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ABSTRACT
Intercellular communication is critical for all life on earth. From quorum sensing in bacteria to the electrical signals controlling our every move, the ability to share and exchange information with our neighbors is critical for growth and development. In plants, this communication can be achieved through two major pathways, apoplastic signaling or symplastic signaling through membrane lined pores in the cell wall called plasmodesmata. These pores form cytoplasmic bridges between neighboring cells and are used to traffic nutrients and signaling molecules throughout the plant. They also form direct routes for plant pathogens to rapidly spread throughout the plant. Plant viruses are particularly well adapted to take advantage of these intercellular connections. During virus infection, trafficking through plasmodesmata increases in a phenomenon known as gating. The long standing interpretation of this increase in trafficking has been that it allows for rapid spread of the virus into neighboring, uninfected tissues. While the plasmodesmata-virus relationship has been studied extensively and has provided many insights into the functioning and regulation of these small pores, the changes that occur during infection to increase the trafficking remain unknown. The results presented in this dissertation demonstrate that the observed increase intercellular trafficking is the result virus-induced formation of new plasmodesmata. Using this system, details of the mechanisms behind the cell biology of plasmodesmata formation are revealed. Using the data presented here, new models for gating during virus infection and secondary plasmodesmata formation are proposed. 
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[bookmark: _Toc66640619][bookmark: _Toc69772588]Plasmodesmal structure and composition: how is movement facilitated
Communication between neighboring cells is a fundamental requirement for all organisms. From single-celled prokaryotes to multicellular eukaryotes, all organisms relay information between adjacent cells to coordinate growth, development, and responses to the environment [1],[2],[3],[4]. For multicellular organisms, proper coordination of intercellular communication is essential for growth and differentiation of cells into specific tissues. For plants, this communication is facilitated through two primary pathways [5]. Small signaling molecules such as hormones can be secreted out into the extracellular environment, or apoplast, and move to neighboring cells [6, 7]. This form of communication has been suggested to be limited to molecules with Stokes radii less than 4.6nm by the cell wall that surrounds each cell and provides the plant with support and protection from the environment [8]. The cell wall also prevents communication via direct plasma membrane-membrane contact between cells, which is a primary mechanism for intercellular communication in other multicellular organisms [9, 10]. Plants have instead evolved a specialized communication network that connects the cytoplasms of almost every cell in the plant, called the symplast, through cell wall-spanning pores called plasmodesmata (PD) [3],[4]. Symplastic trafficking through PD serves as a route for cells to exchange small molecules such as sucrose with neighboring cells, but also allows for the intercellular movement of proteins and RNA molecules that act as informational or regulatory factors, and therefore allowing the coordination of responses to external stimuli and intrinsic developmental processes. The formation and function of these PD during development and in response to extrinsic stimuli represented by viruses is the focus of this thesis.
[bookmark: _Toc66640620][bookmark: _Toc69772589]Membranes and spaces: Routes for intercellular trafficking
A single PD aperture is usually 30-50 nm in diameter, falling below the limits of resolution of light microscopy. This small size belies the complexity of the structure and composition of the pores. A depiction of the complexity of PD structure, based on models developed by Ding [11] and Overall and Blackmann [12], is presented in Figure 1. The outer boundaries of PD are delimited by the plasma membrane, rendering this membrane continuous between connected cells. Transmission electron microscopy (TEM) studies of PD have suggested the presence of a central protein-rich membranous structure at the center of the pore, referred to as the desmotubule (e.g. [11]).  The desmotubule is derived from the endoplasmic reticulum (ER) of the connected cells, and it likely contains numerous proteins to help maintain its high membrane curvature [13]. The space between the desmotubule and plasma membrane is called the cytoplasmic sleeve or annulus. TEM has also identified spoke-like structures that likely tether the PD plasma membrane to the desmotubule [11]. The cytoplasmic sleeve is believed to be the main conduit for intercellular trafficking through PD but trafficking can also occur by diffusion along the ER membrane of the desmotubule [14],[15]. The spoke proteins likely span the cytoplasmic sleeve,


[bookmark: _Toc69648451]Figure 1 Plasmodesmal Structure
(A) In this model, the desmotubule (grey) passes through the center of the pore and is encircled by two full turns of an actin filament (red). Plasma membrane-associated myosins (orange) bridge the cytoplasmic annulus (white space within pore) and form contacts with the actin filament. PD-localized proteins line the desmotubule and the plasma membrane (green ovals). GFP (yellow) is small enough to pass through the cytoplasmic annulus. Dimensions were obtained from previous studies. Drawn to scale. (B) - (D) Transmission electron micrographs of plasmodesmata in N. benthamiana leaves. (B) A simple plasmodesma consists of a single pore, (C) twinned PD are two pores within 100 nm of each other, and (D) shows a branched plasmodesma with a central cavity.
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restricting the area through which movement can occur [11]. One caution in interpreting these models is that they have been generated from a relatively small number of samples, and it cannot be ruled out that the micrographs on which these models are based may in fact represent closed PD or PD that are no longer functional. More studies of more PD in a variety of tissues and at a variety of developmental stages will allow better understanding of PD ultrastructure.
PD often form during cell division when strands of ER become trapped in the cell plate.  These PD are designated as primary PD. In addition, PD may also form when cells are not dividing or across cell walls that are not the product of recent cell divisions, e.g. between root cell files, such PD are called secondary PD. The mechanisms behind secondary PD formation remain poorly understood. Current models of secondary PD formation suggest that occurs at or near existing PD [16]. In this model, known as the multiple twinning model, suggests that the components needed for the insertion of new PD reside at the existing PD. Additionally, the cell wall around existing PD are believed to be primed for the insertion of new PD. The addition of new PD near existing pores is consistent with the generation of highly dense clusters of PD in regions of the cell wall referred to as pitfields. It remains an open question whether primary and secondary PD are functionally distinct [17]. Besides simple pores (Figure 1A and B), PD can also take on more elaborate structures.  Twinned PD, defined as two PD within 100 nm of each other [17], are believed to be intermediates in the de novo formation of secondary PD (Figure1C) [18].  Branched PD (Figure1D) typically consist of multiple openings in each cell wall connected by a space called the central cavity [11].  Given the small dimensions of PD, high-resolution microscopy is necessary for interrogating their structure and function; TEM and super-resolution microscopy are therefore typically used to study PD structure [11],[19],[20],[21].
 It is likely that PD exist as a heterogeneous mixture with a variety of macromolecular and structural compositions that help specify the function of a given pore. Strong support for this idea comes from viral MPs that show specificity for different types of PD.  One of the best examples of this is the MP of Potato leafroll virus (PLRV), MP17, which localizes exclusively to branched PD [22]. This finding suggests that there are differences between PD that allow the 
viral protein to localize to only a subset of the pores. PLRV is phloem-limited, meaning that the viral lifecycle is restricted to the phloem [23]. During co-infection with PLRV and some unrelated, non-phloem-limited viruses, PLRV was able to exit the phloem and enter other plant tissues [24]. This suggests that PLRV alone is incapable of modifying the PD that connect the companion cells to neighboring cells but once the PD are modified, PLRV can spread. 
Additionally, structural features of PD are expected to be heterogeneous within the same cell wall. An exciting recent TEM-tomographic study of root PD suggests that PD can adopt multiple structures during development, with considerable changes to the size of the cytoplasmic sleeve as the distance between the desmotubule and plasma membrane varies [25].  However, the relationship between PD structure and function has not been elucidated, although it has been suggested that branched PD exert more control over the size of molecules that they can traffic [26], and that PD with no apparent cytoplasmic sleeve can still traffic cargo [25]. It is also possible that only a subset of the PD in a given wall contains the desmotubule, and those that do not therefore have a considerably larger cytoplasmic sleeve volume for molecular trafficking between cells. Understanding how these differences affect trafficking through individual PD will be critical for understanding how PD function is related to pore structure.
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Plasmodesmata (PD) are membrane–lined nanopores that connect the contents of neighboring cells to each other.  They allow the passage of small molecules like sugars, amino acids and small fluorescent dyes from one cell to another. They are also used for the intercellular movement of larger molecules like messenger RNAs, protein transcription factors, reporter proteins like green fluorescent protein (GFP) and viruses as ribonucleoprotein complexes or intact 
virions [27],[28],[29],[30]. Plant viruses have evolved to take advantage of this connectivity for their local cell to cell movement during infection. As such, understanding PD structure and function provides valuable insights into viral life cycles and mechanisms for infectivity. Conversely, viruses have proved invaluable sources of proteins used to probe PD structure and function. The relationship between viruses and PD is inextricably linked to the viral lifestyle and the success of any infection. 
	The plasma membranes (PM) of the cells connected by PD are continuous through the pore. In addition, strands of endoplasmic reticulum (ER) also traverse the pore in a structure referred to as the desmotubule. Trafficking through the pore occurs mainly via the cytoplasmic sleeve or annulus that lies between the desmotubule and PM of the pore (Figure 2A). The membranes of the desmotubule also comprise a route of cell-to-cell trafficking, exemplified by tobacco mosaic virus [TMV, [15]]. Besides these membranes and spaces, immunohistochemistry has identified numerous components of the cytoskeleton
[bookmark: _Toc69648452]Figure 2 Mechanisms for virus intra- and intercellular movement and modifications made to plasmodesmata (PD) during infection.
