resistant plants (Garnelo Gomicronmez et al., 2021). Overall, CRISPR-mediated genome editing of PD-related genes is valuable to explore their function and provides attractive potential candidates from the PD interactome to edit and develop biotic and abiotic stress tolerance (Table 4).


TABLE 4. Genetic engineering strategies for modulating PD-associated proteins.
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The symbiotic interaction between host plant-PD and nitrogen-fixing microbes is another research area that needs to be explored. Recent work has shed some light on the molecular dialog between the host plant and associated microbes confirming that PD regulation is a key early event for establishing the symbiotic legume plant-microbe association (Gaudioso-Pedraza et al., 2018). The PD-localized β-1,3-glucanase from Medicago truncatula MtBG2 promoted the symplasmic connectivity, thereby facilitating the nodule formation. The increased PD permeability (Complainville et al., 2003) or higher number of PD pores (Schubert et al., 2013) substantially increased nodule number in M. truncatula and Casuarina glauca, respectively. Also, some tetraspanin proteins like TET3 from Arabidopsis (Fernandez-Calvino et al., 2011), PvTET3, and PvTET6 from the common bean were reported to be localized at the PD-PM interface during nodule formation with rhizobia (Jimenez-Jimenez et al., 2019), suggesting their direct role in symplasmic interaction through PD regulation and cellular trafficking. Thus, the use of CRISPR tools in altering PD may help to promote the positive interaction of symbiotic association of nitrogen-fixing microbes and host plants.

The new set of plant breeding techniques, collectively known as new plant breeding technologies (NPBT), includes the concept of grafting wild-type onto genetically modified (GM) rootstock (Langner et al., 2018). The proper combination of scion and rootstock is advantageous to develop improved crop traits. The bi-directional interaction between rootstock and scion involves exchanging all three major macromolecules (DNA, RNA, and protein) through the PD. A recent report showed that even the genomes could transfer horizontally via organelle travel during the remodeling of PD and vascular connection at the root-scion junction (Hertle et al., 2021). Previous reports have successfully used transgenic rootstocks to transfer transgene-mediated traits to the wild-type scion parts- for example, the development of CMV resistance in tomato (Bai et al., 2016), Pierce’s disease resistance in grape (Dandekar et al., 2019), PPV resistance in plum (Sidorova et al., 2021), and increased nitrogen levels in walnut overexpressing an ammonium transporter gene (Liu et al., 2021). In such studies, engineering of PD trafficking and the use of transgene-free CRISPR techniques to attain desired traits would be highly desirable because the non-transgenic genome editing approach may easily avoid the GM issues and related-regulatory hurdles.




CONCLUSION AND PERSPECTIVE

PD-mediated symplasmic transport permits cell-to-cell communication in multicellular plants, regulating the harmonized physiological growth and development during environmental stresses. Even though the dynamic nature of PD allows surprisingly high intercellular transport of molecules, PD plasticity makes it challenging to establish the regulatory mechanisms of PD functioning. In this regard, advanced techniques like genome editing and high-resolution microscopy are promising to solve the mysteries around PD structure and function. The primary goal of crop improvement is to design climate-resilient varieties with superior traits. The crucial role of the PD interactome in plant defense is now well-known. The use of genome editing in PD engineering has a vast potential to improve molecule transport for higher nutrition quality for human health, to protect plants against biotic and abiotic stresses, to design improved symbiotic interactions for plant nutrition, and to enhance grafting-based strategies for crop improvement.
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ABBREVIATIONS

ACLSV, Apple chlorotic leaf spot virus; ACMV, African cassava mosaic virus; ADV, Alfalfa dwarf virus; ANK1, Ankyrin 1; BAM, BARELY ANY MERISTEM; BBWV-2, broad bean wilt virus 2; BDMV, Bean dwarf mosaic virus; BG, β -1,3-glucanase; BMV, Brome mosaic virus; BNYVV, Beet necrotic yellow vein virus; BSMV, Barley stripe mosaic virus; BYV, Beet yellows virus; CaCV, Capsicum chlorosis virus; CaLCuV, Cabbage leaf curl virus; CalS, callose synthase; CaML, calmodulin; CaMV, Cauliflower mosaic virus; CCYV, Cucurbit chlorotic yellows virus; CMV, Cucumber mosaic virus; CP, capsid protein; CPMV, Cowpea mosaic virus; CPsV, Citrus psorosis virus; CRISPR, clustered regularly interspaced short palindromic repeats; CRK2, cys-rich receptor-like kinase 2; CTV, Citrus tristeza virus; CWMV, Chinese wheat mosaic virus; DHyPRP1, double hybrid proline-rich protein; DSB, double-strand break; ER, endoplasmic reticulum; EXPA1, expansin 1; GFLV, Grapevine fanleaf virus; GM, genetically modified; GSD1, grain setting defect 1; GVA, Grapevine virus A; GVB, Grapevine virus B; HDR, homology-directed repair; HIPP26, heavy metal-associated isoprenylated plant protein 26; HR-GT, homologous recombination-based gene targeting; IMK2, inflorescence meristem kinase 2; LIYV, Lettuce infectious yellows virus; LNYV, Lettuce necrotic yellows virus; LYM2, Lysin motif domain-containing glycosylphosphatidylinositol-anchored protein 2; MAPK, mitogen-activated protein kinase; MiLBVV, Mirafiori lettuce big-vein virus; MNSV, Melon necrotic spot virus; MP, movement protein; MSV, Maize streak virus; NHEJ, non-homologous end joining; NPBT, new plant breeding technologies; OLV-2, Olive latent virus 2; PAM, protospacer adjacent motif; PATL, Patellin; PD, plasmodesmata; PDLP, plasmodesmata-located protein; PeVYV, Pepper vein yellows virus; PLRV, Potato leafroll virus; PLS, PD localization signal; PM, plasma membrane; PMTV, Potato mop-top pomovirus; PPV, Plum pox virus; PepRSV, Pepper ringspot virus; PVX, Potato virus x; PVY, Potato virus y; PWL, Pathogenicity toward Weeping Lovegrass; QSK1, Qian Shou Kinase 1; RBSDV, Rice black-streaked dwarf virus; RCMV, Red clover mottle virus; REM, Remorin; RGP2, reversibly glycosylated polypeptide 2; RGSV, Rice grassy stunt virus; RLBV, Raspberry leaf blotch emaravirus; RLK, receptor-like kinase; RLP, receptor-like protein; RNAi, RNA interference; ROS, reactive oxygen species; RP, replication protein; RSV, Rice stripe virus; RTYV, Rice transitory yellowing virus; SA, salicylic acid; SEL, size exclusion limit; sgRNA, scaffold-fused gRNA; siRNA, small interfering RNA; SP, structural protein; SYTA, SYNAPTOTAGMIN A; TBSV, Tomato bushy stunt virus; TGB, triple gene block; TMV, Tobacco mosaic virus; TSWV, Tomato spotted wilt virus; TuMV, Turnip mosaic virus; TVCV, Turnip vein-clearing virus; TYLCF, Tomato yellow leaf curl virus; TYLCV, Tomato yellow leaf curl virus; VSR, viral suppressors of RNA.
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Plasmodesmata (PD) are membrane-lined pores that connect adjacent cells to mediate symplastic communication in plants. These intercellular channels enable cell-to-cell trafficking of various molecules essential for plant development and stress responses, but they can also be utilized by pathogens to facilitate their infection of hosts. Some pathogens or their effectors are able to spread through the PD by modifying their permeability. Yet plants have developed various corresponding defense mechanisms, including the regulation of PD to impede the spread of invading pathogens. In this review, we aim to illuminate the various roles of PD in the interactions between pathogens and plants during the infection process. We summarize the pathogenic infections involving PD and how the PD could be modified by pathogens or hosts. Furthermore, we propose several hypothesized and promising strategies for enhancing the disease resistance of host plants by the appropriate modulation of callose deposition and plasmodesmal permeability based on current knowledge.
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INTRODUCTION

Throughout their life span, plants are constantly challenged by pathogens, namely fungi, bacteria, and viruses (Jones and Dangl, 2006). It is well-known that plant cells can respond to pathogens autonomously. Plants recognize microbe-associated molecular patterns (MAMPs) via pattern recognition receptors (PRRs) on the cell membrane, which initiates a series of signaling events and activates pattern-triggered immunity (PTI; Ranf, 2017; Saijo et al., 2018). Some pathogens, however, can produce effectors capable of inhibiting PTI to overcome the host immune system (Grant et al., 2006; Le Fevre et al., 2015; Toruno et al., 2016). A second defense response, which is activated by recognizing pathogenic effectors with corresponding nucleotide-binding leucine-rich repeat (NLR) proteins of hosts, is called effector-triggered immunity (ETI; Cui et al., 2015). Recently, the PTI and ETI systems were found to share common elements and to interact with each other (Ngou et al., 2021; Yuan et al., 2021). Besides the cell-autonomous immunity within infected regions, uninfected host cells could also establish immune responses in what is known as systemic acquired resistance (SAR; Klessig et al., 2018). To gain SAR, signaling molecules must move from infected cells to distal uninfected tissues (Wendehenne et al., 2014; Singh et al., 2017). Further, SAR confers an immune “memory” in hosts enabling them to activate defense responses more quickly and effectively when exposed to another pathogen attack (Conrath, 2006; Ramirez-Prado et al., 2018; Hake and Romeis, 2019; Guerra et al., 2020).

Plant cells have evolved unique cell-wall-spanning structures, termed PD, that link neighboring cells for their symplastic communication (Epel, 1994; Lucas et al., 2009). The typical PD are composed of plasma membrane (PM), cytoplasmic sleeve, and desmotubule derived from the endoplasmic reticulum (ER) (Zambryski and Crawford, 2000; Zambryski, 2008). Various key PD-localized proteins and lipids have been identified, including actin, receptor-like kinases, glycosylphosphatidylinositol-anchor proteins, remorins, sphingolipids, and sterols (Fernandez-Calvino et al., 2011). By controlling the intercellular exchange of both micromolecules and macromolecules, PD are functionally critical during the development of plants and in their responses to abiotic and biotic stresses (Maule, 2008; Lee and Lu, 2011; Lee et al., 2011; Han et al., 2014; Lee, 2014; Sager and Lee, 2014; Cui and Lee, 2016; Wu et al., 2016; Reagan et al., 2018; Miyashima et al., 2019; Yan and Liu, 2020). The aperture of the PD pore, which determines the size exclusion limit (SEL), is a major determinant of PD permeability (Lucas and Lee, 2004; Peters et al., 2021). This PD aperture is dynamically controlled by the deposition and degradation of callose within the cell walls near the neck of PD (Amsbury et al., 2017; Wu et al., 2018). Callose synthases (CalSs) and β-1,3 glucanases (BGs) govern the production and degradation of callose, respectively, fulfilling crucial roles in various developmental and physiological processes of plants (Chen and Kim, 2009; Zavaliev et al., 2011). PD-LOCALIZED PROTEINS (PDLPs) and PLASMODESMATA CALLOSE-BINDING PROTEINS (PDCBs) are two key protein families that positively regulate the dynamics of callose accumulation at PD (Simpson et al., 2009; Lee et al., 2011). Apart from callose, the architecture of PD also affects their conductivity and functioning. In this respect, PD may be classified as type I or II according to the status of the cytoplasmic sleeve between the PM and desmotubule. Compared with type II, the structure of type I PD lacks a visible cytoplasmic sleeve and internal tethers (Nicolas et al., 2017). Loss of function of the PHLOEM UNLOADING MODULATOR gene results in the lack of type II PD, whereas enhances PD permeability, fosters phloem unloading, and accelerates root elongation (Yan et al., 2019).

Beyond the key roles in plant development, the PD can participate in plant-pathogen interactions (Faulkner et al., 2013; Wang et al., 2013; Brunkard and Zambryski, 2017; Cheval and Faulkner, 2018). Specifically, PD facilitate the intercellular transport of mobile signal molecules, such as azelaic acid and glycerol-3-phosphate, needed for the establishment of SAR (Singh et al., 2017). Yet many pathogens and effectors can also spread in a cell-to-cell manner via PD to hasten the infection (Lent et al., 1991; Waigmann et al., 1994; Benitez-Alfonso et al., 2010; Cao et al., 2018). Currently, it remains an open question how plants modulate the timing of PD closure and the movement of SAR signals and pathogenic effectors to achieve the defense response. We speculate the apoplastic trafficking of immune molecules might provide an alternative way to impede the spread of pathogens or effectors in the case of blocked PD (Lim et al., 2016b; Singh et al., 2017). Further study of PD in the battle between plants and pathogens is gaining interest and becoming important. Here, we summarize the studied mobile pathogens and effectors, the recognition between pathogens and PD, and the antagonistic regulation of PD by plants and pathogens. Finally, we propose several hypothesized strategies to assist hosts in their battle against pathogens via the appropriate modulation of PD.



PATHOGENS EXPLOIT PD TO FACILITATE HOST INFECTIONS

Through the PD, the cell-to-cell movement of a variety of molecules is possible. But based on this intercellular connection, phytopathogens have evolved mechanisms that take advantage of PD as gateways to facilitate their host infections (Figure 1). To do this, pathogens encode their own proteins and recruit or interact with the host proteins to target and modify the PD, either directly or indirectly (Table 1).


[image: Figure 1]
FIGURE 1. Plasmodesmal components involved in both pathogen infection of plants and host defense responses. Virions, effectors of fungi and bacteria, as well as the fungal hyphae are transported from infected cells to the neighboring healthy cells through the plasmodesmata (PD). Many PD-localized components are jointly exploited by both pathogens and host plants, for use in their interaction during an infection. The pathogens inhibit callose synthesis by inactivating CalSs, suppressing PDCBs, destabilizing PDLPs, and/or recruiting PDBGs to assist in their intercellular movement. Viruses can interact with SYTA by relying on MP to remodel the PD. Conversely, PD harbor specific plasmodesmal PM-located receptors of LYM2-LYK4 complex and FLS2 for perception of fungal elicitor chitin and bacterial flagellin, respectively. During infection, some CalS and PDLP genes can be induced so as to promote callose accumulation and PD closure. The remorins in the membrane microdomains of plasmodesmal PM interact with MP and impede the movement of the virus among host cells. PD, plasmodesmata; DT, desmotubule; CalS, callose synthase; PDCB, PLASMODESMATA CALLOSE-BINDING PROTEIN; PDLP, PD-LOCALIZED PROTEIN; PDBG, plasmodesmal-localized β-1,3 glucanase; SYTA, synaptotagmin A; MP, movement protein; PM, plasma membrane; LYM2, LYSM-CONTAINING GPI-ANCHORED PROTEIN 2; LYK4, LysM-CONTAINING RECEPTOR-LIKE KINASE 4; FLS2, FLAGELLIN SENSING.



Table 1. Viral, fungal, and bacterial pathogens and the effectors that move cell-to-cell through the plasmodesmata of attacked plants.
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Viral Spread Through PD

Plant viruses are biotrophic pathogens that utilize the transcriptional machinery of hosts to replicate and propagate with them. To overcome the cell wall barrier, viruses may exploit the PD to engage in cell-to-cell movement and thereby systemically spread throughout the host plants. Viruses encode movement proteins (MPs) to target to and dilate PD (Heinlein and Epel, 2004; Waigmann et al., 2004; Lucas, 2006). For example, a plasmodesmal localization signal sequence in tobacco mosaic virus (TMV) and sugar canemosaic virus MPs was found necessary and sufficient for PD localization (Yuan et al., 2016; Cheng et al., 2017). Viruses harbor different transport strategies based on differing MP numbers (Epel, 2009). TMV encodes only a single MP, which binds to its RNA and increase the SEL of PD in the form of ribonucleoprotein complexes (Wolf et al., 1989; Brill et al., 2000; Asurmendi et al., 2004; Peña and Heinlein, 2012). In cowpea mosaic virus, grapevine fanleaf virus, and cauliflower mosaic virus, the MPs reorganize and expand the PD pores by forming a movement tubule (Thomas and Maule, 1995; Laporte et al., 2003; Pouwels et al., 2004). Carnation mottled virus encodes two small MPs (DGBp1 and DGBp2) by the double-gene block module (Epel, 2009; Hull, 2014). An early model was proposed, in which DGBp2 interacts with DGBp1:vRNA and drives the transportation of this ternary complex to PD via the endomembrane system. This model is not perfect, however, because of some inconsistencies and the mechanism of carmovirus movement is believed to be more complicated (Navarro et al., 2019). The triple gene block module encodes three MPs termed TGBp1, TGBp2, and TGBp3; the TGBp2 and TGBp3 are ER membrane-associated proteins and they form both homologous and heterologous complexes (Morozov and Solovyev, 2003; Lim et al., 2008). Binding of TGBp2/TGBp3 to TGBp1:vRNA allows for the targeting of vRNA to PD and its cell-to-cell spread in the host (Epel, 2009). Beet yellows virus (BYV) assembles five MPs to facilitate its intercellular movement, including four viral components-an Hsp70h, a 64kDa protein, and two capsid proteins-and a none-structural 6-kDa hydrophobic protein (Alzhanova et al., 2000). The Hsp70h autonomously targets to PD and its ATPase activity drives the intercellular translocation of BYV (Dolja, 2003; Avisar et al., 2008).

As mentioned before, some plant viruses reorganize the inner structure of PD to produce a movement tubule while passing through it (Thomas and Maule, 1995; Laporte et al., 2003; Pouwels et al., 2004). In this process, MPs are assembled into tubular structures by interacting with the host PDLPs, and this replaces the PD desmotubule to leave only a simple PM-lined tunnel remaining, which aids the viral transport (Amari et al., 2010). The pdlp1/2/3 triple mutant showed a significant reduction of tubule formation along with diminished local and systemic spread of infection, indicating the important roles of PDLPs (Amari et al., 2010). The cytoskeletons, which are involved in the physical formation and structural operation of PD, are also the modification targets of certain viruses (Liu et al., 2005; Prokhnevsky et al., 2005; Wright et al., 2007; Avisar et al., 2008). One study proved that the MPs of Cucumber mosaic virus and TMV are able to sever F-actin, weakening the integrity of PD, thereby allowing larger molecules to pass (Su et al., 2010).

Callose around the PD plays a critical role in regulating their permeability and symplastic communication (Amsbury et al., 2017; Wu et al., 2018). Decreasing this callose was shown to result in an enhanced viral infection (Bucher et al., 2001; Li et al., 2012), whereas increasing callose in the β-1,3-glucanase-deficient and atbg pap mutants slowed the spread of the virus (Iglesias and Meins, 2000; Zavaliev et al., 2013). Nevertheless, viruses can facilitate their intercellular movement in hosts by limiting the synthesis of callose and promoting its degradation at PD. For example, potato virus Y is capable of inducing the activity of a class I β-1,3-glucanase and suppressing callose accumulation in a strain-nonspecific manner, which may explain why some viruses are still able to spread in resistant-genotype hosts (Chowdhury et al., 2020).

PD is a compelling type of membrane contact site, perhaps best illustrated by the specialization of the ER and the PM at the sites of cell-to-cell junctions (Tilsner et al., 2016). The desmotubule and PM together provide a cytoplasmic conduit for intercellular transport (Roberts and Oparka, 2003; Brunkard et al., 2015). Plant synaptotagmin A (SYTA), a membrane protein, can be recruited to form ER-PM contact sites adjacent to the PD. But viral MPs can interact with SYTA to remodel these contact sites to alter PD and aid viral movement (Lewis and Lazarowitz, 2010; Uchiyama et al., 2014; Levy et al., 2015; Pitzalis and Heinlein, 2017). Recently, the multiple C2 domains and transmembrane region protein family were reported to act as ER-PM tethers specifically at PD (Brault et al., 2019). Further studies need to clearly elucidate the role of the ER-PM membrane in PD functioning and identify more PD tethering machineries that participate in the interactions between pathogens and plants.

Chloroplasts are the organelle responsible for not only the generation of small molecules and secondary metabolites important for plant defense, but also the origination of signals in response to developmental and environmental cues (Ganusova and Burch-Smith, 2019). Nevertheless, particular plant viral proteins can interact with chloroplast proteins to impair the defense of hosts and facilitate the infection of virus (Zhao et al., 2016; Bhattacharyya and Chakraborty, 2018). During Potato virus X (PVX) infection, the viral p25 protein interacts with the chloroplast protein ferredoxin 1 (FD1) to reduce its mRNA and protein levels, resulting in a dramatic decrease of PD callose accumulation that is probably associated with the reduction in phytohormones abscisic acid (ABA) and salicylic acid (SA) (Yang et al., 2020). Arabidopsis INCREASED SIZE EXCLUSION LIMIT (ISE) 2 encodes a chloroplast DEAH RNA helicase, whose mutation increases the branched PD formation and intercellular trafficking (Kobayashi et al., 2007). The ISE2 expression can be induced by the infection of TMV or turnip mosaic virus in Nicotiana benthamiana. However, ISE2-overexpressing plants are more susceptible to viral infection, without any influence on callose deposition (Ganusova et al., 2017). These findings imply a still, as of yet unknown mechanism of ISE2-mediated chloroplast-nucleus signaling in the interactions between PD and viruses.

Viroids are the smallest known pathogenic agents, consisting only of circular single-stranded RNAs that replicate autonomously and traffic themselves systemically throughout their hosts via the vascular tissue phloem (Flores et al., 2005). Viroids differ from viruses in having unique structural, functional, and evolutionary properties (Flores et al., 2005). Work by Ding et al. (1997) demonstrated that potato spindle tuber viroid (PSTVd) can move rapidly from the initially injected mesophyll cells which are interconnected by PD into neighboring cells, whereas it was retained in mature guard cells lacking PD connections. The PSTVd consists of 27 RNA loop motifs flanked by short helices, of which 11 loops were identified as critical for its intercellular movement (Zhong et al., 2008). A small RNA from the virulence-modulating region of PSTVd can suppress the expression of tomato CalS11-like and CalS12-like genes, pointing to a hypothesized mechanism of viroid movement through PD (Adkar-Purushothama et al., 2015). More mechanisms underpinning the regulation of viroid intercellular trafficking by RNA motifs and cellular factors are reviewed by Takeda and Ding (2009).



Fungal Infection by Invasive Hyphae (IH) and Effectors

Perhaps the best example of how a fungal pathogen can spread through PD is the study of the hemibiotrophic rice blast fungus, Magnaporthe oryzae (M. oryzae; Kankanala et al., 2007; Sakulkoo et al., 2018). By means of the enormous turgor pressure generated by their appressoria, M. oryzae breaches the outer cell surface and produces special hyphae named the penetration peg (Howard and Valent, 1996). When entering the epidermal cell lumen, this penetration peg expands to form primary hyphae, which differentiate into bulbous invasive hyphae (IH; Heath et al., 1990). These IH are encased in a plant-derived extra-invasive hyphal membrane outside their cell wall. Then, the bulbous IH seek out pit fields composed of PD clusters in the cell wall, after which they crossing the PD channels into adjacent cells using constricted hyphae (Kankanala et al., 2007). Callose occlusions around the PD were found absent only during the early stages (24–27 h post-inoculation) of invasion in the first rice cell; hence, over this period the PD stayed open, indicating the fungus is able to suppress the callose deposition at pit fields in the host at a specific time before invading the neighboring cells (Sakulkoo et al., 2018). Consistent with this key role of PD, another investigation revealed the failure of IH to move into mature guard cells from neighboring cells due to the degeneration of PD (Kankanala et al., 2007).

Furthermore, the mobile effectors PATHOGENICITY TOWARD WEEPING LOVEGRASS (PWL2) and BIOTROPHY-ASSOCIATED SECRETED (BAS1) produced by M. oryzae can move in a cell-to-cell fashion to facilitate host infection (Khang et al., 2010). Both PWL2 and BAS1 are released by IH into the cytoplasm of rice cells by a biotrophic interfacial complex, and move into non-invaded neighboring cells via PD before the spread of IH, which was presumed to better prepare the host cells for the following invasion of IH (Khang et al., 2010). Pmk1, a single fungal mitogen-activated protein kinase, regulates the expression of secreted fungal effectors that inhibit ROS (reactive oxygen species) generation and callose deposition at the PD in rice (Sakulkoo et al., 2018). Accordingly, inhibiting Pmk1 prevents M. oryzae from infecting adjacent plant cells, leaving it trapped in the present cell, yet without affecting the biotrophic interfacial complex structure and hyphae morphology (Sakulkoo et al., 2018). These findings indicate the importance of PD for the cell-to-cell invasion of rice cells by M. oryzae during the infection process.

The RxLR3 effector produced by Phytophthora brassicae can interact with and inhibit CalS1, CalS2, and CalS3, to reduce the callose deposition around PD, so as to promote symplastic trafficking (Tomczynska et al., 2020). In wheat, three PDCB-like genes and seven CalS genes are suppressed by the virulence factor Fusaoctaxin A during Fusarium graminearum infection, which suggests this pathogen may interfere with normal callose accumulation and disrupt the PD status of host plants (Jia et al., 2019). The effectors Avr2 and Six5 secreted by F. oxysporum interact at the PD during its infection of tomato; however, Avr2 only moves cell-to-cell in the presence of Six5, while Six5 alone does not alter plasmodesmal conductivity (Cao et al., 2018). Generally, however, the consensus PD-targeting signal peptides of such pathogen effectors have yet to be identified.



Bacterial Infection With Symplastic Trafficking

Presently, the cell-to-cell spread of bacteria has been mostly reported to occur in the sieve tubes of phloem tissues. Candidatus Liberibacter asiaticus (CLas) is a phloem-inhabiting bacterium that causes a destructive disease of citrus trees called Huanglongbing (HLB), which is achieved by its spread via sap flow in the phloem throughout the host plants (Bove, 2006). The cells of CLas adhere to the plasma membrane of those phloem cells positioned specifically adjacent to the sieve pores, and the ensuing morphology changes there enable its movement (Achor et al., 2020). Although we know HLB-infected phloem cells undergo callose accumulation and sieve-pore plugging (Koh et al., 2012; Achor et al., 2020), there is still no evidence showing CLas passing through PD between cells in other plant tissues. The interaction between CLas and phloem cells evidently needs more careful investigation. Usually, bacterial pathogens do not cross the cell wall, probably because their suitable habitat is mostly limited to the apoplastic spaces between plant cells, unlike viruses and fungi which spread intercellularly during local and systemic infections (reviewed by Lee and Lu, 2011). Still, bacteria can release specific effector molecules into plant cells not unlike fungi do, which then move through the PD to spread intercellularly in the host (Li et al., 2020; Figure 1). Only a few effectors have been studied to date. A notable example is the effector protein HopO1-1 of Pseudomonas syringae pv. tomato (Pst) DC3000, a putative mono-ADP-ribosyltransferase. The amino acids in position 41 to 283 (C-terminal end residue) of HopO1-1 are required for its localization to PD (Aung et al., 2020). Once there, HopO1-1 enhances the PD-dependent intercellular molecular flux by destabilizing the PDLP7 and PLDP5 proteins of hosts without affecting their transcript levels (Aung et al., 2020). Further, Li et al. (2020) recently proved that the movement of 16 Hop effectors of Pst DC3000 move from transformed cells into neighboring cells through PD depends on their molecular weights. Among them, HopAF1 was characterized by the highest PD-dependent movement, which can nonetheless be inhibited by callose overproduction (Li et al., 2020). This study provided robust evidence that the effectors of bacteria, like fungi, may possess an intercellular mobile ability. It would seem those mobile effectors exploit different mechanisms when interacting with the host during its infection, a topic that warrants further investigation.