 A, In current models of PD structure (modeled after Reagan et al. [2018]), unmodified PD has many components and the length of the pore is lined with callose (black jagged lines). A variety of host proteins (green and light blue ovals) line the pore and tether the endoplasmic reticulum (ER)-derived desmotubule to the plasma membranes. Actin filaments (chains of red circles) and myosins (orange) line the pore and may regulate PD function. Many viruses target the chloroplasts of infected cells and trigger changes in structure and function of the chloroplasts. Stromules extend out of chloroplasts along microtubules (MTs) and may deliver signaling molecules such as hydrogen peroxide (black dots) to one or both the nucleus and PD. Additionally many viral proteins (light blue ovals) have been shown to interact with chloroplast proteins (brown squares) and are likely involved in disrupting chloroplast function or in the plant response to the virus. B, During infection with tobacco mosaic virus (TMV) (depicted in the area labeled I), MP30 (light blue circles) accumulates in simple and branched PD and in ER-derived replication complexes. Callose is removed from the wall around the PD, presumably by extracellular or PD-localized β-1,3-glucanases, thereby dilating the pore to accommodate virus movement. MP30 and the TMV replicase (light pink circles) bind to the viral genome and target it to modified PD by moving along the actin cytoskeleton and desmotubule. MP30 also accumulates on MTs at the cell periphery. C, Movement proteins (MPs) like the MP of the phloem limited potato leafroll virus (MP17, dark blue circles) accumulates exclusively in branched PD. During turnip mosaic virus (TuMV) infection (depicted in area II), the 6K2 protein (yellow circles) promotes the formation of ER-derived vesicular replication complexes (VRCs) that contain 6K2, the replicase (orange squares), and the viral genome. The VRCs are mobile and are targeted to and through PD via the actin cytoskeleton. It is currently unknown how the PD are modified in order to accommodate the large VRC and whether distinct PD are targeted by TuMV, but other potyviruses utilize a suite of other viral proteins to form PD-associated cylindrical inclusions to promote movement (not shown). D, During potato virus X infection (depicted in area III), the triple gene block proteins (TGB1, TGB2, and TGB3) and the capsid protein (CP) facilitate coreplicational insertion into modified PD. TGB2 (dark pink circles) and TGB3 (bright green circles) promote major remodeling of the ER into PD-associated caps. TGB1 (maroon circles) gates PD and facilitates the insertion of the CP (bright green squares) and viral genome into the PD. TGB1 is also involved in the formation of the X-body for virus replication (not shown). E, During grapevine fanleaf virus infection (depicted in area IV), the 2B MP (red circles) is targeted to calreticulin-positive foci (blue rectangle) at the cell periphery, through the ER-Golgi secretory pathway, and, along actin filaments or MTs, form proteinaceous tubules that span PD. The tubule displaces the desmotubule and interacts with host proteins. Fully formed virions (gray hexagons) move through the tubule.
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as being associated with PD. Actin and actin-related proteins, myosin, tropomyosin and centrin have all been localized to PD [31], although their contributions to intercellular trafficking remain unclear (discussed below).  Recent proteomic approaches have identified suites of proteins that likely associate with PD including integral membrane proteins that are receptors, membrane-localized kinases, and proteins involved in cell wall carbohydrate metabolism [32],[33]; [34] [35],[36]. This protein repertoire suggests that PD are not simply passive pores through which cargo is trafficked, but rather have the capacity to sense cues and initiate signaling to coordinate appropriate responses.
	The lipid composition of PD has also been the focus of recent investigation. Careful isolation and subsequent mass spectrometric analysis of membrane fractions of Arabidopsis PD revealed enrichment in sterols and sphingolipids bearing very long-chain saturated fatty acids [37]. The sterol composition of the membranes was revealed to be important for the protein composition of PD, as drug treatments that inhibited sterol biosynthesis led to changes in the deposition of callose at PD that was in turn associated with the mislocalization of two PD proteins involved in callose metabolism, PLASMODESMATA CALLOSE BINDING1 (PDCB1) and PLASMODESMAL-LOCALIZED β-1,3-GLUCANASE 2 (PdBG2). Both of these proteins carry glycosylphosphatidylinositol (GPI) tails that are important for their localization to membranes and PD [38],[36].  Indeed, GPI anchors are primary signals for PD localization of membrane proteins [39]. Concordant with these recent findings, PD-associated proteins and PD-localized proteins with roles in lipid trafficking and metabolism have been found to be crucial players in facilitating viral cell-to-cell movement, as will be seen in the following discussion.
	Beyond allowing the movement of viruses themselves, PD are also essential for the plant responses to virus infection.  A critical component of these defense responses is mediated by small RNA molecules. siRNAs move ahead of viruses to initiate defense signals [40], [41]. These siRNAs move cell-to-cell via PD [42].  Little is known about how these small RNAs affect PD, and so they will not be discussed in this review. Instead, here we discuss what is known about how viruses and viral proteins interact with cell components to manipulate PD for their movement between cells. The literature covering this topic is extensive and we may have inadvertently excluded interesting work from some of our colleagues and we apologize in advance for this oversight. 
[bookmark: _Toc66640622][bookmark: _Toc69772591]MECHANISMS FOR VIRAL MOVEMENT
The primary goal of most plant viruses during infection is to reach the vasculature and spread systemically throughout the plant. The mechanisms of cell-to-cell movement viruses have evolved to achieve this goal are diverse [reviewed in [43]]. The majority of plant viruses encode proteins known as movement proteins (MPs) that are responsible for facilitating the trafficking of the virus to and through the PD. MPs are structurally diverse proteins that perform the same functions: 1) interact with viral genome, 2) target to PD, 3) modify PD function by increasing the trafficking capacity of PD to allow egress from infected cells and entry into neighboring cells, a process referred to as gating. The major strategies for movement are described below. 
[bookmark: _Toc66640623][bookmark: _Toc69772592]Mobile ribonucleoprotein complexes
Many viruses have evolved to spread cell-to-cell as ribonucleoprotein complexes (RNP). The best-studied example of this group is TMV, which encodes a 30kDa movement protein (MP30) that binds to RNA in a sequence-independent manner and facilitates the movement of the viral genome to and through PD [Figure 2B and C, [44], [45], [46], [47]]. MP30 localizes to PD and is sufficient to gate PD in the absence of the virus [44], [48], [49]. MP30 also localizes to the ER of infected cells [50], [51] and is involved in the formation of viral replication centers (VRCs) [52], [51]. Early work investigating the structure of MP30 proposed that it was an integral membrane protein that is inserted into the ER membrane [53]. This study revealed that MP30 consists of two hydrophobic alpha helical domains that likely exist as transmembrane domains. More recently, it has been shown that MP30 associates with membranes but is not a transmembrane protein and mutations that enhanced the membrane association inhibited movement [54]. This finding suggests that MP30 acts as a peripheral ER-membrane protein that promotes movement to and through PD.  Movement of the TMV RNP was shown to occur via diffusion along the ER membrane with the assistance of various cytoskeletal elements, which will be discussed in greater detail later [55], [15]. In addition to MP30, the TMV replicase has also been implicated in intercellular movement [15], [56]. MP30 and the replicase collectively associate with the RNP that moves along the desmotubule to traverse the PD (Figure 2B and C). Additionally, a PD-targeting sequence within the N-terminus of MP30 was recently identified [57]. They showed that this 50 amino acid motif was responsible for targeting the RNP to PD, but not for insertion into the PD [57]. 
Some viruses have evolved to make use of multiple MPs. This is typified by the triple gene block (TGB) viruses (Figure 2D). These viruses encode three separate movement proteins in overlapping ORFs that are involved in different steps of virus replication and movement. Tilsner et al. proposed a new model for potato virus X (PVX) replication and intercellular movement whereby the TGB proteins promote co-replicational insertion into the PD [58]. In this model, TGB2 and 3 are recruited to the openings of PD to promote the formation of ER-derived replication complexes that are associated with the PD [58]. PVX also requires the CP for intercellular movement [59]. The CP of PVX localizes to PD but does not gate the pore [59]. Instead, TGB1 gates PD and is required for the insertion of the CP into the pore [58]. Thus, all three TGB proteins as well as the CP are required for intercellular movement of PVX. 
In addition to the MPs, some plant viruses require other viral proteins for efficient cell-to-cell and long-distance spread [60], [61], [62], [63], [64]. This model is best exemplified by the potyviruses, which do not encode a true movement protein, but rely on a group of viral proteins for intercellular movement [65]. The capsid protein of tobacco etch virus (TEV) is required for cell-to-cell and long distance movement of the virus [60]. Mutations to the C-terminus of the capsid protein resulted in accumulation of encapsidated virions in infected protoplasts, but the virus failed to spread cell-to-cell or long distances [60]. Movement was rescued by expressing wildtype (WT) capsid proteins in the infected plants. The Cylindrical inclusion (CI) protein has also been implicated in potyvirus movement [66], [62]. This protein forms cylindrical structures at the PD to promote spread of the virus. Additionally, the P3N-PIPO protein has also been implicated in the establishment of these PD-associated cylindrical inclusions [64]. Disruption of either protein blocked proper localization of CI to the PD. Localization of this complex to PD has been proposed to occur through an interaction between P3N-PIPO and a PM-associated cation-binding protein, PCaP1 [67]. 
[bookmark: _Toc66640624][bookmark: _Toc69772593]Tubule forming viruses
Some viruses move cell-to-cell as virions [43]. The MPs and sometimes coat proteins of these viruses oligomerize to form specialized structures called tubules that displace normal PD contents for the transport of intact viral particles or virions [Figure 2E, [68]]. When expressed in protoplasts, the movement proteins of these viruses oligomerize and project from the surface of the PM forming tubule-like structures, indicating that tubule formation occurs independently of PD, [69], [70], [71]. While transmission electron microscopy (TEM) has allowed the observation of these tubules, the details about how they form and displace PD content in intact leaves remain elusive. A study of cell-to-cell movement of broad bean wilt virus 2 used TEM combined with tomography and immunohistochemistry to examine tubule formation by the MP VP37 [72]. During broad bean wilt virus 2 infection, tubules formed predominantly at PD connecting mesophyll cells, with simple PD more likely to be used for tubule formation than branched PD. Other changes caused by VP37 tubules include changes in the callose and cellulose content of the cell wall and an increase in the diameter of the PD containing VP37 tubules versus those without tubules. The adoption of advanced electron microscopy and other super-resolution imaging modalities will be indispensable for elucidating how viral MPs modify PD for tubule formation.
[bookmark: _Toc66640625][bookmark: _Toc69772594]Mobile Vesicular Replication Complexes
Many animal viruses are known to utilize host membranes or membrane-derived vesicles for budding from an infected cell and entry into healthy cells [73], [74], but this mechanism is largely absent in plant virus infection. One exception is the potyvirus, turnip mosaic virus (TuMV). TuMV has been proposed to move cell-to-cell as a vesicular replication complex [Figure 2, [65]]. In this model, TuMV utilizes the host endomembrane system to develop membranous complexes that are mobile between cells. The TuMV 6K2 protein induces vesicle formation during infection and these vesicles are mobile within and between cells [75], [65]. In addition, these vesicles contain both the viral RNA and the RNA polymerase [65]. To date, TuMV is the only plant virus proposed to utilize vesicles for intercellular movement. This movement likely occurs through PD, but it is currently unclear what changes would be needed in order for PD to accommodate the movement of this complex. 
[bookmark: _Toc66640626][bookmark: _Toc69772595]Phloem-limited viruses 
While many plant viruses move systemically throughout their plant hosts, some viruses remain exclusively within the vasculature. These viruses are referred to as phloem limited, and they can move from the companion cells into the sieve tube, but are incapable of being unloaded from the phloem into sink tissues. Potato leaf roll virus (PLRV) is a well-studied phloem-limited virus. Early studies proposed that the PLRV genome did not encode a MP (Harrison et al., 1990) but later work identified a MP of 17 kDa (MP17) that localizes exclusively to branched PD in source tissues, but fails to move cell-to-cell efficiently [Figure 2C, [76], [77]]. When expressed in sink tissues where branched PD are relatively scarce, MP17 is targeted for degradation through the proteasome [17], [77]. The reason why these viruses are unable to unload from the phloem is unclear, but it has been proposed that the MPs of these viruses are incapable of gating PD at the interfaces of the vasculature and surrounding tissues. This model is supported by experiments showing that co-infection by PLRV and non-phloem-limited viruses triggered increased spread of the PLRV into the surrounding parenchymal tissue [78]. Interestingly, when MP17 was constitutively expressed in tobacco and potato plants, defects in sugar allocation were observed [79].  These plants also had decreased photosynthetic efficiency in source leaves possibly due to accumulation of soluble sugars rather than their export to sink tissues [79]. The PD in source tissues expressing MP17 were indistinguishable from those in WT plants, but the PD in the phloem appeared enlarged in the presence of MP17 [79]. The reasons for sugar accumulation in source tissues remains to be determined, but further supports the hypothesis that MP17 is incapable of gating PD outside of the phloem. Recent work on citrus tristeza virus has implicated the accumulation of reactive oxygen species (ROS) in the phloem restriction of the virus [80]. Viral p33 was identified as important for initiating the ROS burst observed during infection. Deletion of p33 resulted in decreased ROS accumulation and the mutant viruses invaded the xylem and altered vascular development [80].
[bookmark: _Toc66640627][bookmark: _Toc69772596]HOST PROTEINS AND PLASMODESMATA
As obligate intracellular parasites viruses rely on their hosts to provide the majority of the cellular machinery they need to complete their infection processes. This has been well documented for replication and the assembly of viral replication factories (reviewed in, [81], [82], [83]. This is also true for cell-to-cell movement via PD.  Numerous host proteins that are recruited by viruses to facilitate their movement have been identified. These can be divided into broad categories of proteins with roles in cell wall metabolism and modification, those associated with the plasma membrane and the endomembrane systems, cytoskeletal proteins, and proteins from other compartments. 
[bookmark: _Toc66640628][bookmark: _Toc69772597]Proteins involved in cell wall metabolism and modification 
PD are integral components of the cell wall.  It should therefore not be surprising that proteins that modify the plant cell wall would be involved in changing the properties of PD, including as it relates to viral intercellular trafficking.  Expansins are a class of proteins involved in inducing cell wall creep and extension but whose enzymatic function remains elusive [84]. The α-expansins are responsible for acid-induced extension of cell walls but do not weaken them [84]. An α-expansin, NbEXPA1, was identified among PD-enriched proteins whose levels were specifically altered during TuMV infection of N. benthamiana [35].  NbEXPA1 localized to PD and VRCs, and its accumulation was decreased in TuMV-infected tissues. Concordantly, overexpression of NtEXPA1 increased replication and cell-to-cell movement of TuMV and another potyvirus plum pox virus while silencing NbEXPA1 reduced replication and systemic spread of TuMV.  NbEXPA1 is likely a host factor for potyviral replication and cell-to-cell spread. This finding suggests that NbEXPA1 has an important role in cell wall modifications that are involved in establishing PD and their functions. 
Besides expansins, reversibly glycosylated polypeptides (RGPs) have been implicated in both cell wall metabolism and virus infection. RGPs are Golgi-localized proteins that are involved in cell wall biosynthesis through their actions as mutases, converting different forms of arabinose into arabinofuranose for inclusion in the cell wall [85].  A PD-localized class 1 RGP (SE-WAP41) was first identified in maize seedlings, and the Arabidopsis homologs were found to localize to both Golgi and PD, suggesting Golgi-to-PD trafficking as a specific route for PD targeting of proteins [86]. Constitutive expression of AtRGP2 fused to GFP resulted in plants with increased callose deposition at PD, stunting and carbohydrate accumulation in leaves along with chlorosis and reduced viral cell-to-cell movement [87]. Conversely, silencing RGPs in N. benthamiana resulted in increased rates of systemic spread of TMV-GFP [88].  Another cell wall metabolism enzyme implicated in regulating intercellular communication via PD includes the putative glycosyltransferase KOBITO1 [KOB1, [89]], but no role in viral infection has yet been described for this protein. KOB1 has instead been implicated in regulating intercellular communication during stomatal development. 
[bookmark: _Toc66640629][bookmark: _Toc69772598]Proteins with roles in callose metabolism 
Callose, a β-1, 3-glucan, plays important roles in influencing intercellular trafficking via PD. The accumulation of callose in the cell wall surrounding PD is associated with decreased trafficking through PD, while its removal is often correlated with increased PD flux (reviewed by [90], [91], [92]). These observations have been interpreted as callose accumulation leading to a physical constriction of PD pores, occluding the cytoplasmic annulus that serves as the principal route for intercellular trafficking [27], [30].  Recently, innovative experiments addressing the biophysical parameters of callose-cellulose interactions have raised intriguing questions about this simple interpretation of callose accumulation at PD.  In vitro mixtures of callose and cellulose displayed non-ideal behavior, and further analyses revealed that callose increases the elasticity of crystalline cellulose [93]. These findings should prompt a re-examination of the function of callose in the cell wall and the mechanism by which it acts to regulate PD.  
Callose synthesis is carried out by callose synthase (CalS) enzymes, also called glucan synthases (GLSs) while its degradation is mediated by β-1, 3-glucanases (BGs) [90], [94], [92].  CalSs/GSLs and BGs are important in mediating the outcomes of plant-pathogen interactions, especially in plant-virus interactions.  Transgenic tobacco plants in which expression of the class I BG was silenced by antisense technology had increased deposition of callose resulting in decreased cell-to-cell movement of TMV [95], [96] and PVX [96] as well as that of the 3a MP of cucumber mosaic virus (CMV) [96]. Refining the role of these enzymes in regulating PD, several of them have been localized to PD. At_BG_ppap was identified from purified Arabidopsis cell wall fractions enriched for PD [38]. While At_BG_ppap was found to be essential to controlling turnip vein clearing virus (TVCV) infection, it was constitutively expressed [97]. Curiously, infection by TVCV induced expression of other BGs, AtBG2 and AtBG3 that had no apparent role in viral infections.  