UTILIZATION OF PD BY HOSTS FOR DEFENSE

In plant-pathogen interactions, plants have evolved two protein families to recognize pathogens: PM-anchored PRR receptors for PAMPs and intracellular NLR receptors for pathogens effectors (reviewed by Dodds and Rathjen, 2010). The lysin motif (LysM) domain-containing protein CHITIN ELICTOR BINDING PROTEIN (CEBiP) and the receptor-like kinases FLAGELLIN SENSING (FLS2) respectively recognize chitin and flagellin (Kaku et al., 2006; Shimizu et al., 2010; Bücherl et al., 2017). The plasmodesmal PM that is enriched with particular proteins and lipids will integrate extracellular signals differently from the other remaining PM. Increasing numbers of receptors and kinases have been shown to be active in or recruited to plasmodesmal PM (Stahl et al., 2013; Grison et al., 2019; Hunter et al., 2019). A PD-located receptor, LYSM-CONTAINING GPI-ANCHORED PROTEIN 2 (LYM2)/ CEBiP, responds to chitin and signaling, thereby reducing the molecular flux through PD (Faulkner et al., 2013). A receptor complex called LYM2-LYSIN MOTIF-CONTAINING RECEPTOR-LIKE KINASE 4 (LYK 4) (Table 3) found localized at plasmodesmal PM is utilized for plant defense in response to fungal chitin (Cheval et al., 2020). Downstream chitin signaling triggers the phosphorylation of the NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOG PROTEIN D via a calcium-dependent protein kinase, leading to callose deposition and eventual PD closure. Intriguingly, FLS2 was observed in the vicinity of PD and mediates flg22-triggered changes of PD-mediated trafficking (Faulkner et al., 2013). This phenomenon suggests FLS2 may have an unconsidered role in recognizing flagellin at PD. More receptors at the plasmodesmal PM await discovery.

Being more than simply passive conduits for trafficking, PD also act as hubs capable of integrating multiple signals from the plant development and defense pathways. How do plants protect themselves from pathogens invasion relying on PD? The underlying molecular mechanisms have been elucidated by a few studies. Callose deposition at PD was proven able to restrict infection by pathogen (Cheval and Faulkner, 2018; Wu et al., 2018), suggesting one potential mechanism. The expression levels of CalS1, 5, 9, 10 and 12 genes were stimulated by Hyaloperonospora infection and a SA treatment, whereas the induction of CalS1 and CalS12 was significantly repressed in the npr1 mutant, thus implying a NPR1-dependent regulation (Dong et al., 2008). In the cals1 mutant, callose at the PD is not affected by either an SA treatment or Pseudomonas infection (Cui and Lee, 2016), which suggests CalS1 is essential for SA-mediated callose deposition. The pdlp1/2/3 triple mutant is more susceptible to the downy mildew pathogen Hyaloperonospora arabidopsidis, whereas PDLP1 overexpression increases callose deposition around the haustoria and enhances plant resistance (Caillaud et al., 2014). PDLP5, localized at the central region of PD, plays a positive role in conferring an enhanced innate immunity of host plants against bacterial pathogens in a SA-dependent manner, by modulating PD callose deposition (Lee et al., 2011; Wang et al., 2013). Enrichment of t18:0-based sphingolipids were found to facilitate the recruitment of PDLP5 proteins to PD, which consequently led to reduced PD conductivity and enhanced resistance to the fungal-wilt pathogen Verticillium dahlia and the bacterium Pst DC3000 (Liu et al., 2020). Remorins are plant-specific proteins found especially in PM microdomains (Raffaele et al., 2009). Applying SA to plants can trigger a remorin-dependent reorganization of lipid raft nanodomains at PD, thereby modifying the inner structure of PD to impede viral spreading in hosts (Huang et al., 2019). Further, remorins can physically interact with TGBp1, a MP of PVX, to impede the cell-to-cell spread of PVX in tomato leaves (Raffaele et al., 2009).

The number and architecture of PD vary among different cell types and plant developmental stages, which enables the dynamic changes of symplastic transport (Ormenese et al., 2000; Ehlers and Kollmann, 2001; Burch-Smith et al., 2011). During the floral transition of the shoot apical meristem in Sinapis alba, for example, the PD frequency increased substantially (Ormenese et al., 2000). While sink leaf cells may contain simple PD in excess of 90%, in stark contrast the source leaf cells mainly contain highly branched PD in Arabidopsis thaliana. Correspondingly, the PD in sink cells permit the transport of relatively large molecules, whereas tissues composed of source cells predominantly show a decline in their transport ability (Oparka et al., 1999). Tomato yellow leaf curl virus infection leads to an increased number of PD in susceptible tomato plants (Reuveni et al., 2015). Similarly, in Casuarina glauca nodules there are fewer PD, perhaps because of the cell enlargement combined with a failed secondary PD formation (Schubert et al., 2013). One study proved ABA negatively regulates PD permeability via callose induction, leading to restricted viral cell-to-cell spreading (Alazem and Lin, 2017). Another study showed treating plants with ABA can modify the number, width, and frequency of their PD (Kitagawa et al., 2019). Collectively, these findings indicate that host plants may reduce and modulate the density and architecture of PD to better defend against invading pathogens. Further investigation is arguably needed to explore in depth the functional PD regulators involved.



STRATEGIES FOR IMPROVING DISEASE RESISTANCE OF HOSTS BY MODULATING PD

Overall, it is evident that PD can be employed as a weapon, by both pathogens and their hosts, who may compete for control of key PD sites. Although PD confer benefits to both pathogenic infections and their host defense responses (Tables 1, 2), we can try to impede the invasion of one or more pathogens by developing corresponding strategies capable of modifying the PD of the host accordingly. Due to the possible trade-off in functioning between the closure of PD and symplastic transmission of immune signals (Lim et al., 2016b), these strategies must feature quick and effective regulation of PD conductivity spatiotemporally. The prompt and timely induction of PD closure in hosts suffering pathogen attacks are thus speculated to block the trafficking of pathogens, effectors, and toxic molecules from the primary invaded cells into adjacent cells, as well as the needed nutrient import into invaded cells for pathogen growth (Lee et al., 2011; Zavaliev et al., 2011); this might weaken the necessity of systemic immune signal transport. Based on previous findings, we propose three promising hypothesized approaches to spatiotemporally induce callose overproduction and PD closure after pathogen invasion, which would be worth trying to improve plant resistance against enemies (Figure 2).


Table 2. Experimentally studied Host proteins/lipids that can regulate the plasmodesmata for plant defense.
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FIGURE 2. Strategies for improving the disease resistance of hosts by modulating their plasmodesmata (PD). Under normal plant growing conditions, the cals3m, PDLPs/PDCBs, and edited CalSs genes are expressed at a relatively low level, without affecting the plants' ordinary development. Once a pathogen attack is detected, the expression of cals3m, PDLPs/PDCBs, and edited CalSs could be induced quickly and strongly, resulting in prompt callose overproduction around the PD and PD closure; this is followed by imposing a blockage of connections between the primary invaded cells and neighboring uninfected cells, which should also stop the intercellular trafficking of pathogens or effectors. These hypothesized approaches are supposed to slow down the spread of pathogens and thus enhance the disease resistance of host plants. PD, plasmodesmata; CalS, callose synthase; PDLP, PD-Localized Protein; PDCB, Plasmodesmata Callose-Binding Protein.



Table 3. Abbreviation list.
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Inducible Callose Overproduction by icals3m System

Vatén et al. (2011) developed a system, named icals3m, which blocks PD-mediated trafficking by inducing the overproduction of callose surrounding PD in a cell-specific manner. The icals3m system has been widely applied to the studies of intercellular trafficking of proteins and small RNAs in biological processes. For example, the symplastic movements of the transcription factor SHORT-ROOT and microRNA165 between the stele and the endodermis were confirmed by the study in plants expressing pCRE1::icals3m and p6xUAS::icals3m (Vatén et al., 2011). The cals3m was also used to investigate cell-cell connectivity between pericycle cells, founder cells, and the neighboring tissues during lateral root formation and patterning in Arabidopsis thaliana (Benitez-Alfonso et al., 2013). In the shoot apical meristem, cals3m expression could lead to abnormal development and differentiation due to limited movement of WUSCHEL (Daum et al., 2014). Inducible blocking of symplastic signaling going in and out of endodermis by cals3m disrupts the coordinated growth and development of roots, which includes an increase of cell layers and the misspecification of stele cells (Wu et al., 2016).

The icals3m system provides a wonderful tool for spatially and temporally modulating the aperture of PD. The strategy is to introduce the icals3m under the control of pathogen infection-induced promoters into the hosts. Therefore, PD trafficking should get blocked, due to ectopic callose synthesis, once pathogens invade the host cells. The best situation would be that where the attacking pathogens are trapped in primary infected cells without any further spread. In such a case, the usual trafficking of immune signals might not be required even they are also affected. The following three important points likely merit consideration as prerequisites for this approach. First, the promoters must be induced only by pathogen invasion, so they remain inactive or active at very low levels under normal conditions. Otherwise, the callose produced by cals3m might interfere with the usual growth and development of host plants. Second, the promoters must respond to the pathogen invasion as soon as possible, preferably prior to the start of its spread into the second plant cell. Third, the induced activities of the promoters must be high enough to yield sufficient callose to constrict the PD. It is known that plant defense responses vary within the same host and among differing ones against different pathogens, so the screening, analysis, and testing for appropriate promoters are crucial steps.



Inducible Callose Overproduction Utilizing the PDLPs/PDCBs

PDLPs and PDCBs are well known for being positive regulators of callose production. Compared to wild-type plants, overexpression of PDLP5 restricts the movement of the symplastic tracers CFDA and GFP and some MPs, and conversely the reduction of PDLP5 leads to increased intercellular trafficking (Lee et al., 2011). These findings indicate that changes in PDLP5 expression were sufficient to regulate both basal PD permeability and MP movement. Similarly, overexpression of PDLP1 decreased the efficiency of protein diffusion through PD (Thomas et al., 2008). Furthermore, the overexpression of both PDLP1 and PDLP5 enhanced plant resistance against pathogens revealing a positive relationship between the levels of PDLPs and plant resistance (Lee et al., 2011; Caillaud et al., 2014). The PDCBs are located at the outer neck region of PD, and greater expression of PDCB1 can lead to increased callose deposition and reduced cell-to-cell trafficking (Simpson et al., 2009). Therefore, we speculate that a timely increase in the expression of PDLPs or PDCBs, or both, could make same contribution to plant defense as cals3m. The same selective promoters mentioned above in icals3m system may be applied to drive the expression of PDLPs and PDCBs to increase the callose deposition at the initially infected cells during the onset of infection, thereby preventing pathogens from continuing to invade uninfected tissues. However, a study showed that PDLP5-overexpressing plants are still susceptibility to turnip crinkle virus (Lim et al., 2016a), probably due to the ability of virus to alter the aperture of PD (Singh et al., 2017). It is hoped that our approach will prove useful for helping to augment plant resistance to some pathogens to a certain extent. It cannot be expected to inhibit all possible pathogen infections facing host plants due to their different and unknown pathogenic mechanisms.



Gene Editing of Native Callose Synthases in Hosts

Vatén et al. (2011) identified three allelic semidominant A. thaliana mutants called cals3-1d, -2d, and -3d, which showed aberrant unloading patterns due to the blockage of PD. The cals3-1d, cals3-2d, and cals3-3d mutations lead to non-synonymous amino acid changes of R84K, R1926K, and P189L, respectively. By combining the two mutations of R84K and R1926K together, the enzymatic activity of encoded callose synthase (cals3m) is increased by 10 to 50% (Vatén et al., 2011). In brief, such mutations in CALS3 can foster the increased production of callose and reduced aperture of PD that together impair cell-to-cell trafficking activity. This raises an intriguing hypothesis: the introduction of same-site mutations of cals3m into other native CalS genes that are quickly and dramatically induced by pathogen attacks, may function similarly as cals3m, precluding the introduction of an exogenous gene resource. CRISPR technology is a suitable choice for gene editing (Zaynab et al., 2020). For instance, it was reported that the expression levels of CalS1 and CalS12 were highly induced in response to biotic stresses (Dong et al., 2008; Cui and Lee, 2016). Through sequence alignments, we found that both 84R and 1926R of CalS3 are conserved in CalS1 and CalS12 (Supplementary Figure 1), suggesting the feasibility of generating cals1m and cals12m similarly. However, a pre-test for screening those modifications that do not interfere with the normal functioning of plants in the absence of pathogens is still necessary. When pathogens attack, these improved CalS proteins are then functioning at high efficiency.




FUTURE PERSPECTIVES

Over the last few decades, findings have increasingly emerged which are helpful for addressing how pathogens modify the PD structure and permeability to facilitate their intercellular movement and how plants manipulate PD to impede pathogenic infections. It is known that various PD-localized components are involved in the interactions between pathogens and plants, but many questions about mechanistic differences in how PD are regulated remain unanswered. For example, is there any conserved molecular mechanism conferring symplastic mobility to various pathogens? How do some pathogens or effectors overcome the blockage of PD by callose, and why do others fail to? How do plants manage themselves to gain control over the modification of PD when competing for this with pathogens during an infection? Previously, high-resolution electron microscopy and genetic approaches have greatly advanced our understanding of PD structure and function. Methodological improvements in the isolation and purification of PD may be helpful for identifying new PD components and examining their modifications that occur during interactions between pathogens and plants. PD regulation by pathogens and plants could provide us with a new perspective for the genetic improvement of plant disease resistance.
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Supplementary Figure 1. Sequence alignments of callose synthase proteins in A. thaliana. Protein sequences from AtCalS1 (NP_563743.2), AtCalS2 (Q9SL03.3), AtCalS3 (Q9LXT9.3), AtCalS4 (Q9LTG5.2), AtCalS5 (Q3B724.1), AtCalS6 (Q9LYS6.2), AtCalS7 (NP_172136.2), AtCalS8 (Q9LUD7.2), AtCalS9 (Q9SFU6.2), AtCalS10 (ACV04899.1), AtCalS11 (Q9S9U0.1), and AtCalS12 (Q9ZT82.1). The red boxes and asterisks denote those amino acids mutated in cals3m which are conserved in CalS1 and CalS12.
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Post-embryonic cells contain minute lipid bodies (LBs) that are transient, mobile, engage in organellar interactions, and target plasmodesmata (PD). While LBs can deliver γ-clade 1,3-β-glucanases to PD, the nature of other cargo is elusive. To gain insight into the poorly understood role of LBs in meristems, we investigated their dynamics by microscopy, gene expression analyzes, and proteomics. In developing buds, meristems accumulated LBs, upregulated several LB-specific OLEOSIN genes and produced OLEOSINs. During bud maturation, the major gene OLE6 was strongly downregulated, OLEOSINs disappeared from bud extracts, whereas lipid biosynthesis genes were upregulated, and LBs were enlarged. Proteomic analyses of the LB fraction of dormant buds confirmed that OLEOSINs were no longer present. Instead, we identified the LB-associated proteins CALEOSIN (CLO1), Oil Body Lipase 1 (OBL1), Lipid Droplet Interacting Protein (LDIP), Lipid Droplet Associated Protein1a/b (LDAP1a/b) and LDAP3a/b, and crucial components of the OLEOSIN-deubiquitinating and degradation machinery, such as PUX10 and CDC48A. All mRFP-tagged LDAPs localized to LBs when transiently expressed in Nicotiana benthamiana. Together with gene expression analyzes, this suggests that during bud maturation, OLEOSINs were replaced by LDIP/LDAPs at enlarging LBs. The LB fraction contained the meristem-related actin7 (ACT7), “myosin XI tail-binding” RAB GTPase C2A, an LB/PD-associated γ-clade 1,3-β-glucanase, and various organelle- and/or PD-localized proteins. The results are congruent with a model in which LBs, motorized by myosin XI-k/1/2, traffic on F-actin, transiently interact with other organelles, and deliver a diverse cargo to PD.

Keywords: LB/LD proteome, oleosin, LDIP, LDAP, Caleosin, ACT7, Myosin XI-binding Rab C2A, plasmodesmata


INTRODUCTION

Plasmodesmata (PD) are notoriously difficult to investigate, and understanding PD functioning from the composition is fraught with difficulties. Both composition and architecture of PD are subject to regulation by cells that share them. Rather than functioning autonomously, they are subject to control by cells that construct, maintain, and operate them. Consequently, PD composition and function are context-dependent, differing between tissues in dependence on developmental and metabolic cellular states. Filtering out commonalities while recognizing the unique aspects of PD at specific locations and conditions, therefore, remains a challenge.

Information on PD composition and function has been gathered using a variety of plant and tissue systems and approaches. Frequently, investigations are focused on PD (ultra)structure and/or localization of suspected PD proteins by immunochemistry or transgenic expression of fluorescently tagged proteins, microinjection studies, and proteomic and lipidomic studies (reviewed in Faulkner and Maule, 2011; Sager and Lee, 2014; Heinlein, 2015a; Brault et al., 2019; Han et al., 2019; Reagan and Burch-Smith, 2020).

Despite the importance of determining PD composition and architecture, the question remains unanswered of how relevant PD components are delivered to PD and integrated into the functional fabric of the PD channel. The cellular mechanisms that deliver structural PD components also modulate gating events. While the exterior and interior of PD are targeted by distinct mechanisms, PD conductance is also subject to control by physiological processes on both sides of the channels. For example, nuclear-organellar signaling contributes to ROS-mediated plasmodesmal regulation, involving mitochondria and chloroplasts as sensors for cellular homeostasis (Burch-Smith and Zambryski, 2011).

Regarding supply routes, the most frequently studied route is the Brefeldin-sensitive excretion pathway, which delivers proteins to the cell wall (Sager and Lee, 2014; Han et al., 2019; Reagan and Burch-Smith, 2020). Cargos delivered via this pathway may include integral membrane proteins and GPI-anchored proteins. The latter can attach to exoplasmic membrane rafts, which move them laterally to the exterior of the PD (Mongrand et al., 2010). With regard to the PD interior, important leads emerged from studies that analyzed how viruses take advantage of existing cellular mechanisms, such as the cortical endoplasmic reticulum (ER) and the cytoskeleton, and how they interact with molecular complexes that control PD gating (reviewed in e.g., Heinlein, 2015b; Reagan and Burch-Smith, 2020). Little explored is the mechanism by which cytoplasmically produced lipid bodies (LBs) target PD to deliver a largely unknown cargo to the channel (Rinne et al., 2011; Veerabagu et al., 2020).

In seeds, LB production requires OLEOSINs (Huang, 1992; Tzen and Huang, 1992; Abell et al., 2002). OLEOSIN proteins are small 15–26 kD proteins that are co-translationally inserted into the bilayer of the ER, guided by an ER-resident signal recognition particle (Abell et al., 2004). The 5–6 nm long hydrophobic hairpin of OLEOSIN is embedded under strain in the bilayer, which facilitates its diffusion into the stable hydrophobic environment of a nascent LB, promoting its eventual release into the cytosol (Abell et al., 2002; Huang and Huang, 2017; Huang, 2018). This budding process is facilitated by a critical imbalance in leaflet surface tensions and involves SEIPIN proteins and interacting lipid biosynthesis genes (Cai et al., 2015; Barbosa and Siniossoglou, 2017). Once formed, OLEOSIN secures the integrity and small size of the LBs by stabilizing the monolayer and preventing coalescence and fusion (Siloto et al., 2006; Shimada et al., 2008; Hsiao and Tzen, 2011). In addition, CALEOSIN and STEROLEOSIN can bind competitively with an expanding monolayer, mediated by short ca. 2 nm hydrophobic hairpins (Huang, 2018).

Like seeds, bud meristems contain LBs, and eight of the nine Populus OLEOSIN genes are expressed in apices (Veerabagu et al., 2020). The capacity of LBs to deliver cargos to PD could be important in the shoot apical meristem (SAM), where PD are continuously produced within and between cell lineages (van der Schoot and Rinne, 1999). In the active SAM, individual cells are continuously displaced toward the periphery to be integrated into differentiating tissues. To secure the functional integrity of the SAM, all cells need to continuously update their relative position by exchanging signals, among others, through existing and newly formed PD (Rinne and van der Schoot, 1998). LBs potentially contribute to PD formation, maintenance, and cell-cell signaling by shuttling lipids, enzymes, and signaling molecules to the PD entrance (van der Schoot et al., 2011; Paul et al., 2014a). An LB shuttle function was demonstrated in N. benthamiana, where LBs delivered eGFP-tagged 1,3-β-glucanases to PD, identified by TMV MP-mRFP (Rinne et al., 2011). Similarly, transgenic Arabidopsis LBs, tagged with PtOLE6-eGFP, targeted primary and secondary PD in various cell types (Veerabagu et al., 2020). The LBs do not arrive at the PD by bulk cytoplasmic streaming but by processive trafficking on F-actin, mediated by myosin XI-k/1/2 (Veerabagu et al., 2020).

The PD in the SAM of woody perennials are unique in the sense that they are modified during the seasonal cycle. Under short days, the PD are shut down by Dormancy Sphincter Complexes (DSCs). DSCs act as circuit breakers that interrupt the symplasmic circuitry of the SAM, preventing electrical and metabolic coupling and exchange of transcription factors and other regulatory molecules, arresting the SAM in a dormant state (Paul et al., 2014a,b). Unlike classical sphincters where callose is present extracellularly, DSCs contain additional internal deposits that can be targeted by LBs (Rinne et al., 2001; Rinne and van der Schoot, 2003). When recruited to the PD, the LB-associated enzyme 1,3-β-glucanase aligns with its substrate, resulting in callose hydrolysis, restoration of the PD channel, and dormancy release (Rinne et al., 2001; Rinne and van der Schoot, 2003). It is unknown what other cargos LBs can deliver to PD during dormancy release, and to what degree it differs from what is present in active meristems. A consensus view is that cytoplasmic LB motility enriches LB cargos by facilitating organellar interactions and exchange of proteins and lipids (Bartz et al., 2007; Hodges and Wu, 2010; Murphy, 2012; Krahmer et al., 2013; Gao and Goodman, 2015; Zhi et al., 2017). Proteins might also be recruited directly from the cytoplasm, especially when molecular crowding at the monolayer is reduced. These include monolayer-embedded proteins, lipophilic signals, lipid-anchored proteins, electrostatically associated proteins, and molecules that opportunistically hitch a ride on moving LBs (reviewed in van der Schoot et al., 2011; Paul et al., 2014a; Huang, 2018).

As in buds, accumulated LBs constitute a unique proactive dormancy-release and signaling mechanism, LBs may be expected to store proteins related to these functions. LB cargos are likely to include proteins that assist docking at the plasma membrane (PM), possibly proteins that become integrated into the fabric of PD, and non-cell-autonomous signals (van der Schoot et al., 2011; Paul et al., 2014a,b). How the actomyosin system that guides LBs to PD (Veerabagu et al., 2020) connects to the PD is unknown. Notably, F-actin and myosin VIII have been localized at PD (White et al., 1994; Baluska et al., 2001; Golomb et al., 2008; White and Barton, 2011). In addition, the actin-binding and nucleation complex Arp2/3 was localized at PD (Van Gestel et al., 2003; Deeks and Hussey, 2005; Fiserova et al., 2006), and recently it has been shown that the class I formin FH2 acts as an actin nucleation factor that caps and stabilizes F-actin at PD (Diao et al., 2018). Some plant viruses that move through PD have usurped and hijacked the cytoplasmic actomyosin system to facilitate their cell-to-cell transport (Amari et al., 2011, 2014; Sager and Lee, 2014; Heinlein, 2015b). Although actin can facilitate delivery of viral complexes to the PD entrance, PD-associated actin might restrict the size of the PD channel as virus passage requires severing of this actin (Ding et al., 1996; Su et al., 2010).

While it is unknown how the F-actin on which LBs traffic is anchored to the PD, it is also unknown what enables LBs to dock at PD. Given the difference between LB and PD diameters in dormant meristems, respectively, ca. 1 μm and 60–220 nm (channel and external ring; Rinne and van der Schoot, 2004), it might involve proteins that interact with PD orifices or their immediate surroundings at the PM. Targeting of eGFP-tagged LBs to the PD/PM area yields deflated LBs that appear as juxtaposed fluorescent patches, sandwiching primary and secondary PD (Rinne et al., 2011; Veerabagu et al., 2020). We hypothesized earlier that LBs could dock at remorin-decorated membrane rafts that act as sorting devices (van der Schoot et al., 2011; Paul et al., 2014a) and involve hemifusion between the LB monolayer and the cytoplasmic leaflet of the PM. If so, this might be mediated by SNARE protein complexes, which can localize to LBs (Boström et al., 2007; Sollner, 2007; Murphy et al., 2009; Paul et al., 2014a).

The relation of LBs with PD is virtually unexplored. To gauge how LBs might contribute to cellular homeostasis, organellar interaction, and cargo delivery to PD, we investigated their accumulation and putative composition by microscopy, gene expression analyzes, and proteomics. An important goal was to create an inventory of candidate proteins, such as known LB proteins and proteins that may hitch a ride to the PD. The results indicate that OLEOSIN is responsible for LB accumulation but that at a later stage it is removed and replaced by LDIP/LDAP proteins to allow recruitment of cytoplasmic proteins through reduced molecular crowding at the monolayer. Removal and degradation of OLEOSIN probably involve the action of PUX10, the segregase CDC48A, and the 26S proteasome, all of which were present in the LB fraction. Other identified proteins included CLO1, OBL1, GPAT8, a PD/LB-localized 1,3-β-glucanase, and proteins that likely reflect LB motility, organellar interactions, storage, and docking to PD/PM sites. Confirming LB/PD localization and the role of individual proteins in PD functioning will require future investigations. The current data lay the groundwork for such investigations and expand a model (Veerabagu et al., 2020) in which cargo-enriched LBs are anchored by GTPase RAB-C2A to myosin XI-k/1/2 for actin-guided transport to PD.