The PVX TGB protein, TGB12K, required for cell-to-cell movement along with the viral CP and other TGB proteins, increases PD trafficking independent of virus infection [98]. TGB12K-interacting proteins 1, 2 and 3 (TIP1-3) that were identified as interacting with the movement protein of PVX also interacted with a BG [99]. TIP1 is a cytoplasmic ankyrin repeat protein.  The ankyrin protein, ANK1 from tobacco, promotes cell-to-cell movement of the TMV MP and the virus, with increased rates of systemic spread in plants with increased ANK1 levels [100]. Like Tip1, ANK1 is a cytoplasmic protein, but it was recruited to PD where it interacted with TMV MP and acted with TMV MP to reduce callose accumulation at PD. Thus, plant viruses subvert the function of host BGs to facilitate their cell-to-cell movement.
Other PD-localized proteins with roles in callose synthesis or removal are also important for determining the outcome of viral infections.  The PLASMODESMATA-LOCATED PROTEIN (PDLP) proteins were identified as PD constituents in a proteomic analysis of a PD-enriched cell wall fraction from Arabidopsis cultured cells [33].  Tubule-forming viruses recruit PDLPs for tubule formation for their cell-to-cell movement [101]. The 2B MP of grapevine fanleaf virus (GFLV) was found to interact with PDLP1 at PD.  In the pldlp1/2/3 triple mutant cell-to-cell movement of GFLV was reduced, and systemic movement of GFLV and the unrelated cauliflower mosaic virus were significantly delayed.  Further analyses of the GFLV-PDLP interaction revealed a role for myosins XI-K and XI-2 in delivery of PDLPs to PD, uncovering a previously unknown route of intracellular targeting [13].  Besides tubule forming viruses, PDLP5 may also be important for interactions with other viruses.  There was increased cell-to-cell movement of TMV MP30 in pdlp5-1 mutants [102], suggesting that this protein is important for many viruses although this has not yet been experimentally verified. In addition to being receptors for viruses, PDLPs are now known to be essential components of plant defense responses.  PDLP5 is induced by bacterial infection and was originally identified by its induction in response to the Pseudomonas syringae effector as HOPW-1-1 INDUCED GENE 1 [HWI1, [103]]. PDLP5 is required for salicylic acid (SA)-induced accumulation of callose at PD [104].  PDLPs are also important for systemic movement of defense molecules required for systemic acquired resistance [SAR, [105], [106]].  Overexpression of PDLP5 led to reduced PD trafficking of azelaic acid (AzA) and glycerol-3-phosphate (G3P) and impaired SAR [106].  Similarly, the systemic movement of the essential SAR protein DEFECTIVE IN INDUCED RESISTANCE1 (DIR1) was lost in plants overexpressing PDLP1 or 5, leading to compromised SAR [105].  An interesting additional observation was that trafficking of AzA and G3P was not impaired in Arabidopsis pdlp mutants, but SAR was lost [106]. This result suggests that beyond their roles in regulating PD trafficking by callose, PDLPs may also be components of signaling pathways. This is further supported by the observation that PDLP5 interacts with AZI1 at PD [106].  The role of PDLPs in SAR to viruses has not yet been explicitly addressed. 
[bookmark: _Toc66640630][bookmark: _Toc69772599]Other PD-associated proteins
Plasmodesmal associated protein kinase (PAPK), a casein kinase purified from PD enriched cell wall fractions, phosphorylated some non-cell autonomous proteins, including TMV MP30 [107].  TMV MP30 was phosphorylated at its C-terminus [108], and this post-translational modification was found to regulate the protein’s cell-to-cell movement in at least some hosts [109]. When the phosphorylated sites on the C-terminus (Ser258, Thr261 and Ser265) were replaced with aspartate residues to copy the effect of phosphorylation and this mutant was subsequently transferred to TMV, the phospho-mimic TMV failed to move cell-to-cell or systemically in N. tabacum plants but retained this ability in N. benthamiana , N. clevelandii and N. glutinosa [110], [109]. Further studies with mutant MP30s carrying different phospho-mimic patterns revealed that phosphorylation directed the intracellular targeting of MP30, and mutants with strong associations with PD were more likely to move intercellularly, but those localized to ER, microtubules (MT) or ER+MT were less likely to move [110]. Thus, phosphorylation is an important strategy for controlling viral subcellular localization and cell-to-cell spread. Other proteomic analyses have subsequently identified three potential PD-associated kinases, but these were receptor like kinases and their roles in viral infection have not yet been explored [33]. 
Calreticulin is a conserved ER protein that functions to sequester calcium (Ca2+), the ubiquitous second messenger.  Immunolocalization studies revealed that calreticulin associated with PD in maize roots [111]. It was speculated that the association of calreticulin with PD is due to the ER strand, the desmotubule, which is found in most PD [112]. Calreticulin binds to TMV MP30 and, consistent with this observation, increased intracellular Ca2+ levels prevented targeting of MP30 to PD and reduced viral cell-to-cell movement [113]. 
Pectin methylesterases (PMEs) are cell-wall-associated enzymes that are expressed ubiquitously in plants and are crucial for the remodeling of plant primary cell walls. A tobacco PME was found to interact with TMV MP30 and to also have RNA binding activity [114], [115]. PME also interacted with the MPs of TVCV and cauliflower mosaic virus [114]. Importantly, loss of the TMV MP30 that bound to PME abrogated viral cell-to-cell movement [114].  Further, silencing of PME in the vasculature of tobacco plants inhibited viral movement from the vasculature into neighboring tissues [116]. Together, these results suggest that PME is co-opted to act as a receptor for viral movement, similar to the case of PDLP1. 
[bookmark: _Toc66640631][bookmark: _Toc69772600]Proteins with roles in lipid and membrane metabolism
REMORIN
Perhaps the best understood host membrane protein with a role in virus infection is Remorin (REM), a plant-specific lipid raft and PD protein [117]. First discovered in potato, REM is a small hydrophilic protein that is anchored to the cytosolic face of the plasma membrane and is a component of detergent-insoluble membrane (DIM) fractions from many systems [117], [118].  Potato REM, StREM1.3, clusters in microdomains of the plasma membrane and is also found along the length of PD [117].  While overexpression or silencing of StREM1.3 produced no obvious phenotype in transgenic tomato plants, changes in StREM1.3 expression greatly influenced the outcome of viral infection. Plants with increased StREM1.3 levels had smaller infection foci and severely reduced systemic movement of PVX, with the inverse observed in plants with reduced REM levels.  Consistent with a putative role for REM in cell-to-cell movement of PVX, StREM1.3 interacted with the PVX TGB1 protein [117].  When transiently expressed, StREM1.3 inhibited the PD-gating abilities of not only PVX TGB1 but also those of TMV MP30 and potato virus Y Hc-Pro [119]. These results support earlier work that identified phosphorylation and binding polyanions as important similarities between REM and TMV MP, suggesting a role for REM intercellular trafficking [120].  Indeed, phosphorylation of StREM1.3 by the calcium-dependent kinase CPK3 modulates REM1.3 localization and association with PD [121].	
S-acylation (palmitoylation) of cysteines for plasma membrane targeting has been demonstrated for soybean REM, SYMREM1 [122], and rice GSD1 involved in partitioning photoassimilates [123]. The Arabidopsis homolog of StREM1.3 is also S-acylated [124]. NbREM1 is a negative factor in RSV infection where it acts to limit viral cell-to-cell movement [94]. S-acylation of NbREM1, was downregulated by rice stripe virus (RSV) and NbREM1 was turned over by autophagy during RSV infection as the virus tried to overcome REM-mediated resistance. 	
Unlike StREM1.3, tobacco REM (Nt(sNN)REM1.2) is usually uniformly distributed in the plasma membrane, possibly due to a weaker association with lipid rafts [125]. Expression of the tomato mosaic virus (ToMV) MP, replicase or virus itself led to Nt(sNN)REM1.2 aggregation at sites close to the ER and VRCs [125]. Nt(sNN)REM1.2 likely interacts directly with ToMV MP in the vicinity of PD, although no clear association with PD has been reported.  The study authors suggest that Nt(sNN)REM1.2 may help direct MP to move to PD from the plasma membrane. Transient expression of Nt(sNN)REM1.2 promoted viral cell-to-cell movement, suggest that unlike the case with StREM1.3, Nt(sNN)REM1.2 may have a positive role in viral infection.  The group 4 remorins are less studied than the group 3 remorins. Arabidopsis group 4 remorins, AtREM4.1 and 4.2, are important for geminivirus infection [126].  The atrem4.1 atrem4.2 double mutants were less susceptible to infection by beet curly top virus and beet severe curly top virus suggesting that the AtREM4s are positive regulators of susceptibility.  In this system, AtREM4s were found to interact with the immune regulator SnRK, leading to phosphorylation of AtREM4.1. Additionally, AtREM4.1 was found to be a substrate for degradation by the 26S proteasome [126]. Thus, REMs have multiple, diverse roles in modulating the outcome of viral infections, again revealing the complexity of PD-virus interactions.