RESULTS


LBs in Apices and Developing Buds

Lipid bodies have been detected in meristems previously but their accumulation patterns have not been characterized. In this study, LB production, size, and number were analyzed from transmission electron microscope (TEM) sections of meristems of growing plants (APs), developing terminal buds (DEBs), and dormant terminal buds (DOBs) (Figures 1A–C). In all three, LBs were present in the SAM and the subjacent rib meristem/rib zone (RM/RZ) area but their numbers were low in actively growing apices, especially in the RM/RZ area (Figure 1D). The low number in this area reflects the high rate of metabolism and cell division related to stem elongation. During bud development, apical stem elongation ceases and LB numbers in the RM/RZ area and the SAM increased significantly, while further increase during dormancy development was minor (Figure 1D). Based on LB numbers detected in TEM sections, we approximated their total number for an average cell volume in both the SAM and RM/RZ. The calculation accounted for section thickness (80 nm), LB diameter, and the volume of the nucleus and organelles (Figure 1E, Supplementary Figure 1). These data showed that all cells contained multiple LBs, even the RM/RZ of actively growing long-day plants. In developing buds, the number of LBs in SAM cells had increased by ca. 25%, while in the RM/RZ it had increased by ca. 50%, corresponding to the cessation of cell division (Figure 1D), but beyond that, the increase in number was minor, and only in the SAM by ca. 10%. The increase in LB sizes showed a similar trend. In growing apices, LBs were small (Figures 1A,E), but their size had significantly increased in developing buds, both in the SAM and the RM/RZ (Figures 1B,E). During dormancy establishment, LB size only increased further in the RM/RZ (Figures 1C,E).
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FIGURE 1. Lipid body (LB) production in the shoot apex of Populus. (A–C) show apices of (A) actively growing plants in long days (APs), (B) in short day-induced developing buds (DEBs) and (C) dormant buds (DOBs). TEM images (A–C) show LBs in the shoot apical meristem (SAM) and the rib meristem/rib zone (RM/RZ) (boxed meristem areas). (D) LB numbers were counted and (E) LB diameters were measured in successive TEM images. Bar diagram (D) shows means ± SD of LB numbers per cell per section. The encircled numbers are calculated LB numbers per cell volume based on average cell sizes, as explained in Supplementary Figure 1. (E) Violin plots show diameters of LBs including mean-line and quartiles. Different letters indicate statistically significant differences between treatments (one-way ANOVA, Fisher's post-hoc analysis P < 0.05). Bars are 50 (apices) and 1 μm (LBs).




OLEOSIN Expression and LB Enlargement

Previously, we showed that very early under dormancy-inducing conditions three of the eight expressed OLEOSINs were upregulated (Veerabagu et al., 2020). In this study, we analyzed their expression in growing apices, in developing buds during the LB accumulation phase (Figure 1D), and in buds that were developing dormancy (Figure 2A). OLE6 appeared to be the most important of the three OLEOSINs, both quantitatively and in its responsiveness to bud development. It was strongly upregulated during the LB accumulation phase and almost completely downregulated during dormancy development. In contrast, the minor genes OLE3 and OLE5 were only slightly upregulated during LB production and somewhat downregulated during dormancy development (Figure 2A).


[image: Figure 2]
FIGURE 2. Expression of genes involved in lipid body production and lipid turnover. Relative expression of (A) OLEOSIN genes (OLE3, OLE5, and OLE6), (B) lipid biosynthesis genes (DGAT1a,b), and (C) lipase genes (SDP1a and b, and SDP6a and b) in apices under long day (APs), and in developing buds (DEBs), and dormant buds (DOBs) in short days. Values are calculated relative to the control (AP) and represent the means of three technical replicates ± SD of four plants. Asterisk(s) indicate statistical significance between treatments (one-way ANOVA, Tukey analysis; *P < 0.05; **P < 0.01; and ***P < 0.001).


To investigate if LB enlargement (Figures 1C,E) could be due to increased TAG biosynthesis, which is mediated by DGAT1 (Shockey et al., 2006), we identified two DGAT1 homologs, DGAT1a and DGAT1b, in the Populus trichocarpa genome (Supplementary Figure 2) and analyzed their expression during the same developmental stages. Both DGAT1a and DGAT1b, but especially DGAT1a, were upregulated during bud development and further during dormancy establishment (Figure 2B). This suggests that TAG biosynthesis may have increased concomitant with LB enlargement (Figure 1E). As the expression of lipases might counteract LB enlargement through TAG-hydrolysis, we also analyzed transcript levels of the lipase gene SUGAR DEPENDENT 1 (SDP1) and the mitochondrial gene SDP6, which is required for post-germinative seedling growth in Arabidopsis (Quettier and Eastmond, 2009). Two isoforms of both SDP1 and SDP6 were identified in the P. trichocarpa genome (Supplementary Figure 3). SDP1a and SDP1b were upregulated during bud development, whereas SDP1b was further upregulated during dormancy establishment. The SDP6a expression did not show any change, and SDP6b was only slightly upregulated during dormancy establishment (Figure 2C). Considering that LBs enlarged, the encoded enzymes might not have targeted the LBs, like in seeds where SPD1 transcript levels do not correlate with enzyme activity (Eastmond, 2006).



LB-Associated Proteins in Dormant Buds

To identify integral LB proteins (referred to as class I) as well as proteins with amphipathic stretches (class II) and peripherally and transiently associated proteins (Bersuker and Olzmann, 2017; Pyc et al., 2017), we isolated and purified LBs from dormant buds using a protocol modified after Jolivet et al. (2004). Purified LBs were subjected to light and differential interference contrast (DIC) microscopy to confirm the absence of cellular fragments. Total fatty acid methyl ester (FAME) contents were quantified to verify the enrichment of fats in the final LB fraction (Supplementary Figure 4). LBs stained with the neutral lipid stain Nile red were further inspected under a confocal laser scanning microscope (CLSM) (Veerabagu et al., 2020). When visible contaminations were completely absent and all LBs were uniform and isodiametric in size, samples were prepared for protein precipitation, and extracted proteins were processed, trypsin-digested, and analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS) as described in experimental procedures. MS/MS samples were analyzed using Mascot to search the P. trichocarpa database, whereas Scaffold was used to validate MS/MS-based peptide and protein identifications. We analyzed three independent pooled samples, obtained from different sets of plants that were grown at different times, representing biological replicates. To prevent loss of peripherally and transiently associated proteins that might be delivered to PD, such as, for example, the LB- and PD-localized γ-clade 1,3-β-glucanases, we deliberately omitted the commonly used salt step in the final wash of all three samples. However, the third sample received an extra wash, which diminished the number of identified proteins in the LB fraction. All proteins were identified with >99% probability, containing at least two unique peptides but often much more. In total, we identified 719 proteins in the LB fraction, of which many were still likely contaminants. To restrict the number of putative candidate proteins, we made a selection based on the previously reported presence of identified proteins at LBs or in LB fractions of plant and non-plant systems, localization at PD, or presence in PD-enriched fractions (Table 1).


Table 1. Proteins in the LB fraction, identical or similar to described putative LB/PD proteins.
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A striking initial finding was that OLEOSIN proteins were not detected in the LB fraction of dormant buds while eight OLEOSIN genes were expressed in developing buds (Supplementary Table 1). This was unexpected as we anticipated that OLEOSINs would have remained on the LBs like in desiccated dormant seeds, where they stabilize the monolayer until germination commences (Siloto et al., 2006; Deruyffelaere et al., 2015; Shimada et al., 2018). As OLEOSINs were not detected, they were likely removed from LBs, possibly involving the ubiquitin-mediated 26S degradation system, which removes ubiquitinated OLEOSINs during Arabidopsis germination (Deruyffelaere et al., 2015, 2018; Kretzschmar et al., 2018).

To investigate the OLEOSIN disappearance further, we first validated that Populus OLEOSINs can be degraded by the ubiquitin-proteasome pathway. For this, we used PtOLE6, as OLE6 was highly expressed during the LB production phase (Figure 2A). Prediction of PtOLE6 ubiquitination sites with Bayesian Discriminant Algorithm Method (BDM-PUB; http://bdmpub.biocuckoo.org/index.php) showed the presence of at least six putative ubiquitination motifs (Supplementary Figure 5A). In Arabidopsis, OLE1-4 displayed one major and one or two minor ubiquitination sites (Deruyffelaere et al., 2015), and their alignment with PtOLE6 shows that the predicted K130 aligns with the major ubiquitination sites of AtOLE3-K159 and AtOLE4-K144 (Supplementary Figure 5B). We next investigated the involvement of the ubiquitin-proteasome-mediated degradation of PtOLE6 by overexpressing PtOLE6-eGFP in Arabidopsis. While PtOLE6-eGFP was degraded in the controls and the seedlings treated with the vacuolar cysteine protease inhibitor E64d (Deruyffelaere et al., 2015), seedlings treated with the proteasome inhibitor MG132 did not show degradation even after 72 h of imbibition (Figure 3A). Additionally, the MG132 treatment increased cytosolic accumulation of PtOLE6-eGFP (Figure 3B) in cytosolic aggregates, like in the case of AtOLE1 (Deruyffelaere et al., 2015).


[image: Figure 3]
FIGURE 3. PtOLE6 degradation by the proteasome pathway. (A) MG132 inhibits proteasomal degradation of PtOLE6 in germinating Arabidopsis seeds. Arabidopsis PtOLE6-eGFP overexpressor seeds were germinated in DMSO control, MG132, and E64d for 48–72 h, and immunodetected using an anti-eGFP antibody. (B) Treatment with MG132 prevents degradation of PtOLE6-eGFP, resulting in cytosolic accumulation in epidermal cells of the hypocotyl adjacent to the radical. DMSO, control. Bar 50 μm.


Furthermore, we identified key components of the ubiquitin-mediated 26S degradation system in the LB fraction, such as Populus homologs of the Arabidopsis “plant UBX-domain-containing protein 10” (PUX10) and the segregase Cell Division Control Protein 48A (CDC48A) (Table 1) (Deruyffelaere et al., 2018; Kretzschmar et al., 2018). The bud LB fraction also contained the ubiquitin-activating enzyme UBA1, involved in conjugating ubiquitins to proteins, and several deubiquitinating proteases that prepare the unfolded proteins for degradation by the 20S core protease (Verma et al., 2002) (Table 1, Supplementary Table 1). In addition, the LB fraction contained multiple subunits of the 26S proteasome, such as the crucial 19S ATPase subunit RPT2A, which is important in meristem development (Lee et al., 2011), and 26S scaffolding components (Supplementary Table 1). Although these components are ubiquitous, they are likely to be involved in removing proteins from the LBs, namely, OLEOSINs, as they do so in germinating Arabidopsis seeds (Deruyffelaere et al., 2018).

The question remained how LBs retained their structural integrity during their enlargement (Figure 1) while OLEOSINs were absent from the LB fraction (Supplementary Table 1). A possible contributor to stability is the LB protein CALEOSIN1 (CLO1), which was the only CLO identified in the LB proteome (Table 1). However, we identified several other proteins that localize to LBs, such as the recently discovered class II protein Lipid Droplet Interacting Protein (LDIP) (Pyc et al., 2017; Coulon et al., 2020) and the Lipid Droplet Associated Proteins (LDAPs), both of which can contribute to LB stability (Gidda et al., 2016).



Expression of PUX10, CDC48A, LDIP, and LDAPs

To assess the possibility that OLEOSINs were replaced by LDAPs/LDIP, we identified by phylogenetic analyses two P. trichocarpa homologs of PUX10 and CDC48A, six LDAP (LDAP1a, LDAP1b, LDPA2a, LDPA2b, LDAP3a, and LDAP3b), and one LDIP homolog (Supplementary Figures 6–9), and studied their expression in apices during bud development and dormancy establishment. Of the two PUX10 isoforms, PUX10b was upregulated during bud development and further during dormancy development (Figure 4A). Like in the case of PUX10a, the expression of one of the CDC48A isoforms, CDC48A2, was unaltered while CDC48A1 was upregulated (Figure 4B). The proteins encoded by the upregulated PUX10b and CDC48A1 genes remained present in the LB fraction of dormant buds (Table 1), suggesting they might also remove other ubiquitinated LB proteins. The expression patterns of the six LDAP genes were not identical, but all were upregulated during dormancy development, relative to expression levels in apices (Figures 5A–C). Notably, the major LDAP1b, which was upregulated during bud development, and excessively high (160-fold) during dormancy development, was little expressed in apices (Figures 5A,C). Also, the genes LDAP1a and LDAP3b were upregulated during bud development, while LDAP3a was not (Figure 5C). LDAP2a and LDAP2b were only slightly upregulated during bud development (Figure 5B). At this point, OLE6 was still very highly expressed (Figure 2A). The timeline shows that during dormancy development, when OLE6 was downregulated below the expression level in apices, all the five LDAP genes were strongly upregulated, especially LDAP1b (Figure 5A). In contrast, the upregulation of LDIP (ca. 5-fold; Figure 5D) was comparable to that of the other LDAPs.
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FIGURE 4. Expression of genes involved in OLEOSIN degradation. Relative expression of genes encoding (A) UBX Domain-Containing Proteins (PUX10a, b) and (B) Cell Division Control Proteins (CDC48A1,2) in apices (APs) under long day and in developing buds (DEBs) and dormant buds (DOBs) in short days. Values are calculated relative to the control (AP) and represent the means of three technical replicates ± SD of four plants. Asterisk(s) indicate statistical significance between treatments (one-way ANOVA, Tukey analysis; *P < 0.05; **P < 0.01; and ***P < 0.001).
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FIGURE 5. Expression of genes associating with the lipid body monolayer. Relative expression of genes encoding for (A–C) LDAPs and (D) LDIP in apices (APs) under a long day, and in developing buds (DEBs) and dormant buds (DOBs) in short days. Values are calculated relative to the control (AP) and represent the means of three technical replicates ± SD of four plants. Asterisk(s) indicate statistical significance between treatments (one-way ANOVA, Tukey analysis; ***P < 0.001).




Presence of LDAP1 in Maturing Buds and Localization at LBs

In addition to the gene expression studies, we investigated if OLEOSIN and LDAP were present in extracts of buds at different developmental stages during growth and under dormancy-inducing conditions. In growing plants, antibodies detected OLEOSINs in younger developing buds above the bud maturation point (BMP), while LDAP1 was not detected (Figure 6A). In contrast, LDAP1 appeared to be abundant in full-grown buds below the BMP, which had ceased development and entered quiescence. Under dormancy-inducing conditions, OLEOSINs could not be detected in any bud, whereas LDAP1 was found in dormant buds and was even increasing over time in dormant buds (Figure 6B).
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FIGURE 6. Immunodetection of LDAP1 and OLEOSIN proteins in axillary buds during their maturation under different daylength conditions. (A) Developing (zones Z1–Z3) and mature axillary buds (Z4) in reference to the bud maturation point (BMP) in long days. (B) Young axillary buds (YB) (Z1–Z3) in long days, and after 6 (DOB1, dormant buds 1) and 9 weeks (DOB2, dormant buds 2) in short days. Equal amounts of protein (10 mg) were loaded in wells.


That the Populus LDAPs can localize to LBs was demonstrated in leaf epidermal cells of N. benthamiana using a binary vector expressing the 35S promotor driven OLE6-eGFP fusion protein and binary vectors expressing LDAP1a-mRFP, LDAP1b-mRFP, LDAP2a-mRFP, LDAP3a-RFP, and LDAP3b-mRFP. The vectors were transformed into Agrobacterium tumefaciens and infiltrated into leaves for 2 days and investigated with CLSM. Captured images (Leica Application Suite X software) showed that all mRFP-tagged LDAPs were exclusively localized to OLE6:eGFP-tagged LBs (Figure 7). LDAP1b and LDAP3b did not localize to the smallest LBs, which only contained OLEOSIN. In brief, the upregulation of LDAPs, LDAPs presence in the LB fraction, and localization to LBs suggest that they were recruited to the monolayer after OLEOSIN removal. Together, these results suggest that OLEOSINs were degraded and replaced by LDAPs prior to bud completion and the establishment of a quiescent and dormant state.


[image: Figure 7]
FIGURE 7. Localization of Lipid Droplet Associated Proteins (LDAPs) at lipid bodies in N. benthamiana. Representative confocal laser scanning microscopy images of leaf epidermal cells transiently co-expressing eGFP-tagged OLE6 and corresponding mRFP-tagged LDAPs (magenta). Single optical sections of RFP, GFP, and the merged images are shown for each set of experiments. Bars 50 μm.




Candidate LB-Associated Proteins

The proteomic analysis of the bud LB fraction aimed to create an inventory of known and putative LB cargos that may contribute to cellular homeostasis, dormancy release and subsequent intercellular transport, and signaling in meristems. Their detection requires the omission of the salt wash (as shown above) that is commonly used to remove proteins that might associate with the monolayer during LB isolation, or are commonly considered contaminants. As argued above, this would also remove the peripherally associated proteins that hitch a ride to the PD. In buds, cytoplasmic proteins might associate with LBs when molecular crowding is reduced (Kory et al., 2015), and it seems possible that the enlarging LBs recruited a surplus of such proteins. These proteins may be stored at LBs and delivered to the PM and PD during dormancy release, serving membrane repair and renewed cell–cell communication. From the total fraction of 719 proteins, we selected 117 proteins, or ca. 16%, that potentially represent meaningful LB cargos (Table 1). As indicated, this selection was based on the reported presence of identical or similar proteins at LBs, in LB fractions, at PD, or in PD-enriched fractions (Fernandez-Calvino et al., 2011; Leijon et al., 2018). Since LBs frequently interact with other cell organelles and PD, we also included proteins that were reported or suggested to assist in LB-organelle-PM tethering, targeting, and hemifusion.

We detected in the LB fraction Caleosin 1 (CLO1), LDPI, LDAP3a, LDAP3b, LDAP1a, LDAP1b, Oil Body Lipase1 (OBL1a,b), GPAT8 (functionally redundant with GPAT4), and the 1,3-β-glucanase enzyme GH17_44 (Table 1). Like OLEOSIN, CLO1 has three structural domains, such as a pro-knot motif (Hsieh and Huang, 2004). Its major function is signaling, but at LBs, it contributes to monolayer stability (Chen et al., 1999). LDAPs associate with LB via amphipathic helices and similarly provide some structural integrity (Horn et al., 2013; Gidda et al., 2016; Kim et al., 2016). LDIP, which possesses a central hydrophobic sequence and few TMDs (Pyc et al., 2017), interacts with LDAP3 (Pyc et al., 2017) and may associate with nascent LBs (Coulon et al., 2020). OBL1 localizes to LBs in Arabidopsis seeds (Eastmond, 2006), and GH17_44 localizes to LBs in Populus meristems (Rinne et al., 2011). PUX10 and CDC48A are involved in the degradation of ubiquitinated proteins, such as OLEOSINs and might end up in the LB fraction attached to LB proteins. The LB fraction contained a dozen components of the 26S proteasome (Verma et al., 2002), such as the regulatory particle RPT2A and regulatory subunit RPN7, the ubiquitin-conjugating enzyme 13A (UBC13A), the ubiquitin-activating enzyme E11 (UAB1) (Table 1), and other 26S-associated proteins (Supplementary Table 1).

As LBs move in the actomyosin system motorized by myosin XI-k/1/2 (Veerabagu et al., 2020), it is of interest that the LB fraction contained two myosin XI tail binding GTPases. RAB-C2a, a homolog of the mammalian RAB18 that localizes to LBs, localizes in plants to peroxisomes that traffic on F-actin, like LBs (Hashimoto et al., 2008). RAB-D1 localizes to Golgi and endosomal vesicles (Pinheiro et al., 2009), which can interact with LBs (see discussion), while ARA6 localizes to LBs (Brasaemle et al., 2004; Fujimoto et al., 2004; Liu et al., 2004). The LB fraction contained only one actin, ACT7. This could be significant as ACT7 is associated with meristematic activity in germination and early plant development (McDowell et al., 1996; Kandasamy et al., 2001, 2009), is required in callus growth and present in PD fractions (Fernandez-Calvino et al., 2011). We also identified proteins that modulate actin dynamics, such as ADF4 and VAB2 (Table 1).

Proteins in the LB fraction that localize to PD components or the surrounding PM include, among others, (references in Table 1) Purple Acid Phosphatase (PAP1), two calreticulins (CRT1/CRT1A and CRT2/CRTB), two peroxidases (PRX36 and PRX37), the atypical 1,3-β-glucanase Zerzaust (ZET), 1,3-β-glucanase1 (BG1/GH17-37), Dehydrin HIRD11, Reticulon like protein B1 and B3 (RTN3), an inactive receptor kinase, Plasma Membrane Intrinsic Protein 1 and 3 (PIP1 and 3), Calnexin 1 (CNX1), and Bcl-2 Unfolding Protein BAG7 (Table 1; Supplementary Table 1). Of these, five were present in the Populus PD fraction (Leijon et al., 2018) and nine in that of Arabidopsis (Fernandez-Calvino et al., 2011). Several of these proteins were also previously localized to LBs, such as CNX1, RTN1, and RTN3 (Table 1).

Proteins previously found in LB fractions of plant and non-plant systems included LEA proteins, which protect cellular structure and PD during dehydration stress (Karlson et al., 2003). Among these were ERD7, LEA26, and LEA27 (Table 1). Furthermore, we identified alcohol dehydrogenases (ADH1-3), annexins (ANN1,2), transport family protein SecY, sterol methyltransferase (SMT2), embryo-specific protein ATS3, and Cytochrome P450 (Table 1).

The LB fraction also contained proteins involved in tethering, membrane trafficking, and membrane fusion, such as the CalB domain Synaptotagmin 2 (SYTB/SYT2), which is a C2 tethering protein, Syntaxins (SYP71) and other SYPs, the vesicle/protein transporter ADP-ribosylation factor 1 (ARF1), and the endosomal protein Guanine Nucleotide-Exchange (GEF), which recruits ARF1 to vesicles (Table 1, Supplementary Table 1). Moreover, a dozen Rab GTPases were present. These included ARA-3 (RAB8a), Golgi localized RAB-6A, and Suppressor of Variegation 11 (SVR11/RABE1B) (Table 1, Supplementary Table 1). The presence of CPOII subunits and COPI Coatomer subunits in conjunction with ARF1 is of interest, as they may mediate protein trafficking to and from LBs (Soni et al., 2009) (see discussion).

Other identified proteins potentially reflect organellar interaction, protein folding and unfolding at organelles and PD, lipid metabolism, storage, detoxification, and desiccation stress. Unfolding/folding proteins in the bud LB fraction included the chaperones/Heat Shock proteins Hsp-90-4, Hsp90-6, Hsp90-7, the Hsp70 proteins BIP2 and BIP3, and homologs of the cpn60 chaperonin TCP-1/CCT8. Of the TCP-1 chaperonin family proteins, 10 members were present (Table 1, Supplementary Table 1). Proteins related to lipid metabolism included Phospholipase C (PLC2), GDSL-motif esterase (acyltransferase), and the lipase Plat Domain Protein 2 (PLAT2). Also identified were three Histones, previously shown to be stored at LBs (Cermelli et al., 2006). The identified antioxidant enzymes may protect stem cells of the embryonic shoot from hypoxia-induced damage in the low-oxygen environment of the bud (Ophir et al., 2009; Meitha et al., 2015). They include Catalase 2 (CAT2), Thioredoxin-dependent peroxidase 1 (TPX1), the peroxidases PRX36 and PRX37, and Manganese Superoxide Dismutase (MSD1).

A direct comparison of the LB fraction of dormant buds and the PD fraction of cell suspension cultures of P. trichocarpa (Leijon et al., 2018) uncovered 19 identical proteins (Table 2). A part of these shared proteins was also identified in the PD fraction of Arabidopsis cell suspensions (Table 2). The presence of LDIP in the Populus PD fraction (Leijon et al., 2018) is of interest because LDIP is a LB protein (Pyc et al., 2017). Of interest is also the syntaxin SYP71, a plant-specific SNARE protein involved in vesicle docking and fusion (Suwastika et al., 2008) that is present in PD fractions of both Populus and Arabidopsis (Table 2). SNAREs can mediate LB tethering to distinct compartments, LB-LB fusion, and hemifusion with bilayer membranes (Boström et al., 2007; Murphy et al., 2009). The GTPase ARA-3 (RAB8a), which mediates vesicle docking, the PD-localized Calreticulin (CRT1/CRT1A) (Baluska et al., 2001), and the LEA protein ERD4 were present in both fractions. Likewise, the following proteins of the bud LB fraction were present in both PD fractions: ZET (Vaddepalli et al., 2017), an O-Glycosyl hydrolases family 17 protein, and the GPI-anchored protein SKU5 similar 1 (SKS1). Some proteins exclusively shared by the LB fraction and the Populus PD fraction were the Thioesterase superfamily protein, involved in fatty acid biosynthesis, the seed LB candidate protein Embryo-Specific Protein 3 (ATS3) (Vermachova et al., 2011; Kretzschmar et al., 2020), a leucine-rich receptor kinase (probably inactive), PAP1, the cytoplasmically localized Reversible Glycosylated Polypeptide 3 (RGP3), the aquaporin Plasma Membrane Intrinsic Protein 1 (PIP1), the PHB-domain protein PHB6, the antioxidant TPX1, and the hydrolase S-Formylglutathione Hydrolase (SFGH).


Table 2. Proteins that are shared by the bud LB fraction of Populus and the PD-enriched fraction of Populus trichocarpa Leijon et al. (2018).
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DISCUSSION


Production and Degradation of OLEOSINs

OLEOSINs stabilize the LB monolayer, preventing coalescence and fusion during seed desiccation and dormancy (Siloto et al., 2006; Shimada et al., 2008; Hsiao and Tzen, 2011). Perennial buds also desiccate, albeit partially (Rinne et al., 2015), express OLEOSIN genes, produce OLEOSINs, accumulate LBs, and establish dormancy. The major gene OLE6 was strongly upregulated during bud formation (Figure 2A). Given these similarities, it came as a surprise that none of the eight Populus OLEOSINs were detected in the LB fraction of dormant buds (Table 1; Supplementary Table 1). OLE6 was completely downregulated prior to dormancy establishment (Figure 2A), while the minor genes OLE3 and OLE5 were expressed very little. The apparent absence of OLEOSINs in the LB fraction of dormant buds suggests they were degraded prior to dormancy establishment, likely by the machinery that also degrades OLEOSINs during seed germination (Deruyffelaere et al., 2018). Core components of this machinery were found in the Populus LB fraction, such as the adaptor protein PUX10, the segregase CDC48A (AAA ATPase Cell Division Cycle 48) and various 26S components, the ubiquitin-activating enzyme UBA1, the crucial 19S ATPase subunit RPT2A, and several deubiquitinating proteases, which are required for insertion of proteins into the 20S core (Table 1, Supplementary Table 1). PUX10 associates with LBs, and interacts with ubiquitin through its UBA domain and with CDC48A through its UBX domain, resulting in the degradation of ubiquitinated OLEOSINs by the 26S proteasome (Hsiao and Tzen, 2011; Deruyffelaere et al., 2015, 2018; Kretzschmar et al., 2018). As AtPUX10 is an integral class I LB protein that binds ubiquitins and recruits CDC48A (Deruyffelaere et al., 2018), it is perhaps not surprising that these components were present in the LB fraction of Populus buds. The predicted K130 ubiquitination site of PtOLE6 aligned with the major ubiquitination sites of AtOLE3-K159 and AtOLE4-K144 (Supplementary Figure 5B). Moreover, we found that in germinating seeds of an Arabidopsis, PtOLE6 overexpressor PtOLE6 is degraded like AtOLE1-4 (Deruyffelaere et al., 2015), and that degradation is partially inhibited by proteasome inhibitors E64d and blocked by MG132 (Figure 3). It seems likely, therefore, that this degradation mechanism is responsible for the early removal of OLEOSINs from LBs of buds, although direct localization of these proteins to the LBs remains to be demonstrated. During bud formation, the major gene OLE6 was strongly upregulated, producing OLEOSIN protein and many small LBs (Figures 1, 2). During dormancy establishment, OLE6 was downregulated below the level of growing apices (Figure 2A); and while PUX10b and CDC48A1were upregulated (Figures 4A,B), OLEOSINs were no longer detected (Figure 6B), and LBs had enlarged (Figure 1E). In correspondence with OLE6 downregulation, LDIPa, LDAP1, LDAP2, and LDAP3 were upregulated (Figure 5); and their encoded proteins, LDIP, LDAP1, and LDAP3, were detected in the bud LB fraction instead of OLEOSINs (Table 1). In brief, the data support the hypothesis that OLEOSIN is required for initiation of LB production in buds, but that prior to dormancy establishment OLEOSINs are removed by the PUX10/CDC48a degradation mechanism. PUX10 and CDC48A also likely degrade other LB proteins (Deruyffelaere et al., 2018), as they remain in LBs after OLEOSIN is removed.



Probable Replacement of OLEOSIN by LDIP/LDAPs

That OLEOSINs are replaced by LDAP1 during LB enlargement is supported by the following facts. First, in long-day plants, OLEOSIN was detectable in extracts of developing buds and virtually absent in mature buds, while the reverse was true for LDAP1 (Figure 6A). Second, in short-day plants, OLEOSINs could not be detected in dormant buds, while LDAP1 was abundant (Figure 6B). Indeed, in general LDAPs might not interact with OLEOSIN-covered LBs, because LDAPs do not possess a hydrophobic hairpin and their relative hydrophilicity allows LB association only in detergent-sensitive manner (Gidda et al., 2016; Kim et al., 2016; Huang and Huang, 2017; Pyc et al., 2017). LDAPs and many of the identified LB fraction proteins might have been recruited to the expanding monolayer surface after OLEOSIN degradation, such as CLO1 (Table 1), which binds competitively with the monolayer (Huang, 2018). Noteworthy is that in N. benthamiana, the mRFP-tagged LDAP1b and LDAP3b, did not localize to the smallest OLE6-eGFP-tagged LBs (Figure 7), suggesting that these two proteins associate only with an expanded monolayer. LDIP anchors itself via an amphipathic helix in the monolayer and interacts with LDAP3 (Pyc et al., 2017) but is confined to a small area of the LB while LDAPs cover the entire monolayer (Coulon et al., 2020). LDIP was suggested to facilitate the neo-formation of small LBs (Coulon et al., 2020) in cooperation with SEIPINs (Cai et al., 2015; Barbosa and Siniossoglou, 2017). As LDIPa was upregulated during the LB accumulation phase in developing buds (Figure 5D), it seems possible that it did assist later LB emergence. LB expansion might be driven by increased TAG biosynthesis (Figures 1E, 2B), possibly involving the ER-localized enzyme GPAT8 (Table 1) (Gidda et al., 2009), which functions redundantly with GPAT4 (TAIR). Both localize to LBs in Arabidopsis (Fernández-Santaso et al., 2020) and in mammalian and insect cells (Wilfling et al., 2013).

Seed germination involves OLEOSIN degradation, LB enlargement, and recruitment of cytoplasmic proteins that mediate lipolysis and promote seedling growth (Deruyffelaere et al., 2015; Thazar-Poulot et al., 2015; D'Andrea, 2016). Germination cannot occur when the TAG lipase SDP1 is absent (Eastmond, 2006). While in buds SDP1a and SDP1b were slightly upregulated under short days (Figure 2C), the enzymes were absent from the LB fraction (Supplementary Table 1), and LB degradation was not observed. Either way, SPD1 transcript levels might not reflect enzyme activity because it might be post-transcriptionally regulated (Eastmond, 2006), or it is not delivered to LBs by the glyoxysomes that produce them (Thazar-Poulot et al., 2015) but kept in store for later bud activation. Notably, the retromer subunit VPS29 that mediates peroxisome tubulation to deliver SPD1 to the LBs was absent from the LB fraction (Supplementary Table 1).



LB Fraction and Putative LB Proteome

LBs function in lipid homeostasis, protein sequestration, and membrane and cargo trafficking (Murphy, 2012). As a result, LB fractions can contain tens or even hundreds of proteins (Bartz et al., 2007; Hodges and Wu, 2010; Brocard et al., 2017; Zhi et al., 2017), most of which lack canonical LB functions. These “refugee” proteins (Hodges and Wu, 2010) are of interest, highlighting the dynamics of protein exchanges. Our proteomic analyzes were aimed at creating an inventory of such transiently associated proteins, as they could be involved in cellular homeostasis, dormancy release, and intercellular transport and signaling. The 719 identified proteins were present in the LB fractions of three independent experiments (Table 1, Supplementary Table 1), and among these were 117 proteins that included known LB proteins and proteins that were previously identified in LB fractions of various systems (Table 1). They relate to the ER, lipid metabolism, cytoskeleton, membrane trafficking, organellar interaction, membrane tethering and fusion, chaperone function, and signaling (Zehmer et al., 2009; Hodges and Wu, 2010; Gao and Goodman, 2015). Some of them might serve the unique needs of dormant bud meristems, which have reduced metabolism, face environmental and endogenous stresses, and maintain a dormancy-release mechanism (Rinne et al., 2001, 2011). In the absence of OLEOSINs, which mitigate desiccation and freezing stress (Siloto et al., 2006; Shimada et al., 2018), LDAPs, CLO1, and hydrophilins, such as LEA proteins (Table 1), might confer stability to LBs (Gidda et al., 2016; Kim et al., 2016). The bud, as a survival structure, must protect the enclosed embryonic shoot and its resident stem cells against environmental and endogenous onslaughts. Considering that the enclosed meristem resides in a hypoxic internal bud environment (Ophir et al., 2009; Meitha et al., 2015), the identified antioxidants might function to protect the stem cells. Notably, the LB fraction contains TPX1, the peroxidases PRX36, PRX37, CAT2, and MSD1 (Table 1), which, like in Drosophila (Bailey et al., 2015), can mitigate the effects of hypoxia-induced ROS. LBs may also detoxify stem cells by removing cytoplasmic free fatty acids, resulting from membrane degradation and remodeling during desiccation (Listenberger et al., 2003). Given the embryo-like nature of the embryonic shoot, the presence of histones H2A, H3, and H4 in the LB fraction is significant. Drosophila stores maternal H2A, H2B, H3, and H4 at LBs in its eggs as a repository for early embryogenesis (Cermelli et al., 2006; Li et al., 2012). Storage at LBs keeps histones available for immediate use while avoiding the cytotoxic effects of free histones (Gunjan and Verreault, 2003). In bud meristems, they could serve a similar purpose.



LB Fraction and LB Trafficking to PD

As shown previously, LBs do not arrive at PD by simple cytoplasmic streaming but by processive trafficking in the actomyosin system, which is severely impaired in an Arabidopsis 3KO myosinxi-k/1/2 mutant (Veerabagu et al., 2020). Myosin XI-K is the most important among the 13 class XI myosins of Arabidopsis and is responsible for the movement of mitochondria, peroxisomes, and endomembrane vesicles (Avisar et al., 2008, 2009; Sparkes et al., 2008; Peremyslov et al., 2015). The binding of LBs to myosin XIs, like that of other organelles, might require Rab GTPases. We identified in the LB fraction two “myosin XI tail-binding” proteins, the Rab GTPase homolog C2A (RAB-C2A) and the Rab GTPase homolog D1 (RAB-D1) (Table 1). In Arabidopsis, these factors interact with the C-terminal tail region of MYA2 (an isoform of myosin XI). While RAB-C2A specifically localizes to peroxisomes (Hashimoto et al., 2008), RAB-D1 associates with the Golgi apparatus (Pinheiro et al., 2009). A recent study on the Populus Rab family found that RAB-C2A did not localize at Golgi, TGN, or endosomes but instead at small unidentified vesicles (Zhang et al., 2018), which could have been peroxisomes but possibly also LBs. The presence of RAB-C2A in the LB fraction (Table 1) suggests that RAB-C2A is the receptor that anchors LBs to myosin XI-k/1/2, enabling motility, interaction with cell organelles, and targeting of PD. If so, the motility of LBs and peroxisomes on the same RAB-C2A/Myosin XI/actin assembly might explain their frequently observed interaction (Mathur et al., 2002; Hashimoto et al., 2008; Veerabagu et al., 2020). Notably, RAB18, a mammalian homolog of RAB-C2A, is present at LBs and in LB fractions (as shown in references in Table 1). The presence of Golgi-related RAB-D1 in the LB fraction (Table 1) suggests an interaction between LBs and Golgi- and endosomal vesicles (see below). LBs might move on ACT7, as it is the only actin identified in the bud LB (Table 1) and seed LB fractions of Chinese tallow (Zhi et al., 2017). ACT7 is required in seed germination, early plant development, and meristem proliferation (McDowell et al., 1996; Kandasamy et al., 2001, 2009), and it is found in the PD fraction of Arabidopsis callus cells (Fernandez-Calvino et al., 2011). The presence of actin-stabilizing VAB2 (Ma et al., 2012) and PD-localized actin-severing ADF4 in the LB fraction (Table 1) appears to reflect the dynamics of actin-mediated transport.



Organellar Interactions and Chaperones

As argued by Gao and Goodman (2015), organelle markers, such as ER luminal chaperones and mitochondrial proteins, are so frequently associated with thoroughly purified LBs that it is unlikely that they all represent contaminants. At least some of them might reflect the frequently observed LB-organellar interactions (Murphy et al., 2009; Zehmer et al., 2009), facilitated by their movement on F-actin (Mathur et al., 2002; Van Gestel et al., 2003; Hashimoto et al., 2008; Veerabagu et al., 2020). We identified some mitochondrial proteins, vacuolar proteins, and lipid metabolism proteins, as well as Annexins, Calnexin, LEA proteins, Cytochrome P450s, transport proteins, Alcohol Dehydrogenases, and Embryo-Specific Protein3 (Table 1, Supplementary Table 1). Several of these are present in seed LB fractions and PD fractions (as shown in references in Table 1). The identified annexins putatively link LBs to the PM and PD, as they can bind F-actin, regulate membrane trafficking, bind phospholipids and Ca2+, inhibit callose synthase at PD, act as peroxidases, and induce membrane curvature (Delmer and Potikha, 1997; Clark et al., 2012; Boye et al., 2018).

Organellar interactions involve chaperone-like molecules that mediate membrane and vesicle transport, tethering, and membrane (hemi-)fusion. Chaperones transport, fold and unfold proteins during autophagy, and function at peroxisomes, mitochondria, chloroplasts, and ER (Boston et al., 1996; Kriechbaumer et al., 2012). We identified Synaptotagmin B, various Syntaxins, ARF1 and ARF-related proteins, and transport-related RAB GTPases (Table 1). The identified calnexins and several of the chaperones (Table 1) were also present in the LB fraction of the Chinese tallow (Zhi et al., 2017). In the SAM, LB-resident chaperones, delivered to PD, could assist in the documented unfolding and refolding of the non-cell-autonomous proteins that move cell-to-cell (Aoki et al., 2002). Essential in SAM function is the intercellular movement of the conserved transcription factor SHOOT MERISTEMLESS (STM) in Arabidopsis, and KNOTTED1 (KN1) in maize, which requires chaperon-assisted unfolding in the donor cell and chaperonin-assisted refolding in the destination cell (Kitagawa and Jackson, 2017). The LB fraction contained, among others, the CCT8 subunit of chaperonin CTP-1 (AT3G03960) that refolds STM/KN1 in the destination cell (Xu et al., 2011; Kitagawa and Jackson, 2017). Although CCT8/CTP-1 localization at LBs remains to be shown, LBs that dock at opposite sides of PD (Rinne et al., 2011; Veerabagu et al., 2020) could engage in unfolding proteins for export and refolding incoming proteins in the SAM.



LB Proteins Localized to PD or Present in PD-Enriched Cell Wall Fractions

Lipid bodies can target PD to deliver enzymes that enhance PD conductivity (Rinne et al., 2001, 2011; Veerabagu et al., 2020). Part of the identified proteins may similarly arrive at the PD interior and surrounding PM via the LB shuttle. This seems feasible, as many of the proteins in the LB fraction have been localized to PD, such as acid phosphatases (Esau and Charvat, 1975), calreticulins (Baluska et al., 2001), calnexins (Liu et al., 2017), and reticulon (Knox et al., 2015; Kriechbaumer et al., 2015).

Reticulon, present in the LB fraction of insect cells, adopts a hairpin-like topology in the outer ER leaflet (Beller et al., 2008). It is of interest, therefore, that reticulon3 (RTN3) is present in the bud LB fraction (Table 1), and that it is identified in the PD fraction (Fernandez-Calvino et al., 2011) and localized at PD (Knox et al., 2015; Kriechbaumer et al., 2015). This suggests the possibility that in meristems RTN3 could arrive at the desmotubule via LBs. The dehydrin HIRD11 (Table 1) may protect PM- and PD-localized proteins during winter, such as the PD-localized dehydrin in cold-acclimated tissue of dogwood (Karlson et al., 2003). Similarly, the γ-clade GH17-family protein (Table 1) localizes to PD (Rinne et al., 2011). RGP3 might also localize to PD, like RGP2 (Sagi et al., 2005). Proteins in the LB fraction, some of which localized to PD, were also identified in PD fractions of both Arabidopsis (Fernandez-Calvino et al., 2011) and P. trichocarpa (Leijon et al., 2018), such as ERD4, Syntaxin of Plants 71 (SYP71), small GTP-binding protein ARA-3 (NAC/RAB8a), Calreticulin 1A (CRT1A), PAP1, ZET, O-Glycosyl hydrolases family 17 protein, SKU5 similar 1 (SKS1), and Thioesterase superfamily protein (Table 2). The presence of the LB protein LDIP and the candidate LB protein ATS3 (Vermachova et al., 2011; Kretzschmar et al., 2020) in the Populus PD proteome (Leijon et al., 2018) and in the LB fraction (Table 1) is an independent confirmation that LBs target PD.

The number of proteins in the LB fraction that are destined for PD might be much larger than that which is found in enriched PD fractions of cell cultures because they contain only young primary PD (Fernandez-Calvino et al., 2011; Leijon et al., 2018). In complex three-dimensional tissues, such as bud meristems, LBs dock at both primary and secondary PD (Rinne et al., 2011; Veerabagu et al., 2020). The overlap with available PD proteomes might, therefore, underestimate the LB proteins that are delivered to PD in meristems.

The presence of some ER-luminal proteins and GPI-anchored proteins in the LB fraction appears puzzling. A possible explanation is that they might reside inside a subset of LBs. Most LBs are formed at the cytoplasmic leaflet of the ER, which then determines the composition of the monolayer and its associated proteins (Guo et al., 2009; Walther and Farese, 2009). Alternatively, an entire oil lens may be cut out from the ER, resulting in a bicelle LB, in which the monolayer is derived from both ER leaflets (Ploegh, 2007). Such LBs possess proteins that reside on both sites of the ER membrane and include luminal ER-anchored proteins. In addition, during “vesicular budding” (Walther and Farese, 2009), minute cytoplasmic bilayer vesicles are produced and tethered to ER, while neutral lipids are imported into the bilayer by a lipid shuttle. As a result, the growing LB can contain a minuscule aqueous inclusion inside the remnants of the luminal ER leaflet, as also observed in birch meristems (Rinne and van der Schoot, 2004). In the last two cases, LBs can contain luminal ER proteins, for example, calnexin and BIP (Table 1), which are indeed frequently found in LB fractions (Brasaemle et al., 2004; Liu et al., 2004; Umlauf et al., 2004; Ploegh, 2007). LBs might also recruit organellar proteins. For example, LBs interact with ER, the Golgi apparatus, and early and late endosomes (Beller et al., 2010), and the coatomer assemblies SAR1-COPII and GEF-ARF1-COPII are implicated in protein delivery to LBs (Soni et al., 2009). Moreover, Arf1/COP1 locates to LBs, probably directing ER proteins to bridges that connect the ER to LBs (Bartz et al., 2007; Beller et al., 2010; Wilfling et al., 2014; Gao and Goodman, 2015; Brocard et al., 2017; Huang et al., 2019). It is of interest, therefore, that COPII and SAR1/2, as well as COPI, GEF (BIG5), and ARF1, are present in the bud LB fraction (Table 1).

The current inventory of putative LB-associated proteins lays out a road map for future investigations into the shuttle function of LBs in plant meristems, serving cellular metabolism, organellar interaction, and uniquely for plants, transport to and through PD.




EXPERIMENTAL PROCEDURES


Plant Materials and Sample Collection

Hybrid aspen (Populus tremula × Populus tremuloides) clone T89 plants were micro propagated, moved to a glass house, and grown under an 18-h long day (Veerabagu et al., 2020). When the plants reached a height of 80–100 cm, half of them were subjected to 10-h short days to induce dormant buds. We investigated meristems in three distinct phases: actively proliferating apices of growing long-day plants (APs), apices inside developing buds (DEBs, 3–4 weeks old), and dormant apices in completed terminal buds (DOBs, 6–9 weeks old).

P. trichocarpa OLE6-eGFP was overexpressed in Arabidopsis thaliana (Col-0), and homozygous lines were obtained as previously described by Veerabagu et al. (2020). Transgenic Arabidopsis PtOLE6-eGFP seeds were germinated on Whatman paper, wetted with 2 ml of 0.2% DMSO (control), 200 μM MG132, or 40 μM E64d (Deruyffelaere et al., 2015). Seeds were first subjected to 72 h of stratification at 4°C in the dark and later germinated under continuous light for 48–72 h as indicated at 25°C.



Microscopy of SAMs and LBs

Shoot apices of growing plants (APs), developing buds (DEBs, 4 weeks) and dormant buds (DOBs, 8 weeks) were fixed overnight in 2% (v/v) glutaraldehyde and 3% (v/v) paraformaldehyde at 4°C in 100 mM phosphate citrate buffer (Rinne et al., 2001). Because of the density of the bud tissues, the infiltration into LR white resin (LRW) was done gradually by increasing the LRW concentration stepwise from 30 to 70%, and, finally, incubating 4–7 days in 100% LRW. The resin was polymerized at 55°C for 24 h. Samples were trimmed longitudinally, and 1 μm thick median sections were stained with 1% (w/v) aqueous toluidine blue for light microscopical observation (Leica DM6B, Leica Microsystems, Wetzlar, Germany) and imaging with a digital camera (Leica DMC4500, Leica Microsystems, Wetzlar, Germany). Subsequently, ultra-thin 80 nm sections were cut from samples and observed with a TEM (FEI Morgagni 268 FEI Company, Eindhoven, The Netherlands), which is electronically set to produce high-contrast LBs.

The number and sizes of LBs were assessed manually in median longitudinal TEM sections, restricted to two areas in the SAM and in the subjacent rib meristem/rib zone region (RM/RZ) (Figures 1A–C). Per photoperiod 2–3 replicate apices were used, and LB number and sizes were assessed in two TEM sections. As the chance to section through a LB increases with LB size (diameter), the numbers were corrected relative to DOB. In addition, we calculated the total number of LBs per average cell volume, considering section thickness and LB diameter, as explained in Supplementary Figure 1.



RNA Extraction, Quantitative PCR (qPCR), and Cloning

Complementary DNA (cDNA) preparations derived from dormant buds were used as a template to amplify all the LDAPs. The LDAP entry clones were obtained by BP reaction in pDONR207 and verified by sequencing. The binary constructs for mRFP fusion protein expression under the control of the 35S promoter were obtained via LR reaction using the respective LDAP entry clones and the destination vector pB7WGR2 (Karimi et al., 2002). For qPCR analyses, we collected apices from growing long-day plants (APs), and from short-day plants with developing buds (DEBs, 3 weeks), and dormant buds (DOBs, 6 weeks). Three biological replicates, each containing pooled samples, were frozen in liquid nitrogen. RNA was extracted from 0.2–0.3 g of frozen samples and analyzed with quantitative qRT-PCR, as described before (Katyayini et al., 2019). All clones were constructed using the Gateway™ technology (Invitrogen, Waltham, MA, United States). The binary vector pK7FWG2 expressing PtOLE6-eGFP fusion protein was constructed as described previously by Veerabagu et al. (2020). cDNA preparations derived from dormant buds were used as a template to amplify all the LDAPs. The LDAP entry clones were obtained by BP reaction in pDONR207 and verified by sequencing. The binary constructs for mRFP fusion protein expression under the control of the 35S promoter were obtained via LR reaction using the respective LDAP entry clones and the destination vector pB7WGR2 (Karimi et al., 2002). Gene-specific primer sequences for qPCR analyses were designed using Primer3. The list of primers and genes used for qPCR and cloning are presented in Supplementary Tables 2, 3.



Lipid Body Purification

Dormant buds were collected from short-day (9 weeks) exposed plants and used for LB purification and repeated in three independent experiments (Bio 1–3). Freshly harvested buds weighing 5–8 g were kept on ice until all the hard bud scales were carefully removed. The material was rinsed thrice in cold distilled water and then processed for LB extraction and purification. For LB purification, we used a previously described method (Jolivet et al., 2004) with two modifications. First, we deliberately omitted the NaCl ionic elution step to avoid discarding the loosely attached LB-associated proteins, which we aimed to identify. Second, proteins were precipitated using ice-cold methanol instead of hexane. Bio 1–2 received the prescribed 1X Tween20 wash, but Bio 3 was washed once more with Tween20 to increase stringency. The purity of the LB fraction was checked under light and DIC microscope to confirm absence of cellular contaminations. Total FAME measurement was carried out to assess the enrichment of fats in the LB fractions (O'Fallon et al., 2007). A fraction of the floating “fat pads” containing purified LBs was collected and inspected under the confocal microscope to confirm its purity and integrity (Supplementary Figure 4C). The fat pad, which was enriched with LBs (Supplementary Figure 4D), was further processed for protein precipitation (Veerabagu et al., 2020).



Immunoblotting

To investigate the production of LDAP1 and OLEOSIN in Populus buds by immunodetection, axillary buds were obtained from different developmental zones of long and short-day plants, as indicated in Figure 6. Proteins were extracted using the 2x Laemmli buffer, and equal amounts of protein (10 mg) were loaded in each well. Western blot analyses were carried out using primary antibodies of A. thaliana anti-OLE1 polyclonal antibody (PhytoAB-PHY0954A) at a dilution ratio of 1:2000, Hevea brasiliensis anti-SRPP1 (LDAP1) monoclonal antibody (Abcam-ab138711, Abcam, Cambridge, United Kingdom) at a dilution ratio of 1:1000, and anti-eGFP monoclonal antibody (Thermo Fisher-MA1-952, Thermo-Fisher Scientific, Waltham, MA, United States) at a dilution ratio of 1:2000. Goat anti-rabbit IgG H&L (HRP) antibody phytoAB-PHY6000 at a dilution ratio of 1:5000 was used as a secondary antibody for OLE1. Goat anti-mouse IgG H&L (HRP) (Abcam-ab205719) at a dilution ratio of 1:5000 was used as a secondary antibody for both LDAP1 and eGFP antibodies. Immunoblot signals were detected with the Clarity Western ECL kit (Bio-Rad, Hercules, CA, United States) and imaged with a Chemidoc (Bio-Rad, Hercules, CA, United States) digital imager.

Degradation of OLEOSIN and inhibition of degradation were studied in imbibed seeds of transgenic PtOLE6-eGFP-expressing Arabidopsis seedlings (Figure 3). Proteins were extracted from imbibed PtOLE6-eGFP transgenic seeds and immunoblotted using an anti-eGFP monoclonal antibody (Thermo Fisher-MA1-952, Thermo-Fisher Scientific, Waltham, MA, United States) and detected in Western blots as described above.



Protein Extraction

In short, the LB pellets were rinsed with methanol and air-dried. Subsequently, proteins were extracted in appropriate volumes of 2x Laemmli buffer. The third biological replicate received an additional wash, which further purified the sample. The extracted proteins were loaded on a 10% Bio-Rad mini protein gel (Bio-Rad, Hercules, CA, United States) and allowed to run ~1.5 cm into the gel. The protein gel was stained with Coomassie Brilliant Blue (MilliporeSigma, Burligton, United States) for an hour and destained overnight. The region of the gel showing stained proteins was isolated and excised into six fractions. The gel pieces were reduced (DTT) and alkylated (iodoacetamide) before overnight digestion with trypsin. After digestion, the peptides were extracted from the gel by sonication in a 0.1% TFA solution and cleaned up by a reversed-phase (C18) spin-tip procedure. Eluted peptides were dried and re-dissolved in a loading solution (2% acetonitrile, 0.05% TFA in MilliQ water). Samples were analyzed by LC-MS/MS, with Ultimate™ 3000 RSLC nano system coupled with Q Exactive hybrid quadrupole-orbitrap (Thermo-Fisher Scientific, Waltham, MA, United States). Thermo raw files were converted using the msfileconvert module of the Proteowizard (v 3.0.7076) software suite. All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.6.1). The mascot was set up to search the P. trichocarpa database (txid_3694, 53583 entries). The mascot was searched with a fragment ion mass tolerance of 0.02 Da and a parent ion tolerance of 10.0 PPM. Carbamidomethylation of cysteine was specified in Mascot as a fixed modification. Deamidation of asparagine and glutamine, oxidation of methionine, and acetylation of the n-terminus were specified in the Mascot as variable modifications.



Criteria for Protein Identification

Scaffold (version Scaffold 4.9., Proteome Software Inc., Portland, OR, United States) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at >95% probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be established at >99% probability and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and could not be differentiated based on MS/MS analyses alone were grouped to satisfy the principles of parsimony. Proteins were considered identified only if in all three biological replicates they contained at least two unique peptides. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE* (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD020099 and 10.6019/PXD020099. Gene ontology information was retrieved using The Arabidopsis Information Resource (TAIR) (Berardini et al., 2015) and The Plant Genome Integrative Explorer Resource (PlantGenIE) (Sundell et al., 2015). The complete list of Populus lipid body proteins identified in all the three biological replicates and the proteins identified in individual biological replicates are presented in Supplementary Table 1. The P. trichocarpa LB proteins identified in this study were checked for their relative protein abundance of different cellular compartments using the Multiple Marker Abundance Profiling (MMAP) tool from the SUBA toolbox and presented in Supplementary Figure 10.