SYNAPTOTAGMIN A
Another plasma membrane protein involved in viral cell-to-cell movement and infectivity is SYNAPTOTAGMIN A (SYTA). SYTA interacts with the MPs of TMV and the unrelated cabbage leaf curl virus (CaLCuV) [127].  When SYTA expression is repressed, cell-to-cell movement of both MPs is decreased and systemic infection by CaLCuV is delayed, suggesting that SYTA facilitates viral cell-to-cell movement. Similar results were observed for the distinct proteins involved in movement of TuMV (P3N-PIPO) and the TVCV MP, suggesting that SYTA is a general, key factor for MPs [128]. SYTA localizes to ER-PM contact sites and regulates endocytosis. These contact sites are recruited to PD to allow viral cell-to-cell movement, as revealed by studies with the TVCV MP [129]. Consistent with this model, SYTA interacted with the PD localization signal (PLS) of TMV [57].  TMV PLS is a 50-amino acid sequence located in the N-terminus of TMV MP that is necessary and sufficient for MP targeting to PD, that does not mediate the movement of the MP through PD [130]. In SYTA knockdown plants, TMV PLS failed to target the MP to PD [57]. 
Chloroplast-related proteins
Chloroplasts are hubs for mediating the outcomes of a plethora of plant-microbe interactions [131], [132] and viruses are no exception [133]. Many plant defense responses to pathogens, including viruses, are initiated by chloroplasts and encompass defense hormones whose synthesis is initiated in chloroplasts or are largely the products of chloroplasts. In addition chloroplasts are also sources of numerous signaling molecules like ROS, retrograde signals that transit to the nucleus to control nuclear gene expression, and molecules that act systemically to initiate distal defense responses [131]. It is perhaps not surprising then that chloroplasts are the targets of pathogens as they attempt to disrupt chloroplast-mediated defense. Viruses have long been known to disrupt chloroplasts, and this has been viewed as a critical first step in a successful infection [134]. Not only do viruses directly damage chloroplasts but they also manipulate expression of nuclear genes involved in chloroplast development. One example of this comes from turnip yellow mosaic virus whose P69 protein interacts with and suppresses the activity of the GOLDEN LIKE (GLK) transcription factors that are critical for chloroplast development [135]. 
With modern molecular tools, we are now able to test for direct interactions between viral proteins and host proteins. Numerous interactions have been documented [for reviews see, [134], [133]]. Several of these interactions are necessary for the cell-to-cell spread of viruses. Rubisco activase (RCA) and ATP-synthase γ-subunit (AtpC) were isolated in a mass-spectrometry based screen for proteins interacting with the replicase and VRCs of TMV [136]. Expression of both Rca and AtpC genes was suppressed by up to 50% in TMV or TVCV-infected tissue, while infection with CMV or PVX did not change their expression. Virus-induced gene silencing of Rca or AtpC increased the intercellular movement and/or accumulation of TMV and silencing of AtpC enhanced cell-to-cell movement of TVCV. Thus, RCA and AtpC seem to be required specifically for determining the outcome of tobamovirus infections, and they are likely involved in mediating antiviral defense [136].  However, chloroplasts may have more direct relationships with PD function during infection. This is illustrated by possible physical connections between chloroplasts and PD, and signaling between chloroplasts and PD via the nucleus. 
Chloroplast tubules: Stromules
Stromules are narrow tubular extensions of chloroplasts, consisting of stroma surrounded by the chloroplast envelope [137].  They are proposed to carry out numerous functions in plant cells that allow intracellular communication and distribution of metabolites and signaling molecules, particularly during stress [137]. The MP of abutilon mosaic begomovirus (AbMV) interacts with chloroplast localized HSC70 (cpHSC-1) and induces stromules that extended from the chloroplast body to the cell periphery [138]. cpHSC-1 formed homoligomers that localized to both the chloroplast stroma and stromules. Similarly, the AbMV MP also oligomerized in the chloroplast. Silencing of cpHSC-1 using VIGS led to patches of chlorotic tissue that were correlated with reduced viral DNA, suggesting that AbMV may use cpHSC70 as a chaperone for cell-to-cell movement. Curiously, the localization of PDCB1:mCherry to PD, visible as punctae, was abrogated in AbMV-infected tissue and instead PDCB1:mCherry labeled the apoplast [139]. These results suggest a complex relationship between the geminivirus and chloroplasts for intercellular movement via PD.  Krenz and co-workers proposed a model in which AbMV infection induces the formation of a network of chloroplast stromules that connect with the nucleus and cell periphery, presumably at PD, for intra- and eventual intercellular viral movement. The clustering of chloroplasts around nuclei has been observed during numerous infections including DNA viruses beet curly top virus, tomato yellow leaf curl virus and the RNA virus tobacco rattle virus [140]. However, the formation of stromules was not examined in this study and so the role of stromules in intracellular and intercellular movement was not addressed. 
Chloroplast proteins controlling PD
	Apart from direct roles in defense responses, chloroplasts may also affect the outcome of plant-virus interactions through their role in modulating PD formation and function. Studies with the chloroplast DEVH RNA helicase ISE2 have revealed that changes in chloroplast gene expression can have significant effects on PD [141], [142], [143], [144]. This may be mediated by retrograde signals from the chloroplast acting to modulate expression of nuclear genes important for PD formation and function, referred to as Organelle-Nucleus-PD signaling (ONPS) [145], [142]. In N. benthamiana plants where ISE2 was silenced by VIGS, there was increased intercellular trafficking between the epidermis and mesophyll of not only the 2XGFP probe but also of the TMV MP30 [143]. Consistent with this, systemic spread of TMV-GFP and TuMV-GFP was increased in those plants [146].  This increased movement may be due to the increased numbers of twinned and branched PD connecting the epidermis and mesophyll in those silenced plants [143]. Curiously, stable transgenic plants with increased ISE2 expression, while showing reduced intercellular trafficking of the 2XGFP probe, also had increased rates of viral systemic spread [146]. With the exception of jasmonic acid-mediated responses, no other differences between defense responses in wild type and ISE2-overexpressing plants were observed. These results suggest that the interplay between chloroplasts and PD is complex, warranting further exploration. Further, the link between chloroplasts and PD is supported by studies with bacteria and the PDLP proteins, which reveal a critical role for chloroplast-generated ROS and salicylic acid in mediating callose deposition at PD in response to infection [102], [104], [147]. 
Chaperones 
The chaperones HSP70 and HSP90 are crucial players in viral replication and cell-to-cell movement [148]. The HSP70 homolog encoded by the beet yellows virus is involved in viral replication and, as the viral MP, is targeted to PD by the class VIII myosins [149], [150]. Two heat shock cognate 70 (HSc70) proteins from Cucurbita max PD-enriched cell wall fractions were also found in the phloem [151]. When these proteins were purified and microinjected into leaves, they were able to move cell-to-cell through PD, but a third isoform that was not originally identified in the phloem failed to do so. Subsequent analysis identified a C-terminal motif, the SVR motif, on the two non-cell-autonomous Hsc70s that was likely responsible for trafficking. Support for the capacity of this motif to potentiate PD trafficking came from experiments in which the addition of this motif to a human Hsc70 conferred the ability to move from cell to cell, albeit with function limited to chaperones [151]. 
An HSP-90 cochaperone SGT1 (suppressor of G-two allele of SKP1) is well known for its role in immune receptor-mediated defense responses, where it acts a chaperone to confer stability on immune receptor (Resistance or R) proteins [152]. However, SGT1 interacted with the NSm protein of tomato spotted wilt virus (required for viral cell-to-cell and systemic movement) and in contrast to other systems, silencing SGT1 expression restricted local and systemic spread of the virus [153]. Recently, SGT1 was also found to interact directly with the TMV 126-kDa-replicase in proximity-dependent biotin identification assays, although this interaction was weak and/or transient [154].  Silencing SGT1 increased susceptibility to TMV, as previously reported [154], [155]. It will be interesting to determine what role SGT1 has in mediating viral intercellular movement, whether it is required for protein stability or acts more directly at PD, as has been described for the chaperonin, CCT8. A screen for factors required for the cell-to-cell movement of the developmentally important KNOTTED1 transcription factors identified a mutant allele of chaperonin CCT8, part of the type II chaperonin complex that assists in protein folding [156]. CCT8 was required for protein folding associated with the traversing of PD, suggesting that host proteins that transit PD are unfolded as they passed through the PD pore. cct8 mutant plants had decreased susceptibility to oilseed rape mosaic virus infection, leading to the notion that viral MPs may also be unfolded during PD transit and require CCT8 for refolding on entering newly infected cells [157]. 