Protein in situ Localization

The corresponding binary constructs were transformed into the A. tumefaciens strain GV3101 pMP90 and further infiltrated into N. benthamiana leaves (Schutze et al., 2009) together with the p19 protein from tomato bushy stunt virus cloned in pBIN61 (Voinnet et al., 2000) to suppress gene silencing. After two days of infiltration, tobacco leaf epidermis was investigated with a Leica TCS SP5 CLSM (Leica Microsystems, Wetzlar, Germany), and eGFP (Veerabagu et al., 2020) and mRPF (Van Damme et al., 2004) fluorescence was recorded (eGFP: excitation/emission 488/500–540 nm; mRFP: excitation/emission 561/600–640 nm). The Leica Application Suite X software was used to arrange single optical sections of mRFP (in magenta), eGFP and the corresponding merged images. Degradation of PtOLE6-eGFP and inhibition of degradation were studied in seeds of transgenic PtOLE6-eGFP expressing Arabidopsis seedlings imbibed with 2 ml of.2% DMSO (control), 200 μM MG132, and 40μM E64d, and investigated with CLSM (Figure 3).



Statistical Analyses and Bioinformatics

One-way ANOVA followed by Fisher's and Tukey's multiple comparisons tests were performed using GraphPad Prism Version 8.0.0 (www.graphpad.com). The MEGA6 program (http://www.megasoftware.net/) was used for ClustalW multiple sequence alignments and phylogenetic analysis, with maximum likelihood method and Poisson correction model. The Populus and Arabidopsis proteins of the phylogenetic analyses are presented in Supplementary Figures 2, 3, 6–9.
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The ability to develop secondary (post-cytokinetic) plasmodesmata (PD) is an important evolutionary advantage that helps in creating symplastic domains within the plant body. Developmental regulation of secondary PD formation is not completely understood. In flowering plants, secondary PD occur exclusively between cells from different lineages, e.g., at the L1/L2 interface within shoot apices, or between leaf epidermis (L1-derivative), and mesophyll (L2-derivative). However, the highest numbers of secondary PD occur in the minor veins of leaf between bundle sheath cells and phloem companion cells in a group of plant species designated “symplastic” phloem loaders, as opposed to “apoplastic” loaders. This poses a question of whether secondary PD formation is upregulated in general in symplastic loaders. Distribution of PD in leaves and in shoot apices of two symplastic phloem loaders, Alonsoa meridionalis and Asarina barclaiana, was compared with that in two apoplastic loaders, Solanum tuberosum (potato) and Hordeum vulgare (barley), using immunolabeling of the PD-specific proteins and transmission electron microscopy (TEM), respectively. Single-cell sampling was performed to correlate sugar allocation between leaf epidermis and mesophyll to PD abundance. Although the distribution of PD in the leaf lamina (except within the vascular tissues) and in the meristem layers was similar in all species examined, far fewer PD were found at the epidermis/epidermis and mesophyll/epidermis boundaries in apoplastic loaders compared to symplastic loaders. In the latter, the leaf epidermis accumulated sugar, suggesting sugar import from the mesophyll via PD. Thus, leaf epidermis and mesophyll might represent a single symplastic domain in Alonsoa meridionalis and Asarina barclaiana.

Keywords: Alonsoa meridionalis, Asarina barclaiana, Hordeum vulgare, Solanum tuberosum, leaf epidermis, phloem loading mode, secondary plasmodesmata, single cell sampling


INTRODUCTION

In land plants, cells can be connected by primary and/or secondary plasmodesmata (PD). Primary PD develop during cytokinesis and thus connect “sister cells” of the same cell lineage. In contrast, secondary PD develop de novo, i.e., post-cytokinetically, and can occur between “sister cells” as well as between cells which belong to different cell lineages. The ability to specifically enhance the extent of symplastic connectivity at any cell border by means of secondary PD formation represents an important evolutionary advantage, and not all vascular plants are able to develop secondary PD (Evkaikina et al., 2014). The exact mechanisms of the formation of secondary PD and the regulation of this process in different taxa of land plant are far from being completely understood.

In flowering plants, one of the best characterized examples of enhanced secondary PD formation is found in the minor veins of leaf species designated as symplastic phloem loaders (Gamalei, 1991; Van Bel and Gamalei, 1992). In symplastic phloem loaders, transfer of assimilates from the mesophyll into the phloem is assisted by highly developed PD at the boundary between bundle sheath cells and phloem companion cells. As these PD appear during the maturation of the leaf, i.e., after cell divisions have been completed, they represent secondary PD. The number of these PD can be very high in symplastic phloem loaders, especially in species that contain phloem companion cells of the “intermediary cell” and in “intermediary-cell-like” types (Gamalei, 1991; Batashev et al., 2013).

Several studies have suggested that apoplastic phloem loaders represent species with generally low PD frequencies between leaf cells and tissues, while species with generally abundant PD tend to represent symplastic phloem loaders (Gamalei, 1995; Turgeon and Medville, 2004). The overall symplastic connectivity of the cells of the leaf lamina has been proposed to correlate with the number of PD connecting bundle sheath and companion cells in the minor veins of leaf (Gamalei, 1995). This hypothesis was corroborated by the finding that the frequencies of PD between mesophyll cells correlate with the plasmodesmal frequencies at the phloem/mesophyll interface (considered as the indicator of the phloem loading mode, symplastic versus apoplastic) in several species as shown by Turgeon and Medville (2004). However, the question arises whether the high abundance of secondary PD across the mesophyll/phloem boundary of symplastic phloem loaders represents a systemic phenomenon of increased formation of secondary PD. At present, no technique is available to distinguish between secondary and primary PD at the cytological level. Thus, only the PD found between cells derived from different cell lineages, i.e., cells that never had a common division wall, can be safely considered as secondary, while boundaries between the cells of the same lineage are interpreted to contain a mixed population of both primary and secondary PD (Fitzgibbon et al., 2013).

Here, we compared the PD distribution between cells and cell layers in the leaves of four species from the following four different families: barley (Hordeum vulgare, Poaceae), potato (Solanum tuberosum, Solanaceae), Alonsoa meridionalis (Scrophulariaceae), and Asarina barclaiana (Plantaginaceae, formerly Scrophulariaceae). Barley and potato represent apoplastic phloem loaders (Riesmeier et al., 1994; Botha and Cross, 1997), while in A. meridionalis and A. barclaiana, phloem loading has a strong symplastic component (Voitsekhovskaja et al., 2006, 2009). We considered PD between leaf epidermis and mesophyll as secondary because epidermis and mesophyll originate from different cell lineages corresponding to the L1 and L2 layers, respectively in the leaf primordium (Satina and Blakeslee, 1941; Kang and Dengler, 2018). Moreover, in shoot apices of both A. meridionalis and A. barclaiana, the one-layered tunica of the meristem continuous with the protoderm of leaf primordia can be clearly distinguished, suggesting that like in many other species, cells of this layer represent an independent cell lineage also in A. meridionalis and A. barclaiana (Supplementary Figure 1). The PD between mesophyll cells as well as the PD between epidermal cells were considered as a mixture of primary and secondary PD, although some studies indicated that PD between mesophyll cells are predominantly primary (Oparka et al., 1999). To investigate the distribution of symplastic connections in leaf lamina, we labeled PD with antibodies raised against the PD-specific proteins, such as myosin VIII and calreticulin, respectively (Radford and White, 1998; Baluska et al., 1999; Reichelt et al., 1999; Schubert et al., 2013; Demchenko et al., 2014). We also compared the distribution of PD between cells and cell layers, L1, L2, and L3 in the shoot apical meristems (SAMs) of the same species using TEM. The results showed that the symplastic connectivity between cells of the epidermis, as well as at mesophyll/epidermis boundaries, is higher in the leaves of the symplastic loaders, A. meridionalis and A. barclaiana, compared to the apoplastic loaders, barley and potato, while no significant differences were detected for other cell boundaries. Moreover, in the species studied, the level of symplastic connectivity between mesophyll and epidermis was correlated with the ability of the latter to serve as a transient storage compartment for soluble sugars. Thus, in A. meridionalis and A. barclaiana, the leaf epidermis seems to form a symplastic domain together with the mesophyll.



MATERIALS AND METHODS


Plant Material

Alonsoa meridionalis O. Kuntze (Scrophulariaceae) and Asarina barclaiana Pennell (Plantaginaceae) were grown on pot soil in a controlled growth chamber (Sanyo Gallenkamp, Loughborough, Leicester UK) at 20°C under a 16 h light/8 h dark cycle and a photon flux of 500 μmol m−2 s−1 and 0.035% CO2. Barley (Hordeum vulgare L.) was grown hydroponically at similar conditions. Potato plants (Solanum tuberosum L. cv. Désirée) were grown in a greenhouse under 12 h of supplemented artificial light of 400 μmol m−2 s−1 at 26°C and 12 h of dark at 18°C. All studies on whole leaves and on single cell samples were performed using mature fully expanded leaves (usually the third leaf from the top of the shoot). Samples of leaf tissue for immunolocalization studies were taken from the middle parts of the leaves. For TEM analyses of shoot apices, all species were sown from seeds and grown on soil in greenhouse under artificial light of 150 μmol m−2 s−1, at 16 h light/8 h dark cycle, at 21°C in the light and at 19°C in the dark. Apices of 14–30 day-old seedlings were fixed.



Inhibition of Assimilate Export From the Leaves

Leaves of A. meridionalis and A. barclaiana were detached from the plants 3 h after the beginning of the light period and placed in continuous light conditions with a photon flux of 150 μmol m−2 s−1 for 24 h, while the petioles were kept in a 2 mM CaCl2 solution to favor the sealing of the phloem with callose (King and Zeevaart, 1974). Sugar concentrations were determined in single cell samples from leaves and in extracts of whole leaves after 24 h of light exposure.



Sampling of Single Cells

Single cell sap was extracted from individual cells from the upper epidermis and palisade mesophyll by glass microcapillary technique (Tomos et al., 1994). Prior to use, a microcapillary was back-filled with low-viscosity water-saturated paraffin oil (Sigma). Ejection of the single cell sample under oil allowed the determination of sugars (glucose, fructose, and sucrose) by an enzymatic assay described by Koroleva et al. (1997, 1998). The measurements were highly reliable in a concentration range between 2 and 200 mM.



Extraction and Analysis of Carbohydrates

Soluble carbohydrates were extracted from leaves with 80% ethanol at 80°C for 1 h. The extraction was repeated two times, and the extracts were combined, vacuum-dried, dissolved in ultra-pure water (Millipore), syringe-filtrated (0.45 μm cellulose-acetate; Schleicher and Schuell, Dassel, Germany), and stored at −80°C. For carbohydrate analysis by high-performance liquid chromatography (HPLC), an anion exchange column (CarboPAC10; Dionex Corp, Sunnyvale, CA, USA) was used. The column was eluted isocratically with 80 mM NaOH (J.T. Baker, England) with a flow rate of 1 ml min−1 using the LC-9A pump from Shimadzu (Kyoto, Japan). Sugars were detected by a thin layer of amperometric cell (ESA, Model 5200, Bedford, United States) with a gold electrode and a pulse amperometric detector (Coulochem II, Bedford, USA). The evaluation of chromatograms was performed using the integration program Peaknet 5.1 (Dionex, Idstein, Germany).



Transmission Electron Microscopy of Shoot Apices

Shoot apices were fixed with 2.5% glutaraldehyde in 0.1 M potassium phosphate buffer pH 7.2 and post-fixed in 1% osmium tetroxide in the same buffer. During dehydration in a graded ethanol series followed by a graded acetone series, the material was stained en bloc with 1% uranyl acetate in 70% ethanol for 1 h, and then embedded in epon resin (Sigma Aldrich, MO, United States). Ultrathin sections (60–70 nm) were cut with a diamond knife (Diatome, Switzerland) using a Leica EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany), double stained on grids with 1% uranyl acetate and 3% lead citrate, and observed at 120 kV with a Libra 120 Plus electron microscope (Zeiss, Germany). The PD connecting cells of L1, L2, or L3 layers were counted manually in three apices for each species. For each apex, 8–25 cells per cell boundary (L1/L1, L1/L2, L2/L2, L2/L3, and L3/L3, respectively) were analyzed.



Immunolocalization of Myosin VIII and Calreticulin in PD

Fixation, embedding, and sectioning of mature leaves were performed as described by Stumpe et al. (2006). The anti-myosin VIII-antibody (Reichelt et al., 1999) was diluted in the ratio, 1:100 in tris-buffered saline (TBS) containing 1% (w/v) bovine serum albumin (BSA). The anti-calreticulin antibody (Baluska et al., 1999) was diluted in the ratio, 1:200 in the same buffer. In negative controls, the primary antibody was omitted. The secondary antibody, goat anti-rabbit Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA), was diluted in the ratio, 1:500 in TBS with 1% BSA. Semi-thin sections (8–10 μm) were mounted using the ProLong Gold Antifade kit (Molecular Probes, OR, United States). Immunofluorescence was detected using a BX51 microscope (Olympus Deutschland GmbH, Hamburg, Germany). Images were captured with an objective UPlanApo 40×/0.85 ∞/0.11–0.23 using a ColorView II digital camera and Cell F* image analytical software (Olympus Soft Imaging Solutions, Münster, Germany). Images shown in Figures 1A,B were obtained using AxioImager.Z1 Microscope (Carl Zeiss, Goettingen, Germany) and UPlanFI 100×/ 1.30 Oil ∞/0.17 C1 objective, an Axiocam 506 color digital camera and ZEN microscope software v. 3.3. Supplementary Videos 1–8 showing views of different cell junctions in leaves of the species under study were recorded using the same microscope.


[image: Figure 1]
FIGURE 1. Images of leaf sections obtained using either differential interference contrast (A,F,H,J) or epifluorescent microscopy (A–E,G,I) showing labeling of PD by immunolocalization of calreticulin (A–D) or myosin VIII (E–J), respectively. (A,C,I,J) Alonsoa meridionalis; (B,E,F) Asarina barclaiana; (D) potato; (G,H) barley. (A,B) Minor veins. bsc, bundle sheath cell; ic, intermediary companion cells in A. meridionalis; mic, modified intermediary cells in A. barclaiana; white arrows point to transfer cells in A. barclaiana; black arrows point to PD fields between intermediary cells and bundle sheath cells in A. meridionalis and between modified intermediary cells and bundle sheath cells in A. barclaiana, respectively; asterisks mark sieve elements. (C,D) palisade mesophyll cells in A. meridionalis (C) and potato (D). Arrow points to PD; asterisk marks non-specific chloroplast labeling in potato (D). (E,F) Part of an A. barclaiana leaf showing the lower epidermis. Arrows point to PD; pf, pitfield. (G,H) Transverse section through a barley leaf. ep, epidermal cell; mes, mesophyll cell; ics, intercellular space; arrows point to PD. (I,J) Part of an A. meridionalis leaf showing the upper epidermis. Arrows point to PD. Size bars: 10 μm (A,B), 20 μm (C–J).




Transmission Electron Microscopy of Semi-Thin Sections Used for Immunohistochemistry

Leaf sections (10 μm) were prepared from barley leaf pieces embedded in Steedman's wax as described by Stumpe et al. (2006) using an Automatic rotary microtome Microm HM 360 (Zeiss, Jena, Germany) with the blade lock assembly precooled to +4°C at an ambient temperature below +21°C. Single sections were placed on square coverslips of 1.5 × 1.5 cm size, coated with filtrated egg white (one section per coverslip). Sections were stretched in a drop of distilled water preheated to +40°C pipetted on the coverslips, and dried at +23°C for 2 h. Coverslips with sections were placed in Petri dishes, and dewaxing, rehydration, and blocking were performed as described by Stumpe et al. (2006). A primary anti-calreticulin antibody raised in rabbit (Baluska et al., 1999) was diluted in the ratio, 1:200 in TBS containing 1% (w/v) BSA. An anti-rabbit Alexa Fluor 488-conjugated secondary antibody produced in goat (Molecular Probes, Eugene, OR, USA) was diluted in the ratio, 1:500 in TBS with 10% BSA. In the negative controls, the primary antibody was omitted. The sections were incubated with the primary antibody for 1 h, washed three times with TBS for 15 min, incubated with the secondary antibody for 2 h, and washed three times with TBS for 10 min. After labeling, the coverslips were glued to the bottom of the inner side of Petri dishes of 35 mm diameter using melt wax as an adhesive. Prior to adhesion of sections, square hollows with a side length of ca. 1.5 cm matching the size of the coverslips had been carved into these Petri dishes with an incandescent spatula. The coverslips were put at the bottom of the Petri dishes using forceps in such a way that the sections in the Petri dish were located above the middle of the hollow. About 1 ml of glycerin was dropped into the Petri dish to cover the section. Fluorescence of Alexa Fluor 488 was examined with a Laser scanning microscope Leica TCS SP5 using 63× immersion with pZ about 276 nm and XY resolution of 150 nm. The visualization of the whole sections was performed using stereo microscope Leica TCS SP5 MP. Sections were stored at 4°C until they were processed for TEM.

Sections on the coverslips were washed three times for 5 min each in 0.1M phosphate buffer (pH 7.2-7.4) and fixed with 2.5% glutaraldehyde in the same buffer for 20 min on ice, washed again (3 × 5 min) in cold buffer and postfixed in 0.5% OsO4 for 10 min on ice. Sections were then washed in cold water, dehydrated in a graded ethanol series (50, 70, and 96% for 5 min each) followed by equilibration in 100% acetone, and embedded in Epon EmBed medium grade (Sigma Aldrich, MO, United States). After polymerization, coverslips were detached from the resin blocks by dipping in liquid nitrogen. Outlines of the sections were clearly visible on the surfaces of the blocks. Blocks were trimmed and series of about 140 ultrathin sections were produced. Sections were mounted on formvar coated slot grids and stained with 2% uranyl acetate and 3% lead citrate. Sections were analyzed using JEM Jeol 1400 TEM equipped with Veleta side camera (Olympus Corporation, Tokyo, Japan) at 80 kV.



Quantification of PD and Pitfields Between Cells Using Immunofluorescence

Fluorescent puncta corresponding to single PD or pit fields containing PD-localized calreticulin were counted manually. Altogether, nine types of cell–cell boundaries were analyzed. Numbers of calreticulin-labeled PD/pitfields were counted on the following borders: (1) between anticlinal cell walls of cells of the upper epidermis; (2) between periclinal cell walls of the upper epidermal cells and of palisade parenchyma cells; (3) between anticlinal cell walls of palisade parenchyma cells; (4) between palisade parenchyma and cells of the bundle sheath of minor veins; (5) between periclinal cell walls of palisade parenchyma cells and cell walls of the adjoining spongy parenchyma cells; (6) between spongy parenchyma and cells of the bundle sheath of minor veins; (7) between spongy parenchyma cells; (8) between spongy parenchyma cells and periclinal cell walls of lower epidermis cells; (9) between anticlinal cell walls of cells of the lower epidermis. For barley leaves, mesophyll cells of the adaxial and abaxial halves of the leaf blade were analyzed separately. In all species, only minor veins of higher (4th−5th) orders were analyzed; veins of lower orders (“major” veins) were excluded from the analysis.



Stastistical Treatment of the Data

For statistical verifications, numbers of immunolabeled PD/pitfields were counted on 10 sections per species, all sections originating from different leaves. In every section, analyses were performed in the following manner: within cells of the same tissue, where the stoichiometry of adjoining cells was typically 1:1 (epidermis/epidermis, palisade parenchyma/palisade parenchyma, spongy parenchyma/spongy parenchyma), immunolabeled PD/pitfields were counted for 10 intercellular boundaries per section (which resulted in 100 intercellular boundaries for 10 sections analyzed). Where two different tissues adjoined each other, the stoichiometry was different; e.g., in A. meridionalis, usually two or three palisade parenchyma cells bordered one upper epidermal cell. In these cases, the total number of immunolabeled PD/pitfields was counted on the periclinal cell walls of 10 epidermal cells bordering 20–30 parenchyma cells and normalized to one epidermal cell. This resulted in 100 epidermal cells analyzed on 10 sections per species. Similarly, the numbers of immunolabeled PD/pitfields between spongy parenchyma/palisade parenchyma, palisade parenchyma/bundle sheath, and spongy parenchyma/bundle sheath were calculated and normalized to a single cell of spongy parenchyma or palisade parenchyma, respectively. Lengths of cell walls in microns were determined on the same sections.

The significant differences in the numbers of immunolabeled PD/pitfields counted per cell surface unit was analyzed using one-way ANOVA (library “car”; Fox and Weisberg, 2019) with Tukey post hoc test, libraries “multcomp” (Hothorn et al., 2008) and “agricolae” (de Mendiburu, 2020). Statistical analysis and data visualization were performed using R 3.6.3 (R Studio Team, 2020) and RStudio (R Studio Team, 2020). R packages “dplyr” (Wickham et al., 2020), “ggplot2” (Wickham, 2016), “readxl” (Wickham and Bryan, 2019) and “knitr” (Xie, 2020) were used as well. For some data sets, log-transformation was applied to satisfy the assumptions of one-way ANOVA; square root transformation was used for countable data sets. The significanct differences in single cell concentrations of sugars were analyzed using Student's t-test.




RESULTS


Visualization of Plasmodesmata (PD) Pitfields in Leaves of A. barclaiana, A. meridionalis, Barley, and Potato

To analyze the symplastic connections between cells of the leaf lamina in barley, potato, A. barclaiana, and A. meridionalis, antibodies raised against two PD-associated proteins were used, against myosin VIII (Radford and White, 1998; Reichelt et al., 1999) and calreticulin (Baluska et al., 1999; Schubert et al., 2013; Demchenko et al., 2014). Both antibodies resulted in similar labeling of PD in leaf tissues (Figure 1). In the vascular tissues, previous TEM studies had shown the presence of large PD fields at the intermediary cell/bundle sheath cell boundary in the minor veins of A. meridionalis leaves, and also smaller PD fields between modified intermediary cells and bundle sheath cells in the minor veins of A. barclaiana (Voitsekhovskaja et al., 2006). These PD fields were detected by immunofluorescence staining of calreticulin as shown in Figures 1A,B for A. meridionalis and A. barclaiana, respectively, as well as by myosin labeling (data not shown), but single PD within these fields could not be distinguished due to the small size of the cells and extremely high density of PD (Gamalei, 1991). In the parenchymatous tissues, however, PD were clearly recognized as multiple fluorescent puncta in cell walls that were sometimes seen as threads penetrating the cell walls, depending on the angle of the section (Figures 1C,D). In all the species studied, immunofluorescence revealed multiple PD between mesophyll cells (shown in Figures 1C,D for A. meridionalis and potato, respectively). In potato, but not in the other species, some non-specific binding of the antibodies to structures within chloroplasts occurred as can be seen in Figure 1D. This was the only non-specific labeling observed; except for this, the immunofluorescence patterns were similar to the PD-specific patterns reported in other studies with the same antibodies (Radford and White, 1998; Baluska et al., 1999; Reichelt et al., 1999; Schubert et al., 2013; Demchenko et al., 2014). Fields of fluorescent puncta like those found in the cell walls of mesophyll cells were also found between cells of neighboring epidermal cells and at the mesophyll/epidermis interface (shown in Figures 1E,F for A. barclaiana, Figures 1G,H for barley, Figures 1I,J for A. meridionalis; see also Supplementary Videos 1–8).

As the resolution limit of light microscopy is ca. 200 nm, and the diameter of PD is in the range of several tenths of nanometers (Robards, 1976), several closely adjoining PD in a pitfield would be detected as a single immunolabeled fluorescent punctum. Moreover, it has been reported that in certain plant tissues, PD do not contain calreticulin (Demchenko et al., 2014). In order to address the question whether punctate pattern of immunofluorescence staining of calreticulin was associated exclusively with PD, we performed TEM analysis of immunolabeled leaf sections as shown in Figure 2 for a barley leaf. A series of ultrathin sections (70 nm) were cut through the whole depth of a semi-thin (10 μm) section which had been imaged with the confocal laser scanning microscopy (CLSM) prior to TEM (a single scan; Figures 2B,C) to visualize fluorescent puncta corresponding to PD-localized calreticulin. A cell selected for TEM analysis is marked with an asterisk in Figures 2A–D. TEM analyses revealed single, twinned, and Y-shaped PD (Figure 2, TEM images 1–9) which were grouped in pitfields containing 3–7 PD (Figure 2, arrows 1, 2, 4, 5, 7–9), or present as single PD (Figure 2, arrow 6). In the upper part of the analyzed cell, four fluorescent puncta in the cell wall (arrows 1, 2, 4, 5) corresponded to pitfields with 3–7 PD, while no PD were detected by TEM in the cell wall site without immunolabeling (arrow 3). In the lower part of the same cell, TEM study revealed a single PD (arrow 6) and three pitfields (arrows 7–9) while only sites 6 and 8 showed some immunolabeling (Figure 2C). This could be explained by a slight bending of the section that probably resulted in the lower part of the cell which is out of the CLSM focal plane. Altogether, we concluded that immunolabeled calreticulin was confined to PD in the cell walls, and that immunohistochemistry was a reliable method to detect sites of symplastic connections between leaf cells.


[image: Figure 2]
FIGURE 2. Co-localization study of immunolabeled calreticulin and of plasmodesmata (PD). (A) A section of a barley leaf, an asterisk marks a mesophyll cell selected for further analysis. (B) A single confocal laser scanning microscopy (CLSM) image of the same section, the asterisk marks the same cell as in (A). (C,D) Immunolabeled punctate pattern in the cell walls (C) and TEM image (D) of the cell marked with asterisk in (A) and (B). Numbered arrows (C,D) point at sites of the cell wall that were examined by TEM as shown in TEM images with the same numbering; black arrows point to PD and pitfields. Size bars: 50 μm (A), 30 μm (B).




Distribution of Immunolabeled PD/pitfields Between Cells and Tissues in the Leaves of A. barclaiana, A. meridionalis, Barley, and Potato

In order to provide a quantitative estimate of the abundance of sites of symplastic contacts between various types of cells and tissues of leaves of the four species under study, the numbers of fluorescent puncta (representing immunolabeled PD/pitfields) per length of the cell wall in microns were counted at the boundaries between all cell types except for vascular tissues. An example of a transverse section used for counting is shown in Figure 1D for the palisade cells on the left. For this procedure, we used the anti-calreticulin antibody for immunolabeling. Altogether, nine types of intercellular boundaries were analyzed. In the leaves of all species, we distinguished between upper and lower epidermis, palisade and spongy mesophyll, and cells of the bundle sheath around minor veins (major veins were excluded from the analyses). In barley leaves where only one type of mesophyll cells is present, “upper” (adaxial) and “lower” (abaxial) layers of the mesophyll were analyzed separately and are designated here as “palisade” and “spongy” to simplify the comparison with the other species. Based on leaf development, secondary PD are exclusively expected to be found at epidermis/mesophyll boundaries, while other boundaries analyzed in this study are expected to be connected by both primary and secondary PD (Satina and Blakeslee, 1941; Poethig, 1987). The numbers of immunolabeled PD/pitfields and the length of the cell walls for all cell types examined in this study are shown in Table 1.


Table 1. Numbers of fluorescent puncta per cell wall corresponding to anti-calreticulin-labeled PD/pitfields, and the mean lengths of shared cell walls between abutting specified cell types expressed on a per cell basis (in μm), as determined for nine types of cell/cell boundaries in leaves of A. barclaiana, A. meridionalis, barley, and potato.
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In the three dicot species analyzed, the highest numbers of fluorescent puncta per cell–cell boundary (corresponding to immunolabeled PD/pitfields) were found in the palisade mesophyll. Here, the average numbers ranged from 14 puncta per cell–cell boundary in A. meridionalis to 38 in potato (Table 1). A somewhat lower abundance of symplastic connections was observed for spongy parenchyma cells and between palisade and spongy parenchyma (Table 1). In the monocot barley, the highest numbers (17 puncta per cell boundary) were observed between the mesophyll cells of the abaxial part of the blade, which significantly differed from the numbers for the adaxial blade part (Table 1). In all the four species, mesophyll cells were symplastically connected to each other to the highest extent as compared to other tissues, while the lowest numbers (0.2–1.5 puncta per cell boundary) were found in leaves of barley and potato for epidermis/epidermis (upper and lower) and upper epidermis/palisade parenchyma boundaries (Table 1).

When the lengths of the cell walls were taken into account, the highest values (1–2 fluorescent puncta corresponding to immunolabeled PD/pitfields per micron of cell wall length) were observed between cells of the spongy parenchyma in all species (Figure 3A). A cross-section of the leaf of A. barclaiana indicating the position of the analyzed cell types within the leaf lamina is shown in Figure 3B. The values of other cell types were much lower (0.25–0.60 immunolabeled PD/pitfields μm−1 CW length). Strikingly low symplastic connectivity (0.02–0.10 immunolabeled PD/pitfields μm−1 CW length) was found for upper epidermis/upper epidermis and upper epidermis/palisade mesophyll boundaries in barley and potato, as well as for lower epidermis/lower epidermis and lower epidermis/spongy mesophyll boundaries in barley. At the same time, values for boundaries of epidermal cells in A. meridionalis and A. barclaiana did not differ from those for other cell types, being in the range of 0.3–0.6 immunolabeled PD/pitfields μm−1 CW length (Figure 3A).


[image: Figure 3]
FIGURE 3. (A) Counts of immunolabeled PD/pitfields between different cells/tissues per μm length of cell wall as found on transverse sections through the cell wall in leaves of A. meridionalis, A. barclaiana, potato (Solanum tuberosum), and barley (Hordeum vulgare). Data represent average values for 10 cell borders ± SD. UE, upper epidermis; PM, palisade mesophyll; BS, bundle sheath; SM, spongy mesophyll; LE, lower epidermis. Different letters indicate significant differences between species for a boundary type at least at the level of p < 0.01, * stands for significant differences at the level of p < 0.05, according to one-way ANOVA with post hoc Tukey's test. (B) Cross-section of a leaf of A. barclaiana showing the position of the analyzed cell types within the leaf lamina. Size bar: 20 μm.




Distribution of PD in Shoot Apical Meristems of A. barclaiana, A. meridionalis, Barley, and Potato

In angiosperms, shoot apical meristems (SAMs) are organized in distinct cell layers originating from the initial cells. Cells of the L1 and sometimes L2 layers, forming the tunica, undergo anticlinal divisions while cells of the L3 layer do not show a distinct pattern of divisions (see also Supplementary Figure 1 for L1 in A. barclaiana and A. meridionalis SAMs). Based on this model, it is easy to conclude that secondary PD are present at L1/L2 and at L2/L3 boundaries, and primary PD connect cells of the same layer (although the formation of secondary PD between cells derived from the same layer is possible; Fitzgibbon et al., 2013). PD at the borders of cells belonging to L1 and L2 layers, as well as at L1/L2 and L2/L3 boundaries, were quantified in SAMs of A. barclaiana, A. meridionalis, barley, and potato by means of TEM, because the small size of the SAM cells would not allow reliable determinations using immunohistochemistry as was performed for leaves. The patterns of PD distribution and their frequencies were generally similar in the SAMs of all species studied (Figure 4). The frequencies of PD between cells of the L1 layer (designated as primary PD) were significantly lower than the frequencies of PD between cells of L1 and L2 (secondary PD) in potato and barley, but not in the other species, at the level of p < 0.05. A general tendency to form more secondary PD than primary PD per cell wall length unit was apparent for all species.
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FIGURE 4. Quantitative estimates for PD between different cells/layers in shoot apical meristems of A. meridionalis, A. barclaiana, potato, and barley. PD frequencies are expressed as numbers of PD per μm length of cell wall as found on transverse sections through the cell wall. Data represent average values for 6–25 cells ± SE. Different letters indicate significant differences at p < 0.05 according to one-way ANOVA with post hoc Tukey's test. Data for barley are reproduced from Dmitrieva et al. (2017). Micrographs show PD in one of the Solanum tuberosum apices examined. L1 and L2 mark cells of the corresponding cell layers.




Concentrations of Sucrose and Hexoses in Epidermal and Mesophyll Cells of A. meridionalis and A. barclaiana

The level of symplastic connectivity between epidermis and mesophyll in A. meridionalis and A. barclaiana was similar to that between mesophyll cells, in contrast to barley and potato, where symplastic connectivity was higher within the mesophyll than between the epidermis and mesophyll (Figure 3A). Thus, the question arose whether symplastic exchange of sugars between epidermis and mesophyll might occur in A. meridionalis and A. barclaiana. We therefore analyzed the concentrations of sucrose and hexoses in single epidermal and mesophyll cells in A. meridionalis and A. barclaiana during the day and during forced accumulation of sugars in leaves due to blockage of export via the phloem.

First, the levels of non-structural carbohydrates were measured in the whole leaves of A. barclaiana and A. meridionalis, and no pronounced changes were observed over the diurnal rhythm (Figures 5A,B). In order to cause the accumulation of soluble carbohydrates in the leaves, leaves were detached from the plants after 3 h of the light period and placed in continuous light for 24 h, while the petioles were kept in a 2 mM CaCl2 solution to favor sealing of the phloem with callose (King and Zeevaart, 1974). This treatment disrupted sugar export from the leaves while photosynthesis continued. At the end of the light exposure period, concentrations of sucrose, glucose, and fructose had increased significantly in the detached leaves from A. barclaiana and A. meridionalis, as compared to their levels at the end of the day in normally functioning attached leaves (Figures 5A,B). Another major carbohydrate-conjugated compound, the iridoid glucoside antirrhinoside, found in A. barclaiana (Voitsekhovskaja et al., 2006), showed no significant accumulation upon export blockage from the leaves (Figure 5A); neither did mannitol, myo-inositol, galactinol, raffinose, and stachyose in leaves of both species (data not shown).
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FIGURE 5. Sugar concentrations in leaves (A,B) and in single cells samples obtained from the epidermis and mesophyll (C–F) of A. barclaiana (A,C,E) and A. meridionalis (B,D,F) at the beginning of the light period after 3 h of illumination (“morning”), at the end of the light period after 11 h illumination (“evening”), and after 24 h exposure of detached leaves to continuous light, respectively. (A,B) Open triangles stand for glucose, closed triangles for fructose, open circles for sucrose, and closed circles for antirrhinoside, respectively. Mean values of 3–5 independent measurements ± SE are shown except for the “morning” time points in (C) and (E) which represent the values from a single measurement. Data in (E) and (F) are expressed on the basis of hexose equivalents for total amounts of glucose, fructose, and sucrose. Asterisks indicate significant different values at least at the p < 0.05 level according to Student's t-test, except for antirrhinoside contents (A) where differences between “evening” and “24 h light” points were non-significant.


The concentrations of glucose, fructose, and sucrose in the epidermal cells of A. meridionalis and A. barclaiana were compared with those in mesophyll cells in the morning (after 3 h of illumination) and in the evening (after 11 h of illumination) at the single-cell level in plants growing under a 16 h light/8 h dark regime. The results are shown in Figures 5C,D. At both “morning” and “evening” time points, the levels of these sugars were in a similar range for epidermis and mesophyll cells in both species, except for the accumulation of glucose in mesophyll cells of A. barclaiana in the “evening”. When expressed on the basis of total hexose units, the “morning” concentrations of soluble sugars in mesophyll cells did not differ significantly from those in epidermal cells in these species and were in the range between 20 and 70 mM (Figures 5E,F). At the “evening” time points, sugar concentrations in mesophyll cells of both species were in the range between 20 and 100 mM and thus were significantly higher than those in epidermal cells (20–70 mM) at the level of p < 0.05 (Figures 5E,F).

When the assimilate export from the leaves was blocked by the detachment of the leaves, the epidermal cells in both plants accumulated soluble carbohydrates up to the levels measured in mesophyll cells as shown by the concentrations of sucrose and hexoses measured in the single cells of detached leaves after 24 h of illumination (Figures 5E,F). In A. barclaiana, the single-cell total sugar concentrations (calculated as a sum of hexoses and sucrose, expressed in hexose units) were 157 ± 40 mM in the epidermal cells and 175 ± 50 mM in the mesophyll cells. In A. meridionalis, these values were 126 ± 50 mM in epidermal cells and 113 ± 40 mM in mesophyll cells. These data indicate that in A. meridionalis and A. barclaiana leaves, the epidermis is able to accumulate soluble sugars.




DISCUSSION

Determination of cell fate and specification of cell layers in SAMs as well as in leaves during their development requires precise regulation of symplastic exchange between cells. A whole orchestra of regulators, such as transcription factors, RNA, and small molecules like hormones move through PD enabling SAM functioning as well as proper development of leaves from leaf primordia (Kitagawa and Jackson, 2017; Liu and Chen, 2018; Bhatia et al., 2021; Maksimova et al., 2021; Romanova et al., 2021). Moreover, also in the mature leaves, exchange of regulatory molecules as well as assimilates between cells and tissues via PD is a highly important and finely tuned process (Cui et al., 2014; Liu and Chen, 2018; Dmitrieva et al., 2021). Recent studies further reveal the role of metabolite networks in the regulation of the development (Omidbakhshfard et al., 2020). To understand the whole-leaf compartmentation of developmental regulators as well as metabolites, mapping of symplastic connections and domains within plant organs, and our understanding of how they emerge and change during development, is of high importance.

The establishment of primary PD during leaf development occurs between cells of the same lineage, that is, cells that are derived from a single mother cell and share a common division cell wall. Such lineages can be easily observed, and the fate of their cells traced, within SAMs; in angiosperms, they include the superficial cell layer L1, the subsuperficial layer L2, and the bulk of meristematic cells in the center of SAMs designated as layer L3 (Kang and Dengler, 2018). PD at L1/L2 and L2/L3 boundaries are obligatorily secondary (Evkaikina et al., 2014). Similarly, leaf primordia in angiosperms include layers, L1, L2, and L3 that produce the epidermis, the leaf parenchyma, and the central vascular bundle, respectively (Satina and Blakeslee, 1941; Sharman, 1945; Poethig, 1987; Alvarez et al., 2016; Du et al., 2018). However, as a leaf develops via the action of marginal and plate meristems, tracing cell lineages originating from these layers becomes challenging (Poethig, 1987; Alvarez et al., 2016; Du et al., 2018). Nevertheless, studies on periclinal chlorophyll chimeras and colchicine-induced cytochimeras performed on the monocot and dicot species revealed that the leaf epidermis always originates from L1, the palisade mesophyll is produced by L2, the spongy mesophyll (including the leaf minor veins) originates from L2 and/or L3, and the main conducting bundle of the leaf is produced by L3 (Dermen, 1947, 1953; Stewart and Burk, 1970; Poethig, 1987). Within L2-derivatives, minor veins and bundle sheath cells originate from a different cell lineage than the mesophyll in the C4 grass, Stenotaphrum secundatum (Sud and Dengler, 2000), while in barley, bundle sheath cells and mesophylls originate from another lineage than mestome sheath and vascular tissues (both major and minor veins) (Trivett and Evert, 1998). In dicots, the minor veins originate from the same cell lineage as the spongy mesophyll (Dermen, 1947, 1951).

In this study, the question was asked whether in plants with highly developed secondary PD at the mesophyll/phloem interface, such as the symplastic phloem loaders, Asarina barclaiana and Alonsoa meridionalis, secondary PD formation is generally enhanced at other boundaries, contrary to apoplastic phloem loaders which in our study were represented by potato and barley. According to the above mentioned studies, secondary PD are present at L1/L2 and L2/L3 boundaries in SAMs, at the epidermis/mesophyll interface in leaves, and they can be expected to occur in leaves between palisade mesophyll and spongy mesophyll, and between palisade mesophyll and the bundle sheath of minor veins. The TEM of SAMs did not reveal any differences in the secondary PD formation between the species under examination (Figure 4); rather, a general tendency to form more secondary PD than primary PD was apparent for all species. To obtain a quantitative estimation of the distribution of PD between different cell types within leaf laminae, immunostaining with antibodies against a PD-specific protein was used (Danila et al., 2016). We applied an antibody raised against calreticulin, which is a major chaperone protein in the lumen of the endoplasmic reticulum (ER); however, it is also shown to represent a reliable PD marker in different plant species and tissues, such as maize root apices (Baluska et al., 1999) and symbiotic root nodules of Casuarina glauca (Demchenko et al., 2014), respectively. Baluska et al. (1999) showed that calreticulin is located at the ER domain of the PD, and not at other ER compartments. This is in contrast to another ER-specific protein, calnexin, which was found both in ER strands located in the cytoplasm and in PD in Arabidopsis (Liu et al., 2015).

In our study, in the leaves of the four species, labeling was highly specific to immunolabeled PD/pitfields in the cell walls (Figure 1; Supplementary Videos 1–8). This specificity was further confirmed by TEM studies of immunolabeled leaf sections (Figure 2); this approach was taken as a substitute for correlation light electron microscopy (CLEM) (Brault et al., 2019; Modla et al., 2020), because the latter is based on the expression of genes encoding PD-targeted fluorescent proteins that was not possible for the species used in this study. Interestingly, although the data confirmed that a single fluorescent punctum corresponded in most cases to pitfields with multiple PD (Figure 2), estimates of the numbers of puncta for barley and potato were similar to or slightly higher than those determined using TEM analyses at the same tissue boundaries which confidently distinguished separate PD (Table 2). Thus, PD labeling by means of calreticulin antibodies seems to produce reliable estimates of the numbers of sites of symplastic connections within the leaf epidermis and parenchyma, although it cannot be applied to tissues where PD numbers are much higher, but to the smaller cells, than parenchyma cells, e.g., to the phloem (Figures 1A,B).


Table 2. Comparison of the numbers of immunolabeled PD/pitfields with PD frequencies (PD μm−1 length CW) determined in leaves of several species by means of immunolabeling (this study) and TEM (literature data), respectively.
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In both symplastic and apoplastic phloem loaders analyzed in the present study, numbers of immunolabeled PD/pitfields at cell boundaries other than bundle sheath/phloem companion cells did not show any correlation with the loading mode, independent of whether the boundaries contained primary or secondary PD. This was observed for both leaves and SAMs (Figures 3, 4), with only one exception found in leaf laminae. The numbers of immunolabeled PD/pitfields at the epidermis/epidermis and epidermis/mesophyll boundaries were strikingly low in the apoplastic loaders, potato and barley, while in the symplastic loaders, A. meridionalis and A. barclaiana, these numbers did not differ much from those between mesophyll cells (Figure 3).

Remarkably, the numbers of immunolabeled PD/pitfieldsper length unit of cell walls between spongy parenchyma cells in the dicot species, A. meridionalis, A. barclaiana, and potato, as well as between mesophyll cells of the abaxial part of the leaf blade in the monocot barley, were significantly higher than those numbers at other interfaces in leaf laminae (Figure 3). In dicot leaves, spongy mesophyll cells are surrounded by large intercellular spaces due to the abaxial position of the stomata, so that the metabolite exchange via apoplastic water phase is probably restricted, necessitating the compensatory enhancement of symplastic traffic. However, stomata and intercellular spaces are located at both abaxial and adaxial sides in barley leaves. Therefore, a more plausible explanation for the increase in PD frequencies in the abaxial mesophyll might be the proximity of the cells to the phloem part of the leaf veins which are abaxially positioned in dicots as well as monocots. Movement of sugars from the mesophyll to the phloem occurs via the symplast through PD in the leaf lamina. The reason for this is probably the necessity to compartmentalize the sugar flux in order not to be perturbed by the transpiration water flow, which has the opposite direction and is compartmentalized to the apoplast. Thus an increase of PD frequency on the abaxial side of the leaf lamina might reflect the intensification of symplastic transport near the phloem. However, more studies are required to confirm this interpretation.

It is well known that the vacuoles of mesophyll cells can serve as a temporary storage compartment for sucrose and sucrose-derived hexoses, in order to avoid their accumulation in the cytosol which could cause osmotic swelling of the cytoplasm and lead to disturbances in cytosolic metabolism (Heber and Kaiser, 1984). Usually, the cells with the strongest vacuolization are those of the leaf epidermis (Winter et al., 1993, 1994; Leidreiter et al., 1995), which theoretically could provide an additional temporal sink for an excess of soluble sugars in leaves. However, earlier studies on barley and potato, where sugar contents were measured in individual mesophyll and epidermal cells, led to the conclusion that the epidermis does not take part in the partitioning of soluble sugars within leaves. In barley, the levels of sucrose and hexoses in the epidermal cells were negligible throughout the day as well as under conditions of inhibited export of assimilates from the leaves, when malate is known to accumulate in the epidermis (Koroleva et al., 1997, 1998, 2000). In wild-type potato plants, the levels of soluble sugars in the epidermis were very low as compared to the mesophyll, although high amounts of sucrose and hexoses accumulated in epidermal cells of transgenic plants with severely impaired phloem loading (Kehr et al., 1998, 1999). Yet, in the symplastic loaders, such as Asarina barclaiana and Alonsoa meridionalis, the epidermal cells of leaf accumulated soluble sugars up to levels similar to those of mesophyll cells. We assume that these sugars entered the epidermis via the PD connecting both tissues.

Accumulation of sugars in the leaf epidermis of symplastic loaders as found in the present study might have consequences for the regulation of guard cells by apoplastic sucrose. In apoplastic phloem loaders, apoplastic sucrose supplied to guard cells together with abscisic acid (ABA) from transpiration stream promoted guard cell closure (Kang et al., 2007a; Daloso et al., 2016; Antunes et al., 2017). It was hypothesized that the apoplastic sucrose concentration around guard cells represents an integrating signal allowing guard cells to keep pace with transpiration, photosynthesis, and phloem translocation rates. However, this regulation of stomata by apoplastic sucrose levels was lacking in symplastic loaders (Kang et al., 2007b). Accumulation of sucrose in the epidermis of the leaves of symplastic phloem loaders as shown in the present study might provide an alternative mechanism of the regulation of stomata in the absence of the necessary levels of apoplastic sucrose, not related to the uptake of sucrose from the apoplast into guard cells (Antunes et al., 2017).

In conclusion, the estimation of symplastic connectivity in leaf laminae, as well as between cells in SAMs, analyzed in this study for four species differing in their phloem loading mode, did not reveal a general increase of the formation of secondary PD in symplastic relative to apoplastic phloem loaders. In the two symplastic loaders, the leaf epidermis was shown to be able to accumulate sugars to levels similar to those found in mesophyll cells. The species, A. barclaiana and A. meridionalis, contained on average from 3 to 15 times more immunolabeled PD/pitfields per length cell wall between epidermal and mesophyll cells than barley and potato which do not accumulate sugars in the epidermis. This suggests that in the symplastic phloem loaders, the exchange of sugars between the mesophyll and the epidermis can occur via the symplastic pathway, rather than the apoplastic pathway, and that in these species, the leaf epidermis forms a symplastic domain together with the mesophyll. This is a novel role of the leaf epidermis, and it would be interesting to gain more information on the occurrence of this phenomenon as well as on how it might influence other functions of the epidermis, such as its roles as barrier for pathogens and in the regulation of stomatal closure.
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Supplementary Figure 1. Sections of shoot apices of Asarina barclaiana (A) and Alonsoa meridionalis (B). Within the shoot apical meristems, the tunica consists of the L1 layer which is continuous with the protoderm layer of leaf primordia (P) as outlined in red. Arrows point on glandular hairs. Shoot apices were embedded in epon resin and semi-thin sections were produced as described in Materials and Methods. The sections were stained with toluidine blue (0.05%). Scale bar: 20 μm.

Supplementary Video 1. Plasmodesmata (PD) between cells of the palisade parenchyma in leaves of Asarina barclaiana (arrows point at selected face-on views) as visualized by means of immunohistochemistry using calreticulin-specific antibodies.

Supplementary Video 2. Plasmodesmata (PD) between cells of the spongy parenchyma in leaves of Asarina barclaiana (arrows point at selected face-on views) as visualized by means of immunohistochemistry using calreticulin-specific antibodies.

Supplementary Video 3. Plasmodesmata (PD) between cells of the palisade parenchyma in leaves of Alonsoa meridionalis (arrows point at selected face-on views) as visualized by means of immunohistochemistry using calreticulin-specific antibodies.

Supplementary Video 4. Plasmodesmata (PD) between cells of the palisade parenchyma in leaves of Alonsoa meridionalis (arrows point at selected face-on views) as visualized by means of immunohistochemistry using calreticulin-specific antibodies.

Supplementary Video 5. Plasmodesmata (PD) between cells of the palisade parenchyma in leaves of Solanum tuberosum (arrows point at selected face-on views) as visualized by means of immunohistochemistry using calreticulin-specific antibodies.

Supplementary Video 6. Plasmodesmata (PD) between cells of the spongy parenchyma (top; arrows point at selected face-on views) and between the cells of the palisade parenchyma and the bundle sheath (a single arrow; bottom) in leaves of Solanum tuberosum. In the center, a xylem ending surrounded by bundle sheath cells is shown. The PD were visualized by means of immunohistochemistry using calreticulin-specific antibodies; note unspecific staining of starch grains in this species.

Supplementary Video 7. A section through a leaf of Hordeum vulgare showing plasmodesmata (PD) between mesophyll cells in the adaxial and abaxial parts of the leaf (arrows). The PD were visualized by means of immunohistochemistry using calreticulin-specific antibodies.

Supplementary Video 8. Plasmodesmata (PD) between cells of the spongy parenchyma in leaves of Hordeum vulgare (arrow points at face-on view) as visualized by means of immunohistochemistry using calreticulin-specific antibodies.
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movement Volkmann et al., 2003; Wojtaszek et al.,
2005; Golomb et al., 2008; Sattarzadeh
et al., 2008; Fernandez-Calvino et al.,
2011; Haraguchi et al, 2014
Tropomyosin  Actin flament side Faulkner et al., 2009; Fernandez-
binding Calvino et al., 2011
ARP2/3 Actin nucleation Van Gestel et al., 2003
NET Actin binding Deeks et al,, 2012
Formin Barbed end capping,  Diao et al., 2018; Oulehlova et al., 2019
actin nudleation
Profiin Actin monomer binding Fernandez-Calvino et al,, 2011
ADF Actin flament severing;  Fernandez-Calvino et al,, 2011
actin monomer binding
el Actin binding Guietal, 2014
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Cell

boundary

UE/UE

UE/PM
PM/PM
PMW/BS
PMWSM
SM/BS
SW/SM
LE/SM

UE, upper epidermis; PM, palisade mesophyl; BS, bundle sheath; SM, spongy mesophyli; LE, lower epidermis. *-" stands for variants where no TEM data are available for comparison.
AData from Fisher (1986). Coleus blumei belongs to the Lamiaceae family and is a close relative of A. meridionalis from the Scrophulariaceae family, both from the order Lamiales. Both

Coleus blumei*

(TEM)

0.19

0.19
0.12
0.10
0.18
0.26

Alonsoa meridionalis®
(Immunolabeling)

0.43

0.33
0.32
037
0.35
137

Hordeum vulgare

(TEM and immunolabeling)

TEM

0.05¢
0.18%
0.25¢

Immuno-labeling

0.18
0.428

species possess phloem companion cels of the intermediary cell type with similar abundance of secondary PD.

BThis study.

CData from Evert et al. (1996).

DData from McCauley and Evert (1989).

EData from Dmitrieva et al. (2017).

TEMP

0.01
0.05
0.09
0.13
0.15
0.05

Solanum tuberosum
(TEM and immunolabeling)

Immuno-labeling®

0.02
0.44
0.26
0.28
0.96
0.28
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Type of the Asarina barclaiana Alonsoa meridionalis Potato Barley
cell border

Numberof ~ Lengthofthe  Numberof  Lengthofthe  Numberof  Length of the Number of Length of
PD/pitfields shared cell PD/pitfields shared cell PD/pitfields shared cell PD/pitfields  the cell wall
per cell wall wall (jum) per cell wall wall (jm) per cell wall wall (jum) per cell wall | [wm]

UE/VE 44£05a 75418 40072 92308 04020 89:+£2248 0.20.1b 107 +2.8°

UE/PM 48+07a 128433 40£05b 138 £ 4.5 04£02c 18,6+ 6.5° 0.80.2d 7.3+ 1.6°

PM/PM 242+0.9a 31.0+2.9° 14.4 £ 1.5b 43.2 £ 12.6° 37.9+0.5¢ 86.1+9.4° 111+ 0.5d 21.0+69°

PM/BS 38+04a 128433 32£02b 9.9+ 294 404032 165+ 4.6° 3503b 8.1£25°

PM/SM 59+0.7a 11.14£29% 41+03b 10.9+£28% 74 £ 0.4c 16.3+35° 55+ 04a 88+25"

Sm/BS 40+03a 12.8 £4.7°6 33+0.2b 9.3 4244 4.0+03a 14.5+£6.3°% 43+03a 85+ 1.48

SM/sM 140+0.52 11.3+£67° 1094 0.5b 8035 106+ 0.4b 11.0+£ 58 17.30.6c 794300

SM/LE 33+03a 1.2+ 4.44 42+03b 106 £2.74 3.14+05a 11.1£25° 1.3+03c 11.0£2.74

LELE 43+02a 7.1£2308 424042 8.4+ 1.4% 15+ 03b 63£1.78 1.4+03b 984168

Date are average velues for n = 10  SD.