[bookmark: _Toc66640632][bookmark: _Toc69772601]CYTOSKELETON: GETTING TO OR THROUGH PD
As with most processes that require targeted intracellular movement, movement of many plant viruses occurs in association with the cytoskeleton [reviewed in [158], [159]]. Different viruses rely on different components of the cytoskeleton for their targeting to the cell periphery and PD [158]. Additionally, cytoskeletal elements have been implicated in PD function and therefore may be essential for viruses to traverse the pore [160], [31].  
[bookmark: _Toc66640633][bookmark: _Toc69772602]Getting to the plasmodesmata 
	Several studies have illuminated the importance of the cytoskeleton for the transport of viral proteins and replication complexes to the PD. Myosins VIII and XI-2 are involved in the delivery of proteins, including certain viral movement proteins, to the PD [65], [149]. The role of different components of the cytoskeleton in TMV infection has been debated for many years [161], [162], [163].  Spread of TMV was shown to be dependent on Myosin XI-2 [164].  Further, disruption of actin and the ER network disrupted TMV MP30 localization to PD [163]. Disruption of microtubules did not appear to affect intercellular movement of TMV [165], [163]. In contrast, additional studies with temperature-sensitive mutants of TMV indicated a possible role for microtubules in the early stages of infection [50], [161]. MP30 accumulated along the lengths of microtubules at the permissive temperature [161]. This accumulation was proposed to inhibit microtubule-dependent intracellular targeting, specifically through kinesin-dependent transport [166]. In addition, mutant plants with reduced microtubule dynamics are more resistant to TMV infection [167]. Considering these contradictory findings, it is clear that the role of cytoskeletal elements in infection by TMV warrants further investigation. 
Disruption of actin microfilaments was also found to inhibit TuMV infection by preventing the movement of 6K2 derived vesicles to the cell periphery [168]. Because virus replication occurs at host membranes, it is not surprising that many plant viruses have evolved to utilize the ER and actin networks for trafficking. As described above, the TGB proteins promote remodeling of the ER into PD associated caps to promote their intercellular movement [58]. Disruption of actin is required for intercellular movement of PVX [158], [169]. Further, TGB2 of PVX localizes to the ER and associates with actin filaments [158] while PVX TGB1 rearranged the endomembrane system and actin cytoskeleton to the X-Body during infection [170]. 
While some viruses utilize the cytoskeleton for transport, inhibitors of actin, microtubules and the secretory system had no effect on movement of the tubule-forming Cowpea mosaic virus [CPMV, [171]]. Initially, it was proposed that CPMV may localize to the plasma membrane and PD via diffusion, but mutagenesis studies revealed that specific mutations at the C-terminus of the 48K MP of CPMV prevented proper localization and movement [172], [173]). This suggests that an alternative mechanism is employed by this virus in order to target to PD and that these differences may be related to tubule formation. A study on GFLV revealed that a functional secretory pathway and not the cytoskeleton is required for tubule formation but either microtubules or actin filaments are required for the proper targeting of the MP to PD [Figure 2E, [174]].  
The PLRV MP17 was shown to interact with different components of the cytoskeleton at different stages of infection [77]. MP17 is delivered to PD in an actin and ER-Golgi-dependent manner, similar to TMV and other mobile viruses [77]. As mentioned above, MP17 is targeted for degradation in sink tissues, and this targeting is dependent on microtubules [77].
In contrast, the mechanisms of delivery of host non-cell-autonomous proteins to PD remain poorly understood. The major exception to this is for the cell-to-cell movement of the transcription factor SHORTROOT. The mechanisms controlling SHORTROOT movement in developing roots, both intra- and intercellularly have been extensively investigated [175], [176], [177], [178], [179]. SHORTROOT is targeted to the PD for transport and that this targeting utilizes a combination of the ER, endosome system and microtubules for transport [177], [178], [179]. Interestingly, cytoplasmic and nuclear localization are both required for intercellular movement of SHORTROOT, as is the GRAS domain of SHR, indicating that there are multiple layers of regulation for SHR movement [175]. Findings from virus research will be crucial to illuminating this fundamental aspect of plant cell biology that remains obscure.
[bookmark: _Toc66640634][bookmark: _Toc69772603]Getting through Plasmodesmata
The role of the cytoskeleton in the regulation of PD function has been debated for many years [180], [181], [31]. While it is clear that some molecules, such as fluorescent dyes and GFP, move passively without the assistance of the cytoskeleton, some proteins have been shown to be targeted to PD and be dependent upon the cytoskeleton. Early studies using immunogold labeling revealed that both actin and myosin localize to PD along the full length of the pore [160], [182]. This finding gave rise to the model of PD structure that includes an actin filament that encompasses the desmotubule, [183], [12], [29]. In an early study fluorescent dyes mixed with actin inhibitors were microinjected into mesophyll cells, and disruption of actin resulted in increased trafficking while stabilization of the actin filaments inhibited trafficking [184]. Interestingly, additional work with actin and myosin inhibitors found that inhibition of myosin but not actin resulted in defects in general intercellular trafficking [185]. A later study revealed that the CMV MP gates PD through the severing of actin filaments and that actin stabilization could block CMV-mediated gating [186]. Because the cytoskeleton targets many proteins to the PD, it is possible that disturbing the cytoskeleton disrupts delivery of PD-resident proteins that are essential for regulating trafficking, complicating the interpretation of observations of treatments that disrupt cytoskeletal function.
[bookmark: _Toc66640635][bookmark: _Toc69772604]PD DURING VIRUS INFECTION
	Heterogeneity in PD is an emerging theme in PD cell biology. Primary and secondary PD have long been recognized [17].  Also, simple and branched PD have distinct trafficking properties in leaves, with simple PD trafficking higher molecular weight dyes than branched PD in leaves [26]. Plant viruses reinforce the idea that PD are not homogeneous but have specialized functions.  TMV MP30 was found to localize preferentially to branched PD [11]. MP17 from the phloem-restricted PLRV localizes to branched PD when ectopically expressed in leaves [22]. However, when expressed in roots of Arabidopsis TMV MP30-GFP localized to PD, the majority of which were likely primary and simple, while PLRV MP17-GFP was associated with ER, suggesting that it was unable to interact with the simple primary PD of Arabidopsis roots [17]. Other evidence for developmentally related changes in PD came from studies with MP17 stably expressed in transgenic potato [187]. During senescence leaves revert to a sink-like state and PD in those leaves are no longer targeted by PLRV MP17, suggesting that PD also revert to a state that no longer allows the interaction.
	This seeming preference of viruses for one type of PD raises the question of specialization of PD structure. Recent data suggest that PD have different substructures that may dictate their functions.  Using TEM and tomography to generate three-dimensional models of PD in the columella cells in Arabidopsis root tips Nicolas and coworkers reported differences in structures of PD.  They described PD with no apparent cytoplasmic sleeve between the central ER rod of the desmotubule and the PM, PD they called Type 1 [25]. Other PD with a more conventional structure with a cytoplasmic space between the desmotubule and PM and the membranes linked by proteinaceous tethers were dubbed Type 2. Type 2 PD were proposed to arise from Type 1 PD as a part of a developmental progression.  Curiously, in their intercellular trafficking assays, Type 1 PD with no apparent cytoplasmic sleeve had a higher trafficking capacity for small fluorescent dyes and GFP than did Type 2 PD with an obvious cytoplasmic sleeve [25]. Sphingolipid biosynthesis is important for modulating PD function [188]. Loss of PHLOEM UNLOADING MODULATOR (PLM), a protein involved in sphingolipid biosynthesis, resulted in major changes to PD structure and function [188]. Interestingly, plm mutants had increased levels of phloem unloading independent of PD number and callose accumulation [188]. Further, PD in plm mutants lacked detectable cytoplasmic annuluses [188]. Together with the description of Type 1 PD, this finding raises major questions about how PD function is regulated. Another example of PD with a novel structure and function comes from studies on phloem unloading in the Arabidopsis root tip. Using serial block face-SEM (SBF-SEM), PD connecting the protophloem sieve elements to the phloem-pole pericycle cells were found to have specialized funnel shapes [189]. Mathematical modeling revealed that these unique PD were necessary for allowing phloem unloading.  
Together, these findings about previously unknown structural features of PD highlight the shortfalls in our understanding of basic PD ultrastructure and its relationship to function. However, they also highlight the importance of powerful imaging modalities like three-dimensional imaging and new live-cell imaging approaches in illuminating the details of PD ultrastructure. A few mutants with altered formation of PD have been identified are potentially powerful tools for unraveling the complex relationship between structure and function. Plants with reduced ISE2 expression have increased numbers of secondary PD connecting the epidermis and mesophyll of N. benthamiana leaves [143]. A genetic screen to identify plant proteins with important roles in PD formation and development identified choline transporter‐like 1 (CHER1) as essential for accumulation of PLRV MP17 at PD [190]. CHER1 is required for secondary PD formation since in cher1-4 mutants formation of epidermal-mesophyll secondary PD in Arabidopsis leaves was severely reduced. While ISE2-silenced plants were more susceptible to TMV or TuMV [146] the effect of cher1 mutation on viral infection has not yet been reported.