UE, upper epidermis; PM, palisade mesophyll; B, bundle sheath; SM, spongy mesophyls; LE, lower epidermis. Different letters indicate significant differences between species for given
type of the cell border at p-value < 0.05 or less as analyzed by one-way ANOVA; lowercase letters show differences for PD/pitfields numbers per cell wall and uppercase letters for cell
wall length, respectively.
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Protein name

LDAP Interacting Protein (LDIP)
CSCH-like protein ERD4 (ERD4) (LEA)
Syntaxin of plants 71 (SYP71)

Small GTP-binding protein (ARA-3) (NAC)
Leucine-rich repeat protein kinase

Calreticuiin 1A (CRT1/CRT1A)

Purple acid phosphatase (PAP1)

Reversibly glycosylated polypeptide 3 (RGP3)
Zerzaust (ZET), atypical f-1,3 glucanase
0-Glycosyt hydrolases family 17 protein
Embryo-specific protein 3 (ATS3)

Plasma membrane intrinsic protein 1 (PIP1)
SKUS similar 1 (SKS1)
Thioredoxin-dependent peroxidase 1 (TPX1)
S-formylglutathione hydrolase (SFGH)
Prohibitin 6 (PHB)

Thioesterase superfamily protein

Ribosomal protein L10 family protein
Ribosonal protein L7Ae/L30e/S12¢ (Gadd4s)

Proteins with a star* are also present in the PD-enriched fraction of Arabidopsis thaliana (Femandez-Calvino et al., 2011).

P, trichocarpa
Accession nr

Potri.004G082300
Potri.001G358300
Potri.016G088200
Potri.008G051700
Potri.018G074300
Potri.005G015100
Potri.010G158400
Potri.010G156700
Potri.019G032900
Potri.006G080600
Potri.016G132700
Potri.003G128600
Potri.016G127200
Potri.001G423500
Potri.006G047000
Potri.017G017400
Potri.003G020300
Potri.008G066200
Potri.004G196500

BlastP of A.
thaliana

AT5G16550
AT1G30360"
AT3G09740"
AT3G46060*
AT2G26730
AT1G56340*
AT1G13750*
AT3G08900
AT1G64760"
AT5G58090*
AT5G62200
ATAG00430
AT4G25240"
AT1G65980
AT2G41530
AT2G20530
AT5G10160*
AT2G40010"
AT1G36240

Mw
kDa

24
82
30
24
71
48
69
41
53
53
21
31
66
17
32
32
2
34
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Pathogens MPs/Effectors Function References
Virus Tobacco mosaic virus (TMV) MP30 MPs bind viral RNAs and increase the SEL of PD in the form of Wolf et al., 1989; Brill et al., 2000; Pefia
ribonucleoprotein complexes. and Heinlein, 2012; Pitzalis and Heinlein,
2017
Carnation mottled P7 and P9 Vilar et al., 2002
carmovirus (CarMV)
Tumip crinkle virus (TCV) P8 and P9 Hacker et al., 1992; Liet al,, 1998
Melon necrotic spot virus P7Aand P78 MPs bind viral RNAs and transit through PD in the form of ribonucleoprotein  Genoves et al., 2006
(MNSV) complexes. TGBp1 of PVX and TGBP2 and TGBPS3 of PVX and PMTV
Pelargonium flower break P7 and P12 increase the PD SEL Tamai and Meshi, 2001; Howard et al., 2004; Haupt Martinez-Turino and Hernandez, 2011
virus (PFBV) etal, 2005
Potato virus X (PVX) Tilsner et al., 2013
Bamboo mosaic virus Chou et al., 2013
(BaMv)
Barley stripe mosaic virus TGB: TGBp1, TGBp2 and TGBP3 Lim et al., 2008;
(BSMV)
Poasemi latent virus (PSLV) Shemyakina et al., 2011
Potato mop-top virus (PMTV) Zamyatnin et al., 2004
Beet yellows virus (BYV) Hsp70h, 64kDa protein, two capsid Aizhanova et al., 2000; Dolja, 2003;
proteins, and 6-kDa hydrophobic Avisar et al., 2008
protein
Tobacco etch virus Capsid protein (CP) The CP s required for cell-to-cell and long-distance movernent of virus. Dolja et al., 1995
Cowpea mosaic virus MP 58K and 48K Pouwels et al., 2004; Ritzenthaler and
(CPMV) Hofmann, 2007
Grapevine fanleaf virus MP 2B Laporte et al., 2003; Amari et al., 2010
(GFLY)
Cauliflower mosaic virus MP P1 MPs form movement tubles to replace PD desmotubule. Thomas and Maule, 1995
(CaMv)
Broad bean wilt virus 2 MP VP37 Xie et al., 2016
Turnip mosaic virus (TuMV) 6K2 protein 6K2 induces vesicle formation for intercellular moverment through PD. Grangeon et al., 2013
Viroids Potato spindle tuber viroid / 11 RNA loop motifs are critical for cell-to-cell mvement. Ding etal., 1997; Zhong et al., 2008
(PSTVd)
Fungi Magnaporthe oryzae (M. / 1H seek for the pit fields, followed by crossing the PD channels into adjacent Kankanala et al., 2007
oryzae) cells with constricted hyphae.
BSA3 BSA3 locates near PD. Mosquera et al., 2009
PWL2 and BAST PWL2 and BASTwere delivered into the cytoplasm of rice cells by biotrophic  Khang et al., 2010
interfacial complex (BIC), and finally into neighboring cells via PD.
Melampsora larici-popuiina ALE67 AWL567 acoumulates at PD. Germain et al., 2018
Ustilago maydis Cmut Gmu1 could likely spread to the neighboring cells through PD and repress SA  Djamei et al., 2011
biosynthesis in host plants.
Phytophthora brassicae RXLR3 RxLR3 reduce the callose deposition around PD by interacting with and Tomezynska et al,, 2020
inhibiting CalS1, CalS2, and CalS3
Fusarium graminearum Fusaoctaxin A Fusaoctaxin A inhibit expression of PDCB-like genes and CalS genes. Jaetal., 2019
Fusarium oxysporum A2 and Six6 Aur2-8ix6 effector pair alters plasmodesmatal conductivity to faciitate Caoetal., 2018
intercellular movement of Avr2.
Bacteria  Candidatus Liberibacter / GLas move through sieve pores, and cause callose overprodiuction and Koh et al., 2012; Achor et al., 2020
asiaticus (CLas) sieve-pore plugging in phioem.
Pseudomonas syringae pv. HopO1-1 HopO1-1 targets to PD and destabiiizes PDLP7 and PLDPS. Aung et al., 2020

tomato (Pst) DC3000

Pseudomonas syringae pv.
tomato (Pst) DC3000

HopK1, HopY1, HopF2, HopU1,
HopH1, HopG1, HopN1, HopAA1,

HopAF1, HopP1, HopAB2, HopET,
HopAO1, HopA1, HopX1, HopB1

Hop effectors move from infected cells to neighboring cells through PD.

Lietal, 2020
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Proteins/lipids

LYM2-LYK4

FLS2

RBOHD

Calst

Cals12
PDLP1

PDLP5

Calreticulin

Remorins

Sphingolipids

Function

PD located LYM2-LYK4
recognize the chitin and
trigger downstream
signaling to reduce the
molecular flux through PD.
FLS2 is observed in the
Vicknity of PD and mediates
flg22-triggered changes of
PD-mediated trafficking.
RBOHD produce ROS that
induces PD closure in the
signaling cascade of
LYM2-LYK4.

Callose deposition

Callose deposition
Callose deposition

Gallose deposition

Calreticulin interact directly
with TMV MP and interferes
with targeting of TMV MP to
delay cell-to-cell movement
of the virus.

Remorins interact with MP
TGBp1 of PVX and impairs
PVX movement.

Remorins narrow the PD
channels to impede virus
spreading depended on SA
signaling.

Sphingolipids recruited
PDLPS proteins to PD,
which consequently results
in the decreased PD
cconductivit

References

Faulkner et al.,
2013; Cheval
etal., 2020

Faulkner et al.,
2013

Cheval et al., 2020

Dong et al., 2008;
Gui and Lee, 2016

Dong et al,, 2008

Caillaud et al.,
2014
Leeetal,, 2011;

Wang etal, 2013
Chen et al., 2005

Raffacle et al.,
2009

Huang et al,, 2019

Liu et al., 2020
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No. Pathogen Protein name Subcellular Host plant/characterized from References
localization
(1) Red clover mottle virus 43-kDa PD Cowpea (Vigna unguiculata) Shanks et al., 1989
(RCMV)
(2) Tobacco mosaic virus 30-kDa MP PD Tobacco Wolf et al., 1989
(TMV)
@) Cowpea mosaic virus 48-kDa PD Cowpea (Vigna unguiculata) Wellink et al., 1993
(CPMV)
(4)  Maize streak virus (MSV) PVA PD Maize (Zea mays L.) Dickinson et al., 1996
(5)  Potato leafroll virus (PLRV)  pri17-kDa PD Potato (Solanum tuberosum L.) Schmitz et al., 1997
(6) Cucumber mosaic virus 3a MP PD Cucumber (Cucumis sativus)/Nicotiana Blackman et al., 1998
(CMV) clevelandii
(7)  Olive latent virus 2 (OLV-2) 36K PD, cell walls, and N. benthamiana and N. tabacum Grieco et al., 1999
cytoplasm
(8) Beet necrotic yellow vein P42 MP PD Chenopodium quinoa Erhardt et al., 2000
virus (BNYWV)
(9) Beet yellows virus (BYV) Hsp70h PD Chenopodium quinoa/N. benthamiana Avisar et al., 2008
(10) Brome mosaic virus (BMV)  3a MP PD N. benthamiana Kaido et al., 2007
(11) Lettuce infectious yellows ~ 36-kDa (P26) ~ PD Lettuce/N. tabacum Stewart et al., 2009
virus (LIYV)
(12)  Turnip mosaic virus (TuMV)  P3N-PIPO PD Turnip/N. benthamiana Wei et al., 2010; Chai et al., 2020
18) Turnip mosaic virus (TuUMV) 6Ky vesicle, PM, and PD Turnip/N. benthamiana Grangeon et al., 2013
14) Potato mop-top pomovirus TGB3 ER, PD N. benthamiana Tilsner et al., 2010
(PMTV)
(15) Bean dwarf mosaic virus BDMV-MP PD N. benthamiana Zhou et al., 2011
(BDMV)
(16) Rice stripe virus (RSV) NSvc4 PD Oryza sativa L./N. benthamiana Yuan et al., 2011; Xu and Zhou, 2012
17) Rice grassy stunt virus pC6 cell wall, PD N. benthamiana Hiraguri et al., 2011; Sui et al., 2018
(RGSV)
(18) Broad bean wilt virus 2 VP37 Ph Chenopodium quinoa Liu et al., 2011
(BBWV-2)
(19) Rice transitory yellowing P3 Nucleus and PD Oryza sativa L./N. benthamiana Hiraguri et al., 2012
virus (RTYV)
(20) Grapevine virus A p31/p36 PD Vitris vinifera L./N. benthamiana Haviv et al., 2012
(GVAYgrape virus B (GVB)
(21) Rice black-streaked dwarf — P7-1 Nucleus, cytoplasm, Oryza sativa L., Zea mays L., Hordeum vulgare ~ Sun et al., 2013
virus (RBSDV) and PD L., Triticum aestivum L./N. benthamiana
(22) Raspberry leaf blotch P4 PM and PD Rubus/N. benthamiana McGavin et al., 2012; Yu et al., 2013
emaravirus (RLBV)
(28) Chinese wheat mosaic 37K PD and ER Triricum, cereal plants worldwide/N. Andika et al., 2013
virus (CWMV) benthamiana
(24) Citrus psorosis virus (V) 54K PD Citrus/N. benthamiana Robles Luna et al., 2013
(25) Miirafiori lettuce big-vein 54K PD Lettuce/N. benthamiana Robles Luna et al., 2013
virus (MiLBWV)
(26) Apple chlorotic leaf spot 50 kDa cytoplasm and PD Apple/N. occidentalis Yoshikawa et al., 1999
virus (ACLSV)
(27) Cauliflower mosaic virus P6 PD N. benthamiana Rodriguez et al., 2014
(CaMv)
(28) Pepper ringspot virus P29 PD Capsicum sp./N. benthamiana Rodrigues et al., 2015
(PepRSV)
(29) Turnip vein-clearing virus P30 PD Turnip/N. benthamiana Mann et al., 2016
(TVev)
(80) Lettuce necrotic yellows P3 PD Lettuce/N. benthamiana Mann et al., 2016
virus (LNYV)
(81) Alfalfa dwarf virus (ADV) P3 PD Lucerne or alfalfa (Medicago sativa Mann et al., 2016
L.)/N. benthamiana
(82) Melon necrotic spot virus DGBp2 PD Melon (Cucumis melo L.)/N. benthamiana Genoves et al., 2011; Navarro and
(MNSV) Pallas, 2017
(83) Melon necrotic spot virus p7B ER, Golgi apparatus, Melon (Cucumis melo L.)/N. benthamiana Genoves et al., 2011
(MNSV) and PD
(84) Capsicum chlorosis virus NSm Cell periphery and PD  Capsicum annuum L. and Solanum Widana Gamage and Dietzgen, 2017
(CaCV) lycopersicum L./N. benthamiana
(85) Citrus tristeza virus (CTV) P23 Nucleolus, cajal bodies  Citrus/N. benthamiana Ruiz-Ruiz et al., 2018
and PD
(86) Cucurbit chlorotic yellows — P4.9 Nucleus, cytoplasm, Cucumber (Cucumis sativus L.) and melon Wei et al., 2019
virus (CCYV) and PD (Cucumis melo L.)/N. benthamiana
(37) Pepper vein yellows virus P4 PD Capsicum sp./N. benthamiana Li et al., 2020a
(PeVYV)
(388) Barley stripe mosaic virus ~ yb Chloroplast, ER, actin  Barley (Hordeum vulgare L.)/N. benthamiana Jiang et al., 2020
(BSMV) filaments, and PD
(89) Grapevine fanleaf virus 2B PD Vitis vinifera L./N. benthamiana Amari et al., 2010
(GFLV)
(40) Fusarium oxysporum f. sp.  Avr2 and Six5  PD Tomato (Solanum lycopersicum Cao et al., 2018
lycopersici (interaction) L.)/N. benthamiana
(41) Melampsora larici-populina  MLP37347 PD Genus Populus/A. thaliana Germain et al., 2018
(42) Phytophthora brassicae RxLR3 PD Brassica oleracea L. and Brassica sinensis Tomczynska et al., 2020
L./N. benthamiana and A. thaliana
(43) Pseudomonas syringae pv. HopO1-1 PM and PD Tomato (Solanum lycopersicum Aung et al., 2020

tomato (Pst) DC3000

L.)/N. benthamiana and A. thaliana
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No Plant species PD- Gene ID (Virus/fungal/bacterial) References
associated protein
protein
1) A. thaliana CalS3/GSL12 AT5G13000 (Phytophthora brassicae) Tomczynska et al., 2020
RxLR3

2) A. thaliana PDLP5 AT1G70690 (Pst DC3000) HopO1-1 Aung et al., 2020

(©)] A. thaliana PDLP7 AT5G37660 (Pst DC3000) HopO1-1 Aung et al., 2020

4) A. thaliana BAM1 AT5G65700 (TYLCV) C4 Rosas-Diaz et al., 2018

5) A. thaliana BAM1 AT5G65700 (TBSV), P19 Garnelo Gomicronmez et al.,
2021

6) A. thaliana BAM2 AT3G49670 (TYLCV) C4 Rosas-Diaz et al., 2018

(7) A. thaliana BAM2 AT3G49670 (TBSV) P19 Garnelo Gomicronmez et al.,
2021

8) Solanum StREM1.3 NP_001274989/102577743 (PVX) TGBp1 Raffaele et al., 2009; Perraki

tuberosum etal, 2014

(©)] A. thaliana PDLP1 AT5G43980 (GFLV) 2B Amari et al., 2010

(10) A. thaliana Calreticulin AT1G09210 (TMV) MP30 Chen et al., 2005

(11) A. thaliana SYTA AT2G20990 (TMV) 30K, (CaLCuV) MP, Lewis and Lazarowitz, 2010;

(TVCV) MP, and (SqLCV) MP

Uchiyama et al., 2014; Levy
et al., 2015; Yuan et al., 2016,
2018
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No Gene name Gene ID Reported Proposed genetic Purpose References
study engineering technique
KO/KD OE CRISPR/Cas9 OE
(1) BAM1 AT5G65700 Inhibits RNAi ~ Promotes RNAi o (modifying o] Biotic stress Rosas-Diaz
movement movement C4/P19- tolerance et al., 2018;
interacting (TYLCV, TBSV) Garnelo
domain) Gomicronmez
et al., 2021
2) BAM2 AT3G49670 Inhibits RNAI nd o (modifying [¢] Biotic stress Rosas-Diaz
movement C4/P19- tolerance et al., 2018;
interacting (TYLCV, TBSV) Garnelo
domain) Gomicronmez
et al., 2021
3) CRK2 AT1G70520 S R X o) Abiotic stress  Hunter et al.,
tolerance 2019
(salinity)
4) IMK2 AT3G51740 nd R % o] Abiotic stress  Grison et al.,
tolerance 2019
(salinity and
drought)
(5) QSK1 AT3G02880 S R X o Abiotic stress  Grison et al.,
tolerance 2019
(salinity and
drought)
(6) PDLP1,2,3 AT5G43980, AT1G04520 and R nd o X Biotic stress Amari et al.,
AT2G33330 tolerance 2010
(GFLV)
((7) PDLP5 AT1G70690 S R X o} Biotic stress Leeetal.,
tolerance (Pst  2011; Lim
DC3000, Psm et al., 2016;
ES4326, TMV  Aung et al.,
and CMV) 2020
8) PDLP7 AT5G37660 S nd % o Biotic stress Aung et al.,
tolerance (Pst 2020
DC3000 and
Psm ES4326)
(©)] LYm2 AT2G17120 8 nd X o] Biotic stress Faulkner et al.,
tolerance 2013
(Botrytis
cinerea)
(10 GLU I - R S o) b4 Biotic stress Iglesias et al.,
tolerance (TMV, 2000; Bucher
PVX and CMV) et al., 2001
(11) StREM1.3 NP_001274989/102577743 S R % o] Biotic stress Raffaele et al.,
tolerance (PVX) 2009; Perraki
etal., 2014
(12 RGP2 AT5G 15650 nd R % o] Biotic stress Zavaliev et al.,
tolerance (TMV) 2010
(13 ANK1 and AAK18619/AANB3819 R S o} X Biotic stress Ueki et al.,
ANK2 tolerance (TMV) 2010
(14) GLU Il KC437380 nd S o] % Biotic stress Dobnik et al.,
tolerance 2013
(potato virus
YNTNY
(15) DHyPRP1 AT4G22470 8 R 4 o] Biotic stress Lietal, 2014
tolerance (Pst
DC3000 and
Botrytis
cinerea)
(16) CML41 AT3G50770 S R % o] Biotic stress Xu et al., 2017
tolerance (Pst
DC3000)
17 NbEXPA1 NbS0000768090013.1 nd S o X Biotic stress Park et al.,
tolerance 2017
(TuMmv)
(18) NbHIPP26 Niben101Scf026219g04026.1 R nd o] X Biotic stress Cowan et al.,
tolerance 2018
(PMTV)
(19 PATL3 and AT1G72160 and AT3G51670 S R X o Biotic stress Peiro et al.,
PATL6 tolerance 2014
(alfalfa mosaic
virus, AMV)
(20) Calreticulin AT1G09210 nd R X o Biotic stress Chen et al.,
tolerance (TMV) 2005
21) SYTA AT2G20990 R nd o X Biotic stress Lewis and
tolerance (TMV, Lazarowitz,
CalLCuV, TVCV 2010;
and SgLCV) Uchiyama
etal., 2014;
Yuan et al.,
2018

KO, knock out; KD, knock down; OE, overexpression; S, susceptible; R, resistant; nd, not determined; O, modification expected for the positive effect.
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Plant species
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M. truncatula

A. thaliana

A. thaliana

A. thaliana

PD-associated protein

CRK2 (cys-rich receptor-like kinase 2)
QSK1 (Qian Shou kinase 1)

IMK2 (inflorescence meristem kinase 2)
Calreticulin

CalS5 (callose synthase 5)

CalS12 (callose synthase 12)

BG_PPAP (8-1,3-glucanase_putative)

BG6 (B-1,3-endoglucanase)

CalS1 (callose synthase 1)

CalS8 (callose synthase 8)

PDLP1 (plasmodesmata-located protein 1)
PDLP5 (plasmodesmata-located protein 5)

Gene ID

AT1G70520
AT3G02880
AT3G51740
MTR_7g080370 calreticulin

AT2G13680

AT4G03550
AT5G42100
AT4G16260
AT1G05570
AT3G14570
AT5G43980
AT1G70690

Abiotic stimuli

Salinity
Salinity and osmotic

Aluminum

Heavy metals (iron, copper,
zinc, and cadmium)

Wounding

High light

References
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Protein name P trichocarpa BlastP of Mw Unique peptides

Accession nr A. thaliana KkDa Biot Bio2 Bio3
Localized to plant LBs

LDAP Interacting Protein (LDIP)! S827 Potri.004G082300 AT5G16550 24 3 3 4
LD-Associated Protein 3 (LDAPGa)?-4563 Potr 005G025700 AT3G05500 27 11 11 4
LD-Associated Protein 3 (LDAP3E)*558 Potri.013G017300 AT3G05500 27 8 10 5
LD-Associated Protein 1 (LDAP1a)*5682728 Potri003G173100 AT1G67360 25 9 9 8
LD-Associated Protein 1 (LDAP16)?56827.28 Potri. 001G055300 AT1G67360 2 7 9 8
Oil body lipase 1 (OBL1a)?282 Potri.001G161500 AT3G14360 65 5 8 1"
Oil body lipase 1 (OBL1b)8:2329 Potri.003G073800 AT3G14360 63 5 5 6
Caleosin (CLO1)® Potri.010G066600 AT4G26740 27 4 4 2
Plant UBX-domain protein 10 (PUX10)"® Potri.003G145200 AT4G10790 52 12 13 8
Cell division control protein 48A (CDG48A)' 828 Potr.012G088200 AT5G03340 EY 56 62 7
Beta-1,3-endoglucanase (GH17-44)° Potri.T167100 AT4G16260 35 3 4
GPATS (redundant with GPAT4)®"%2 Potr.014G085500 AT4G00400 56 3 8 5
265 Proteasome

Regulatory particle AAA-ATPase 2A (RPT2A) Potri.014G194700 AT4G29040 50 18 15 3
268 proteasome, regulatory subunit RPN7 Potri. 015G0S0900 AT4G24820 45 2
Ubiquitin conjugating enzyme 13A (UBG134) Potri.011G111400 AT1G78870 18 4 5 2
Ubiqitin-activating enzyme E1 1 (UBAT) Potri.009G075700 AT2G30110 121 27 23 6
RAB GTPases—Myosin XI tail binding

Rab GTPase C2A Potr. 006G 121400 AT5G03530 23 4 5 2
(RAB-C2A/RAB18)'"14-16.1826-28

Rab GTPase D1 (RAB-D1) Potri 003G004000 AT3G11730 23 8 7 4
Actin/Microtubule

Actin 7 (ACT7)27> Potr.019G010400 AT5G09810 42 23 23 16
V-ATPase B Subunit 2 (VAB; stabiizes F-actin) Potr. 009G 137800 AT4G38510 54 25 24 21
Actin Depolymerizing Factor 4 (ADF4) Potr 009G028200 AT5G59890 16 6 4 3
PD/PM localized/PD enriched fraction

Purple acid phosphatase (PAP1)> Potri. 010G 158400 AT1G13750 69 3 3 2
Calreticulin 1A (CRT1 /CRT1AP" Potri.005G015100 AT1G56340 48 13 10 4
Calreticulin 18 (CRT2 / CRT1B® Potri.013G009500 AT1G09210 47 17 13 5
Calnexin 1 (CNX1)23242528.a.0 Potri.012G111100 AT5G61790 61 29 28 14
Zerzaust (ZET), atypical p-1,3 glucanase®® Potr.019G032900 AT1G64760 53 4 4 2
0O-Glycosyl hydrolases family 17 protein®h Potri.006G080600 AT5G58090 53 5 6 2
O-Glycosyl hydrolases family 17 protein®" Potr. 018G 150400 AT5G58090 52 9 8 3
p-1,3-glucanase 1 (BG1) (GH17_37/at PM) Potri.016G057400 AT3G57270 37 4 5 3
Dehydrin (HIRD11)° Potr.013G062200 AT1G54410 24 1 8 4
Early Responsive to Dehydration 4 (ERD4)" Potr.001G358300 AT1G30360 82 9 5 5
Reticulon like protein B3 (RTNG) 8549 Potr.001G097700 AT1G64090 28 6 7 7
Reticulon like protein B1 (RTN1)'82 Potri.015G027300 AT4G23630 30 3 2 3
Leucine-rich repeat (LRR) family protein® Potr.001GO17500 AT3G20820 40 12 13 7
Probable inactive receptor kinase” Potri.018G074300 AT2G26730 7 9 3 2
Reversibly glycosylated polypeptide 3 (RGP3)" Potri. 010G 156700 AT3G08900 @ 36 32 "
Pectinacetylesterase 11 (PAE11/at D)™ Potr 004G233900 AT5G45280 43 14 16 5
Plasma membrane intrinsic protein 1 (PIP1) Potri. 003G 128600 AT4G00430 31 6 4 2
Plasma membrane intrinsic protein 3 (PIP3)> Potr. 009G 136600 AT4G35100 30 4 3 2
Clathrin Heavy Chain 1 (CHC1)!41® Potr. 009G073300 AT3G11130 193 55 63 38
SKUS similar 1 (SKS1)> Potri.015G127200 AT4G25240 54 3 2 2
Plant LB fractions

SecY transport family protein/L B-targeting?® Potri.011G107900 AT2G34250 52 8 5 5
Annexin 1 (ANN1)?82 Potr.002G095600 AT1G35720 36 23 22 16
Annexin 2 (ANN2)?0% Potri 0056075900 AT5G65020 36 25 23 9
Early responsive to dehydration 7 (ERD7)*2> Potri.004G174100 AT2G17840 48 12 9 1
Late embryogenesis abundant (LEA26)2° Potri 007G 146300 AT2G44060 35 14 15 11
Late embryogenesis abundant protein (LEA27)% Potri.002G165000 AT2G46140 16 6 4 4
Cytochrome P450 (CYPB1K1)% Potri.017G028100 AT5G10610 59 5 8 5
Cytochrome P450 (CYP94B1? Potri 0056220900 AT5G63450 58 7 6
Cytochrome P450 (CYP704A2)% Potri014G072300 AT2G45510 58 23 19 5
Cytochrome bS isoform B (CB5-B)'823 Potri 001G314200 AT2G32720 15 5 2
Cytochrome bS isoform E (CB5-E)'828 Potri012G024600 AT5GS3560 15 8 7 3
Alcohol dehydrogenase 1 (ADH1)!¢28 Potri.002G072100 AT1G77120 41 17 23 15
Alcohol dehydrogenase 2 (ADH2)'2% Potri014G193800 AT5GA3940 23 5 4 3
Alcohol dehydrogenase 2 (ADH2)'%2% Potri 0026254900 AT5GA43940 41 3
Sterol methyltransferase 2 (SMT2/CVP1)3 Potri 0026016300 AT1G20330 4 12 12 2
Embryo-specific protein 3 (ATS3)>" Potri. 015G 132700 AT5G62200 21 4 3
Tethers/SNARES/Membrane trafficking

Synaptotagmin 2 (SYTB; SYT2) Potri 0056241700 AT1G20080 61 7 5 4
Syntaxin of plants 71 (SYP71) (T-SNARE)>® Potri 0166088200 AT3G09740 30 5 4 2
Secretion 22 (SEC22) (T-SNAREPS Potri.001G165600 AT1G11890 25 3 3
ADP-ribosylation factor A1B (ARF1)142! Potri002G191400 AT5G14670 21 10 9 9
Small GTP-binding protein (ARA-3/RAB8a)?60" Potri.008G051700 AT3G46060 24 10 8 7
Golgi localized small GTPase (RAB-6A)° Potri 003G086700 AT2G44610 23 6 4
Suppressor of Variegation 11 (SVR11/RABE1B)® Potri.001G110200 ATAG20360 53 9 12 7
Lipid transfer protein (PR-14)PM™R Potri016G135800 AT5GO1870 12 3 2 2
Secretion-associated RAS 1/2 (SAR2/SAR1)22% Potri.010G141900 AT4G02080 22 20 24 15
COPIl vesicle component (Sec24-like)'3 Potri 0056049100 AT4G32640 11 4 2 2
COPIl vesicle component (SAR2)' Potri.010G141900 AT4G02080 22 20 24 15
Coatomer subunit delta (3-COP/COPI)13.18.285 Potri.012G 126600 AT5G05010 58 14 15 4
Coatomer, alpha subunit-1 (COPI)'31828 Potri 0156069700 AT1G62020 137 48 36 9
Coatomer subunit beta-1 (COP)'3.18285 Potri.006G273300 AT4G31480 106 25 19 4
Coatomer subunit gamma (COPI)'13285 Potri 004G 153500 ATAG34450 %9 30 41 6
Guanine Exchange Protein 5 (GEF) Potri 0066216900 AT3GA3300 198 17 17 3
Protein transport protein SEC3182% Potri 009G055400 AT3G63460 123 17 17 4
Rab1 GTPase subfamily (RAB-18) Potri 001G080400 AT1G02130 23 13 14 7
RAB GTPase homolog A1F (RAB-ATF) Potri.001G374000 AT5G60860 24 21 22 9
RAB GTPase homolog A2A (RAB-A2AI Potri 003G004100 AT1G09630 24 15 14 10
RAB GTPase homolog A28 (RAB-A28) Potri.006G000300 AT1GO7410 24 10 8 6
Rab-like GTPase (ARAS/RABS)20225 Potri.010G226300 AT3G54840 22 7 6 2
RAB GTPase homolog G3D (RAB-G3D/RABY)'2 Potri 003G053400 AT1G52280 23 17 13 2
Organellar

Mitochondrial Rho GTPase 1 (MIROT)> Potri013G023100 AT5G27540 72 26 24 6
Prohibitin 3 (PHB3)-mitochondrial?528 Potri.001G335700 AT5G40770 31 17 14 13
Prohibitin 6 (PHB)-mitochondrial?" Potri.017G017400 AT2G20530 32 16 16 17
V-type proton ATPase subunit a3 (VHA-a3)° Potri009G121400 AT4G39080 93 1" 7 2
V-ATPase C subunit (DET3)> Potri.017G061100 AT1G12840 43 19 21 7
Vacuolar membrane ATPase 10 (AYMA10} Potri 008G040300 AT3GO1390 12 4 4 2
Vacuolar ATP synthase subunit A (VHA-A) Potri.010G253500 AT1G78900 69 42 38 24
Vacuolar H+-ATPase subunit E1 (VHAET)> Potri.013G051500 AT4G11150 26 10 8 7
Heat Shock Proteins/chaperones

Endoplasmin homolog (Hsp90-7)24> Potri.005G241100 AT4G24190 94 33 29 18
DNAJ heat shock family protein (ERDJ3B)'* Potri014G122600 AT3G62600 40 5 3 2
Hsp 70 family protein (BIP2)° Potri. 001G087500 AT5G42020 74 a7 30 19
Hsp; Endoplasmin homolog (Hsp90-6)° Potri.014G164900 AT3GO7770 © 18 18 2
Hsp; Endoplasmin homolog (Hsp90-4/22 Potri 006G002800 AT5G56000 EY 69 61 28
HSP70-10, Heat shock 70 kDa protein 102 Potri 001G285500 AT5G09590 73 27 2 4
pn6O (TGP-1), CCT8 [STM, KN1 PD-trafficking] Potri019G034200 AT3G03960 59 29 24 4
pn6O chaperonin (TCP-1)° Potri. 008G 182300 AT1G24510 59 2 12 5
pn6O chaperonin (TCP-1)° Potri 009G 157400 AT3G11830 60 2 20 7
BAG protein 7 (BAGT) (Bcl-2)° Potri.015G126800 AT5G62390 46 3 5 3
Phospolipases-lipases-lipid metabolism

Phospholipase G (PLC2)® Potri.010G188800 AT3G08510 67 6 6 2
Phospholipase D delta (PLD3)> Potri 005G 105600 ATAG35790 % 2 2 3
Lipase/GDSL-motif esterase (acyltransferase}® Potri 001G342600 AT5G14450 43 9 10 5
Plat domain protein (PLAT2) (ipase)® Potri 005G076900 AT2G22170 19 4 5 5
Sugar dependent 6 (SDP6) Potri. 0106226700 AT3G10370 17 14 2
GDSL-motif esterase (GDSL1) (ipase)® Potri 019G008000 AT1G29670 40 6 4 9
GDSL-like Lipase® Potri.018G089300 AT5G45670 28 10 10 6
Lipoxygenase 2, chloroplastic (LOX2)® Potri 001G015500 AT3G45140 103 6 6 4
Dolichyl-diphosphooligosacch. (HAP6/Rpn2) Potri.005G226100 AT4G21150 7% 10 6 10
Dolichyk-diphosphooligosacch. (HAP6/Rpn2)?® Potri 002G036600 AT4G21150 75 12 8 13
Glucose 6-phosph. (GPT1) phosphate transl.12% Potri.011G135900 AT5G54800 43 5 3 2
Oxidative stress, antioxidant, histones

Thioredoxin-ciependent peroxidase 1 (TPX1)" Potri 001G423500 AT1G65980 17 9 7 8
Catalase 2 (CAT2)!4® Potri 002G009800 AT4GB5090 57 17 14 9
Manganese superoxide dismutase (MSD1) Potri.013G092600 AT3G10920 2 5 6 4
Peroxidase (PRX36)° Potri 005G195600 AT1G71695 39 15 13 7
Peroxidase (PRX37)° Potri. 005G 195700 ATIGT1695 39 11 9 7
Histone H3 (HTRS, H3.3)' Potri 002G026800 AT5G10980 15 3 2 3
Histone H2A (HTA9, H2A)"® Potri 0066249300 AT1G52740 14 3 3 3
Histone H4 (HTA4)'® Potri 005G 115300 AT5G59970 1" 7 5 5

(1) at LBs or in LB fractions: 'Pyc et al. (2017); 2Gidda et al. (2016); 3Coulon et al. (2020); *Horn et al. (2013); $Kim et al. (2016); Sthis paper, (Figure 7); ”Deruyffelaere et al. (2018);
8Kretzschmar et al. (2018); SRinne et al. (2011);19Schroeder et al. (2015); 1! Ozeki et al. (2005); "2Lizaso et al. (2013); 8Soni et al. (2009); ™Bartz et al. (2007); 'SLiet al. (2012); ®Martin
et al. (2005); 7 Hodges and Wu (2010); 8Beller et al. (2008); *®Cermelli et al. (2006); 2Fujimoto et al. (2004); 2! Nakamura et al. (2005); 2Turro et al. (2006); 2Brasaemle et al. (2004);
2Umiauf et al. (2004); PLiu et al. (2004); 2Sato et al. (2008); ¥ Brocard et al. (2017), Zhi et al. (2017); 2Mdller and Ischbeck (2018); ®Binns et al. (2006); % Ferndndez-Santaso
et al. (2020), %2ifling et al. (2013), (2) at PD or in PD enriched fraction: 3Liu et al. (2017); ®Femandez-Calvino et al. (2011) (blue); °Karison et al. (2003); %Xu et al. (2011); ®Kitagawa
nd Jackson (2017); 'Knox et al. (2015); 9Kriechbaumer et al. (2015); M Lejjon et al. (2018) fred).
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Abbreviation Full name

ABA Abscisic acid
A. thaliana Arabidopsis thallana

BG $-1.3 glucanase

PD Plasmodesmata

cals Callose synthase

CEBP CHITIN ELICTOR BINDING PROTEIN

DGB Double gene block

ER Endoplasmic reticulum

ET Effector-triggered immunity

FLS2 FLAGELLIN SENSING

HLB Huanglongbing

H Invasive hyphae

ISE INCREASED SIZE EXCLUSION LIMIT

LysM Lysin motif

LYM2 LYSM-CONTAINING GPI-ANCHORED PROTEIN 2
LYK4 LysM-CONTAINING RECEPTOR-LIKE KINASE 4
MAMPs Microbe-associated molecular patterns

P Moverment protein

NLR Nucleotide-binding leucine-rich repeat

PDBG Plasmodesmal-lacalized p-1,3 glucanase

PDCB PLASMODESMATA CALLOSE BINDING PROTEIN
PDLP PD-LOCALIZED PROTEIN

PM Plasma membrane

PRRs Pattern recognition receptors

PSTVd Potato spindle tuber viroid

PTI Pattern-triggered immunity

PVX Potato virus X

SA Salioyic acid

SAR Systemic acquired resistance

SEL Size exclusion fimit

SYTA Synaptotagmin A

TGB Triple gene block

™V Tobacco mosaic virus





OPS/images/fpls-12-674031/crossmark.jpg
©

2

i

|





OPS/images/fpls-12-674031/fpls-12-674031-g001.gif





OPS/images/fpls-12-649806/fpls-12-649806-g004.jpg
}

0“
K

o

St anaset®






OPS/images/fpls-12-649806/fpls-12-649806-g005.jpg





OPS/images/fpls-12-649806/cross.jpg
3,

i





OPS/images/fpls-12-649806/fpls-12-649806-g001.jpg
zygotic embryos somatic embryos zygotic embryos somatic embryos
of STM:ER-GFP line of STM:ER-GFP line of STM:3XsGFPline  __of STM: 3XsGFP I|ne

A E

globular

torpedo

cotyledonary






OPS/images/fpls-12-649806/fpls-12-649806-g002.jpg





OPS/images/fpls-12-649806/fpls-12-649806-g003.jpg
na senaa,
PLLLETN S
Nasammnnre

o+
of

D
5
D
.
0
.

. .
- >/ * k
E A “
: 3
: .
: g
) 3
5 J |
; 4
5
. :
i
B
¢ 1]
ek Il J |
s
FPLLLEN
2
:
.
3
3
- 5
5
&
4
J
;
|}
1|
1] V'
( | “ Il
3
.
:
5
4
3
s
_ o Al i
5






OPS/images/fpls-12-632078/fpls-12-632078-g003.jpg
* X
*

senfsssmesnnmn: - EEEEEEEE e
S E EE s R SR EEE=
—— e
») D = ») - »
0, e D /A 4 D A
*
E s s R s EEE . 2
*
L *
*
*






OPS/images/fpls-12-632078/fpls-12-632078-g004.jpg
A

AHL1
AHL4

AHL1
AHL4

AHL1
AHL4

AHL1
AHL4
AHL1
AHL4

MVLNMESTGEAVRSTTGNDGGITVVRSDAPSDFHVAQRSESSNQSPTSVIPPPPOQPSSHHTAPPPLQISTVITTITTAAMEGISGGLMKKKRGRPRKYG!

————MEEREGTNINNI PTS| FGLXQHETPLPPPGYPP RSENPNLFPVGQS-—--STSSARAAVKPSENVAPPFSLTMPVEN--SSSELKKKRGRPRKYN!
EE I T *% L * * ssokok kR oR R Rk
e FreRTTTONTe
PDG-TVVALSPKPISSAPAPSHLPPPSSHVIDFSASERRSK—————————- VRKPTNSFNRTKYHHQVENLGEWAPCSVGG----—--—~ N
PDGSLAV'I'LSPMPISS SVPLTSEFGSRERGRGH GRGRGRGRGRGQGQGSRE PI\HMWDNNW KNPQMFEFNNNTP’.[‘SGGGGPAEIVSPSE'IPP'IVLTVNAGI
®k ook dololok % ¥ * skl Rk

S— S— S _ ]
EDVIMKIISFSQQGPRSICVLSANGVISSVILROPDSSGGTLTYEGRFEILSLSGSFMPNDSGGTRSRTGGMSVSLASPDGRVVGGGLAGLLVAASPVQV
EDVTMKIMTFSQQGSRAICILSANGPISNVTLRQSMTSGGILTY‘EGHFEILSLTGSFIPSESGGTRSRAGGMSVSLAGQDGRVFGGGLAGLFIAAGPVQV]

i s sk koK sokkokkkkok Rk ok ok Rkdskdolok kkRkdkkdok ko dokokkokdkk k% kRkx

i 400

VVGSFLAGTDHQDQ—————— KPRKNKHDFMLSSPTARIPISSAADHRTIHSVSSLPVNN-————————————————-] NIWQTSLASDPRNKHTDINVNVT-

MVGSFIAGQEE SQQQQQQIKKQRRE RLGI PTTTQASNI 5 FGGSAEDPKARYGLNKPVVIQPPPVSAPPVS FS:!IPSTNTV!!GYYANNTAN:‘IIXDLFS SLE(
kkkE Kk * ET] ET]

GEDREEDEDDLEGEDDEEFGGHSESDTEVPS

AHL1  [IENE RRE 6] AHL4 = N |PPC| C
AHL4-4-1 | N | PPC \. AHL1-1-4 --

PSHR::AHL4-4-1-GFP
PSHR::AHL4-1-1-GFP

pSHR::AHL1-1-4-GFP
pSHR::AHL1-4-4-GFP






OPS/images/fpls-12-632078/fpls-12-632078-g005.jpg
= (r-p-1THV) p# 2un
= (-7~ 1THY) £# oun

= (7-p-LTHY) Z# Bun

© Extra xylem (D)

= (71 THY) L4 oun
= (7-1-1THY) 2# 8u
= (7-1-1THY) L#eun
= (1-1pIHY)e# oun
= (1- 1 THY)Z# sun
b= (1-1v7THY) L# aun
= (-7 1HY) p# oun
= (1-b-vTHY) €4 aun

= (1-b-vTHY) Z2# 8un

kinds of chimeric protein

b= (1pvTHY) L un
= (v1HY) 4 un
= (71HY) z# oun
= (7THY) L# 8un
= (11HV) z# sun

= (1THY) L#8un

= pit/e

Normal (A) m=m 4 xylem cell (B) === 6 xylem cell in a row (C)

100
SOI
0

(%) ebejusolad
w

[11] [a]
< (&)






OPS/images/fpls-12-632078/fpls-12-632078-g006.jpg
Line #4 (AHL1-4-4)
Line #3 (AHL1-4-4)
Line #2 (AHL1-4-4)
Line #1 (AHL1-4-4)
Line #3 (AHL1-1-4)
Line #2 (AHL1-1-4)
Line #1 (AHL1-1-4)
Line #1 (AHL4-4-1)
ahl4

Col-0

pAHL4::AHL4-4-1-GFP

PAHL4::AHL1-4-4-GFP

[ | Extra xylem (D)

Il =6 xylem cell

in arow (C)
" 4 xylem cell (B)
mm Normal (A)






OPS/images/cover.jpg
Smith and

2
K
2
2
£
2

2
2

3
]
i
g

ek
5
he

i
sy

P frontiers Research Topics





OPS/images/fpls-12-679140/cross.jpg
3,

i





OPS/images/fpls-12-674128/crossmark.jpg
©

2

i

|





OPS/images/fpls-12-674128/fpls-12-674128-g001.jpg
on,

oA
i\m
cytoklmns
P
O
— @ °
AHP1: AHPE6:
ise2: +2.8 ise1:-22
ised: +71.7 ise2: -23
AHP2: i
ise2: +5.0
B ARRs
ARR4 ARR16 ARR17
SFAFAR P /TN
ised: +2.2 ise2: +2.7

ise4: +5.0

s

N Y
» ® o

GFP movement (cells)
PN

mock 100 10 1.0
[trans-Zeatin] (nM)

.

[trans-Zeatin] (M)






OPS/images/fpls-12-674128/fpls-12-674128-g002.jpg
A

GFP movement (cells)

TRV-AHK3

TRV-AHK4






OPS/images/fpls-12-674128/fpls-12-674128-g003.jpg
522
820
c18
16
14
2

212
©10

i
i

HH

Mock +AHP5 +AHP6

Mock

— |+AHP5

— [+AHP6






OPS/images/fpls-12-649806/fpls-12-649806-t001.jpg
Similarities/differences

Zygotic embryo

Somatic embryo

Embryo size

Morphology

Histology

Symplasmic
domains
SEL

Globular < 100 pm
Heart 100 um
Torpedo 300 pm
Cotyledonary 700 pm

SAM. two cotyledons, radicle.

Normal arrangement of
tissues in term of the number
of cell layers in tissues;
protodermis, ground
promeristem, provascular
tissue.

Relevant to embryo organs
and tissues.

Between embryo organs;
longitudinal arrangement
Globular 81 kDa

Heart 51 kDa

Torpedo 51 kDa
Cotyledonary 27 kDa
Between embryo tissues;
radial arrangement —
centripetal

Globular 27 kDa

Heart 27 kDa

Torpedo 27 kDa
Cotyledonary 27 kDa
Between embryo tissues;
radial arrangement —
centrifugal

Globular 27 kDa

Heart 27 kDa

Torpedo 27 kDa%?
Cotyledonary 27 kDa

Globular 100-150 pm

Heart 160-250 um

Torpedo 260-400 wm
Cotyledonary 410-1000 pm
SAM. sometimes more than
two cotyledons, radicle.
Tissue arrangement similar to
zygotic counterparts, but
number of cells within tissue
sometimes changed; tissues
often built with more layers than
zygotic counterparts;
protodermis, ground
promeristem, provascular
tissue.

Relevant to embryo organs and
tissues.

Between embryo organs;
longitudinal arrangement
Globular 27 kDa

Heart 27 kDa

Torpedo < 27 kDa
Cotyledonary < 27 kDa
Between embryo tissues; radial
arrangement — centripetal
Globular 27 kDa

Heart 27 kDa

Torpedo 27 kDa*

Cotyledonary 27 kDa*

Between embryo tissues; radial
arrangement — centrifugal
Globular 27 kDa

Heart 27 kDa'

Torpedo 27 kDa*2-3
Cotyledonary 27 kDa'-2

*Indicates that the exchange of the GFP occurred only between the hypocoty!
tissues; 'only in the provascular tissue; 2in the protodermis and %in the
ground promeristem.
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Embryo type
Domain
% globular embryos

1XsGFP

2XsGFP

3xXsGFP

SEs
Globular
100% (n = 12)

ZEs
Globular
100% (n = 18)

ZEs
Globular
100% (n = 14)

SEs
Globular
No activity detected (n = 15)

ZEs
Globular
100% (n = 14)

SEs
Globular
No activity detected (n = 15)

Comment

Domain
% heart embryos

Comment

% torpedo embryos

No domain was distinguished No domain was distinguished

up to 27 kDa up to 27 kDa
Apical Central Basal Apical Central Basal
100% 100% 100% 75% 96% 75%
(n=18) (n=15) (n=17) (h=8) (n=12) (n=10)

No domain was distinguished  Three domains: (1) cotyledon node;

up to 27 kDa (2) hypocotyl; (3) root
100% 100% 100% 83% 86% 100%
(n=15) (n=15 (=18 (n=18) (n=15) (n=15)

No domain was distinguished Not applicable

up to 54 Da
Apical Central Basal Apical Central Basal
100% 100% 100% 100% 100% 100%
(n=15) (n=10) (n=19) (mn=7 (n=10) (=7

No domain was distinguished
up to 54 kDa

100%  100%  100%
(n=19) (n=19) (n=18)

Three domains: (1) cotyledon node;
(2) hypocotyl; (3) root
100% 75% 100%
(n=13) (n=13) (h=17)

No domain was distinguished

up to 81 kDa
Apical Central Basal
100% 100% 100%

(n=14) (n=14) (n=15)
Three domains: (1) cotyledon node;
(2) hypocotyl; (3) root
100% 100% 100%
(n=15) (n=15) (n=13)

Not applicable

Apical Central Basal
2% 86% 76%
n=12) (n=8) (=12

Two domains: (1) cotyledon node;
(2) Hypocotyl/root
79% 90%
(n=8) (n=15

88%
(n=28)

Comment No domain was distinguished  Three domains: (1) cotyledon node; Three domains: (1) cotyledon node; Three domains: (1) cotyledon node; Three domains: (1) cotyledon node; Three domains: (1) cotyledon node;

Comment up to 27 kDa (2) hypocotyl; (3) root (2) hypocotyl; (3) root (2) Hypocotyl; (3) root (2) hypocotyl; (3) root (2) hypocotyl; (3) root

% cotyledonary 100% 100% 100% 33% 85% 95% 100% 100% 100% 98% 96% 100% 100% 100% 100% 96% 100% 96%

embryos (n=14) (n=14) (h=16) (=9) (N=13) (n=11) (n=12) (n=13) (n=19) (n=20) (h=21) (n=21) (n=13) (n=17) (n=15) n=21) (n=22) (h=21)

Comment No domain was distinguished  Three domains: (1) cotyledon node; Three domains: (1) cotyledon node; Three domains: (1) cotyledon node; Three domains: (1) cotyledon node; Three domains: (1) cotyledon node;
up to 27 kDa (2) hypocotyl; (3) root (2) hypocotyl; (3) root (2) hypocotyl; (3) root (2) hypocotyl; (3) root (2) hypocotyl; (3) root

% the percentage of embryos that enable GFP movement to the number of embryos tested (according to Kim et al, 2002, Wrobel-Marek et al., 2017).

A large% value (bold%) indicates that movement was possible in this stage of embryo.
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Stage of

development

Heart

Torpedo

Cotyledonary

Part of embryo/
embryo type

Apical
Central
Basal
Apical
Central
Basal
Apical
Central
Basal

Provascular tissue

Protoderm Ground promeristem
ZEs SEs ZEs SEs ZEs SEs

100%(17*/17**) 0%(0*/10™) 100%(18*/18**) 80%(15%/21™) 100%(18*/18**) 0%(0*/10™)
100%(18*/18**) 100%(10*/10**) 100%(18*/18**) 90%(9*/10**) 100%(18*/18**) 0%(0*/10*)
100%(18*/18**) 100%(10*/10**) 100%(18*/18**) 90%(9*/10**) 100%(18*/18**) 0%(0*/10™)
100%(25*/25**) 95%(18*/19**) 96% (22*/23**) 94%(16*/17**) 96%(24*/25**) 80%(16*/20**)
100%(25*/25**) 95%(20*/21**) 95% (20*/21**) 94%(16*/17**) 95%(20*/21**) 96% (21*/22**)
100%(25*/25**) 0%(20*/20*) 95%(18*/19**) 5%(1*/20™) 96%(22*/23**) 10%(2%/20™)

0%(19*/19*) 93%(15*/16**) 0%(19/19*%) 0%(17*/17*) 0%(19*/19*) 0%(17*/17*)
100%(19*/19**) 100%(17*/17**) 0%(19/19*%) 0%(17*/17*) 0%(19*/19*) 0%(17*/17*%)
100%(19*/19**) 0%(17*/17**) 0%(19/19*%) 0%(17*/17*) 0%(19*/19*) 0%(17*/17*%)

*Number of embryos that enabled the movement of GFP; when the analyzed area (apical/central/basal) was filled with GFP above 80%.
**Number of embryos tested. The GFP distribution was analyzed in the radial direction and along the apical-basal axis from the areas of the promoter activity. A large%

value (bold%) indicates that movement was possible in this direction.
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Stage of
development

Heart

Torpedo

Cotyledonary

Part of embryo/
embryo type

Apical
Central
Basal
Apical
Central
Basal
Apical
Central
Basal

Protoderm Ground promeristem Provascular tissue
ZEs SEs ZEs SEs ZEs SEs
100%(17*/17**) 0%(19*/19*) 100%(17*/17**) 0%(19*/19*) 100%(17*/17**) 0%(19%/19*%)
100%(17*/17**) 75%(14*/19**) 100%(17*/17**) 0%(19*/19*) 100%(17*/17**) 0%(19%/19*%)
100%(17*/17**) 95%(19*/20**) 100%(17*/17**) 95%(19*/20**) 95%(18*/20**) 95% (18*/20**)
0%(15*/15*) 95%(18*/19**) 0%(15*/15*%) 0%(19*/19*) 0%(15*/15*) 0%(20%/20**)
100%(15*/15**) 96%(21*/22**) 100%(15*/15**) 80%(16*/20**) 100%(15*/15**) 0%(20%/20**)
100%(15*/15**) 100%(22*/22**) 100%(15*/15**) 95%(19*/20**) 100%(15*/15**) 0%(20%/20**)
0%(18*/18*) 90%(18*/20**) 0%(18*/18*%) 0%(19*/19*) 89%(16*/18**) 0%(19*/19*%)
0%(18*/18*) 96%(19*/20**) 0%(18*/18*%) 0%(19*/19*) 0%(18*/18") 0%(19*/19*%)
100%(18*/18**) 5%(1*/20*) 100%(18*/18**) 0%(19*/19*) 100%(18*/18**) 0%(19*/19*%)

*Number of embryos that enabled the movement of GFP; when the analyzed area (apical/central/basal) was filled with GFP in about 80%.
**Number of embryos tested. The GFP distribution was analyzed in the radial direction and along the apical-basal axis from the areas of the promoter activity. A large%

value (bold%) indicates that movement was possible in this direction.
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