[bookmark: _Toc66640636][bookmark: _Toc69772605]MECHANISMS OF GATING
During infection, plant viruses increase intercellular trafficking of fluorescent dyes and small diffusible proteins [191], [192], [193], [49]. This phenomenon is referred to as gating and likely promotes the spread of the virus. Despite being the focus of numerous studies, very little is known about how viruses gate PD. Most of what is known about gating comes from work on TMV. The 30K movement protein of TMV (MP30) has been shown to be responsible for gating PD during infection [191], [49]. Gating is limited to the infection front suggesting that the modifications to PD function are reversible [193]. Other movement proteins from different viruses have also been found to gate PD, but others seem to be unable to gate PD. It is currently not clear what the movement proteins of these viruses are doing to gate the PD. Over the years, several models for how viruses gate PD have been proposed and are discussed below.
[bookmark: _Toc66640637][bookmark: _Toc69772606]Callose degradation and gating
Currently, the leading model for virus-mediated regulation of PD proposes that viruses gate PD by altering the pore structure. It has been proposed that this occurs through the localized degradation of callose along the length of the PD [55]. As discussed earlier, this degradation has been attributed to BGs. In this model, the breakdown of callose around the PD allows the pore to dilate, thereby increasing the size of the cytoplasmic sleeve for intercellular movement of the virus. Alternatively, it has been suggested that the observed decrease in callose during infection results from the suppression of callose synthases [92]. Recently, it has been shown that RNAs derived from the Potato spindle tuber viroid silence the expression of CALS genes in tomato plants [194]. While inhibiting callose deposition at PD may serve as a mechanism to promote viroid cell-to-cell movement, it remains unclear whether viruses utilize this mechanism. As described above, new models of PD have begun to question the importance of the cytoplasmic sleeve in transport [25], [188]. This finding, coupled with the limited electron microscopy evidence for dilation of PD during virus infection, suggests that alternative models for gating may warrant further investigation. 
[bookmark: _Toc66640638][bookmark: _Toc69772607]Gating through modification of macromolecule composition
One model for PD gating proposes that viruses may gate PD by interacting with or recruiting specific proteins to PD. The role of PDLPs in tubule formation was discussed earlier in this review. It has been proposed that the PDLPs may serve as anchors to the plasma membrane because previous reports show that viral movement protein tubules do not directly interact with the plasma membrane of PD [69]. Earlier work from this same group and others has emphasized the importance of membranes on PD function [195], [37], [25], [196]. Their work has also identified putative tethers that connect the desmotubule to the PM and may be important for regulating PD function [25]. Because of their reliance on host membranes, it will be interesting to see how virus infection affects PD lipid compositions and how changes in the composition impacts virus spread. Considering the plm mutant with altered sphingolipid biosynthesis and PD structure and function [188], it will be interesting to determine the impact of viral MP on the modified PD and how the mutant supports viral infection. 
[bookmark: _Toc66640639][bookmark: _Toc69772608]Gating PD by tubule formation
	While the majority of plant viruses move intercellularly as mobile viral ribonucleoprotein complexes, a subset of viruses move cell to cell as intact virions with the assistance of proteinaceous tubules, [197], [198], [199], [71]. During tubule formation, the majority of the internal structure of the PD is lost and replaced by a tubule composed of the viral movement and coat proteins [72]. 
	Very little is known about how these modifications affect intercellular transport. Poirson et al. showed that transgenic plants expressing the Alfalfa mosaic virus MP exhibited a minor increase in the size exclusion limit of PD compared to control plants [200]. They found that in the presence of the MP, transport of 3kDa and 4.4kDa dextrans increased compared to the control plants, but they noted that this increase was not large enough to accommodate the movement of the virus. Notably, this paper referred to the previously accepted size limit of 1kDa for PD transport. It is now widely accepted that the size exclusion limit of PD far exceeds this previously accepted limit and therefore investigations into the true impact of tubule formation on PD transport are needed.
	Conversely, studies on Carrot mottle umbravirus described extension-like structures that were associated with PD that resemble the tubule structures described for other viruses [201]. These studies also found that plants infected with carrot mottle virus exhibited decreased symplastic movement of fluorescent dyes indicating that the structural changes made to the PD may inhibit trafficking through the PD [202].
[bookmark: _Toc66640640][bookmark: _Toc69772609]Plasmodesmata formation as a mechanism for gating

One mechanism for increasing intercellular trafficking that has historically been less discussed is through the formation of new plasmodesmata, or secondary PD formation. The number of plasmodesmata in a tissue has long been correlated with the trafficking capacity of tissues, with tissues with many PD having increased trafficking capacities and tissues with fewer PD exhibiting lower trafficking capacities.  As described above, Burch-Smith et al. first demonstrated that disruption of chloroplast RNA processing could result in changes in PD formation [143]. Loss of the chloroplast localized RNA helicase, INCREASED SIZE EXCLUSION LIMIT 2 (ISE2), resulted in increased intercellular trafficking and an increase in the number of twinned and branched PD, indicating elevated levels of secondary PD formation. Overexpression of ISE2 results in decreased intercellular trafficking via PD, presumably through a decrease in PD formation, but this correlation has not been definitively shown. Because viruses are known to target the chloroplast, it is plausible that viruses could induce PD formation by disrupting chloroplast function. Interestingly, silencing or overexpression of ISE2 in N. benthamiana resulted in increased susceptibility to TMV and TuMV, indicating that proper control of chloroplast function is somehow important for virus intercellular spread [146]. 


[bookmark: _Toc69772610]III. AIMS OF THE DISSERTATION

The research presented in this dissertation addresses three primary questions regarding plasmodesmata and their regulation.
1. How does plasmodesmata density relate to intercellular trafficking capacity?
2. How do viruses increase intercellular trafficking through plasmodesmata?
3. What is the mechanism of secondary plasmodesmata formation?
Chapters 2 and 3 focus on the results from two primary research articles and a methods paper that describe new tools for quantifying plasmodesmata densities and how these tools have provided novel insights into the regulation of plasmodesmata formation. Chapter four focuses on how viruses increase intercellular trafficking by inducing secondary PD formation. The results from this chapter are being prepared for submission to Cell Host & Microbe. Chapter five describes the results of work focusing on the mechanism of secondary PD formation, specifically addressing the cell biology of pore formation. Chapter six is a discussion section that places my results into the broader context of the plasmodesmata literature.
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[bookmark: _Toc69772611]CHAPTER 2
Spatial distribution of organelles in leaf cells and soybean root nodules revealed by focused ion beam- scanning electron microscopy.
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Reagan, B. C., Kim, P. J. Y., Perry, P. D., Dunlap, J. R., & Burch-Smith, T. M. (2018). Spatial distribution of organelles in leaf cells and soybean root nodules revealed by focused ion beam-scanning electron microscopy. Functional Plant Biology, 45(2), 180-191.

 As the first author of the manuscript, I was responsible for sample preparation, image acquisition, image segmentation, and writing the manuscript. 
[bookmark: _Toc69772612]Abstract	
[bookmark: _Toc289175827]	Analysis of cellular ultrastructure has been dominated by transmission electron microscopy (TEM) and images collected by this technique have shaped our current understanding of cellular structure. More recently, three-dimensional analysis of organelle structures has typically been conducted using TEM tomography. However, TEM tomography application is limited by sample thickness. Focused ion beam/scanning electron microscopy (FIB/SEM) uses a dual beam system to perform serial sectioning and imaging of a sample. Thus FIB/SEM is an excellent alternative to TEM tomography and serial section TEM tomography.  Animal tissue samples have been investigated much more often than have plant tissues by this technique. Here, we show that FIB/SEM can be used to study the 3D ultrastructure of plant tissues in samples previously prepared for TEM via commonly used fixation and embedding protocols. Reconstruction of FIB/SEM sections revealed ultra-structural details of the plant tissues examined. We observed that organelles packed tightly together in Nicotiana benthamiana leaf cells may form membrane contacts. 3D models of soybean nodule cells suggested that the bacteroids in infected cells are contained within one large membrane-bound structure and not the many individual symbiosomes that TEM thin-sections suggest. We consider the implications of these organelle arrangements for intercellular signalling. 
[bookmark: _Toc69772613]Introduction
	Over the past few decades, the field of cellular biology has been revolutionized by advancements in microscopy. With the development of fluorescent marker proteins, cellular localization studies with confocal microscopy have allowed us to visualize protein movement in vivo. These studies have provided cellular biologists valuable information with regards to where and when proteins perform their various functions in signaling.  Ultrastructural analysis of cells and subcellular structures requires a level of resolution that exceeds the diffraction limit in light microscopy. Electron microscopy provides the necessary level of resolution and therefore has been the predominant method for studying subcellular structures. Understanding the spatial relationships between cellular components is a crucial facet to unravelling how these interact with each other for signal transduction during growth and development, and in response to environmental signals.
	The two primary types of electron microscopy used for these studies are transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The TEM uses a beam of electrons to penetrate a sample and can be used to image the interior structures of materials that have been fixed and stained with electron opaque materials such as osmium and other heavy metals. Thus TEM has been the primary method used for studying cellular ultrastructure, and TEM imaging has provided valuable information about cellular structures in two dimensions. Cell ultra-structural analysis can be taken into the third dimension with TEM tomography. This approach uses a series of TEM images of a sample, taken at a range of angles, to construct a 3D projection of the sample called a tomogram. TEM tomography has proven to be very powerful for studying the three dimensional structure of plant cellular components (e.g. [203], [204], [205]. The primary limitation of the application of TEM tomography is sample thickness, typically restricted to about 150-200 nm for a typical TEM operating below 300 kV [206]. One method to circumvent this size limit is to use serial sectioning coupled with TEM tomography of each section [207]. This is a technically difficult and time-consuming technique, and may result in artefacts appearing as a result of imperfections in the microtome blade or other defects in the sections as well as missing sections of the tissue if sectioning is not executed precisely. Cryo-TEM at very low temperatures has taken TEM tomography to the level of analysing macromolecules, and it has been used to determine the structure of various proteins at near atomic resolution [208], [209]. While this technique has the potential for elucidating the structure of proteins and organelles in a near-native state, there are several limitations to studying larger structures.
	In contrast to the TEM, the SEM sweeps a beam of electrons across a sample to generate an image of the surface. The SEM has historically not been used to study internal cell structure, but several methods have been developed that allow researchers to overcome this limitation. Serial block face scanning electron microscopy (SBF-SEM) has recently been implemented to study cellular ultrastructure of various tissues including plant tissues [210], [211]. This technique uses a microtome mounted inside the chamber of the SEM to make serial sections of a sample. The sample is imaged after each slice and the images are then reconstructed into a 3D projection of the sample. This technique, like serial sectioning for TEM, has limitations. Although sectioning is performed within the microscope, imperfections in the blade could result in damage to the sample that could in turn lead to artefacts in the reconstruction. 
Focused ion beam scanning electron microscopy (FIB/SEM) has also been utilized in 3D structural analysis of different samples. With this system, a focused beam of gallium ions is used to mill away a layer of the sample and subsequently a beam of electrons is used to capture an image of the newly exposed surface. Using this technique, sequential layers of the sample can be imaged and removed. The resulting slices can then be reconstructed into 3D projections of the sample. With the gallium ion beam samples can be milled in steps as small as 5 nm, compared to sections of 15-20 nm generated by SBF-SEM. FIB/SEM could therefore produce images with greater resolution in the z axis compared to the SBF-SEM [211]. In theory, the thickness of a sample that can be imaged by FIB/SEM is determined only by the length of time over which samples are collected, overcoming the sample size limitation of traditional 3D TEM studies. Although FIB/SEM has been used in material science research for several decades, its application in the biological sciences is more recent. The first successful use of this technique in the biological sciences occurred in 1993 when Young and co-workers applied FIB/SEM to the study of arthropod internal morphology [212]. Since then, this technique has been used to study ultrastructural features of arthropods and other animal tissues (e.g. [213], [214], [215]). FIB/SEM has also been used in the study of neuronal connectivity in the brain [216], allowing neurobiologists to study the detailed 3D organization of large brain tissue samples, facilitating the study of the elaborate connections formed in the brain of humans and other organisms. It has also been used to study plaque formation in neurodegenerative diseases such as Alzheimer’s and Huntington’s disease in Drosophila models [217]. 
While FIB/SEM has been applied extensively to study animal tissues, it has not been widely deployed in EM studies of plant tissues. There have been a few studies examining algal dictyosome ultrastructure [218], [219].  Four studies have reported the use of this technique to examine higher plant tissues. One study looked at regulation of starch granule number and formation [220], two others examined pollen cells [221], [222] and the fourth looked more broadly at large tissue fields and structural differences between different plant tissues [223]. The studies on leaf tissues both used long chemical fixation protocols in the preparation of their samples [220], [223]. These studies demonstrated that FIB/SEM was suitable for use in investigation of higher plant tissues.  However, it is now well established that the long fixation times and harsh aldehydes used during traditional chemical fixation can introduce structural artefacts in plant EM specimens [224]. These artefacts could potentially disrupt features of the sample and therefore alternative fixation protocols are considered more ideal for plant sample preparation. Currently, the gold standard for plant tissue fixation is high pressure freezing coupled with freeze substitution (HPF/FS, [225], [226]. HPF/FS reduces the number of artefacts in plant EM samples and is therefore the preferred method of fixation for plant specimens for ultrastructural studies. HPF/FS has been successfully used to prepare various animal tissue samples for FIB/SEM [227], [228], [229]). After chemical fixation Bhawana and colleagues treated their samples with other stains including tannic acid in an effort to improve contrast in the samples when imaged by the SEM [223]. Here, we show that both HPF/FS and chemical fixation protocols used for TEM sample preparation can be used to prepare samples of various plant tissues for FIB/SEM without additional steps to improve contrast. In this way detailed 3D models of plant tissues can be generated from samples also used for thin-section TEM to reveal ultrastructural features that are important for plant signalling.
[bookmark: _Toc69772614]Results
[bookmark: _Toc69772615]HPF/qFS-prepared samples are amenable to FIB/SEM
Previous studies have revealed that chloroplasts may generate signals that contribute to the formation and function of plasmodesmata [142], [145]. We were therefore interested in examining the spatial relationship between chloroplasts and plasmodesmata in leaves.  Given the large sizes of the chloroplasts and the cell volumes involved, we determined that FIB/SEM would be an appropriate technique for undertaking these studies. Previous work had suggested that plant samples to be examined by FIB/SEM required special handling [223]. However, given that we have used TEM to examine plasmodesmata structure and distribution in leaves [143], we tested whether samples that were prepared by standard protocols for imaging by TEM could also be used to generate samples for FIB/SEM.  We therefore prepared Nicotiana benthamiana leaf samples using a protocol combining high pressure freezing and quick freeze substitution [230], [231].  One group of samples was treated with 1% OsO4 and 0.1% uranyl acetate in acetone as the freeze substitution medium, while another was fixed in 4% OsO4. The samples were then embedded in Eponate 12 resin according to the manufacturer’s protocol. These samples produced sufficient contrast in SEM images such that several cells and organelles could be identified including vacuoles, chloroplasts and nuclei (Figure 3(a)). Figure 3(b) shows a series of images from a tomographic reconstruction and in these images details of organelle structure, like the chloroplast thylakoids and nuclear peri- and interchromatin regions are visible. Large vacuoles fill most of the volume of cells two and three. Cell one appears to have several small vacuoles, but it is likely that these represent protrusions from the large central vacuole.  Every tenth slice of the first fifty slices in the tomogram is shown. Figure 4 shows a series of tomographic images of a dividing chloroplast. They clearly show the chloroplast approaching division with a constriction forming between the two daughter chloroplasts. Individual plasmodesma and pit fields of plasmodesmata are also visible in these images (Figure 5). Progressing through the full stack reveals that these pit fields are fairly expansive in the Z-plane of the cell wall. Even though plasmodesmata are extremely small, with average diameters of 30-50 nm, details of the pores can be imaged with this technique with a low level of detail and plasmodesmata can be counted with ease.  However, detailed analysis of the ultrastructure of these small channels including the desmotubule and associated membranes would likely require use of other electron microscopy techniques such as TEM tomography. More importantly, our results indicate that FIB/SEM could be used for quantitativestudies of the chloroplast-plasmodesmata spatial relationship.  
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[bookmark: _Toc69648453]Figure 3 Tomographic images of young leaf tissue prepared with 1.0% OsO4 and 0.1% uranyl acetate.
(a) SEM image shows details of three adjacent cells in young leaf tissue. (b) Every 10th image from the first 50 images of the tomogram is shown. Organelles observed include vacuoles (V), nuclei (N), and chloroplasts (C). Images were taken every 20 nm at 10.93k X magnification. Scale bars = 1 μm. Lens vignetting was removed in Photoshop by curves adjusting to generate the figure.
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[bookmark: _Toc69648454]Figure 4 Dividing chloroplast from leaf tissue prepared in 1.0% OsO4 and 0.1% uranyl acetate.
Tomographic images of a dividing chloroplast (C). Images were taken every 20 nm. Every 10th image is shown from the first 50 images of the complete stack. Images were collected at 13.04k X magnification. Scale bars = 1 μm. To generate the figure lens vignetting was removed in Photoshop by curves adjusting.



Figure 5 Pitfields of plasmodesmata in leaf tissue prepared in 1.0% OsO4 and 0.1% uranyl acetate.
 (a) An SEM image reveals the presence of chloroplasts (C) and plasmodesmata (PD). The asterisk denotes a single plasmodesma whose location is indicated in (c) and (d). (b) An overlay of a 3D model on a tomographic image showing cell wall (yellow) and chloroplasts (green). Images were collected at 13.04k X magnification. Scale bar = 1 μm. (c) Pit fields of plasmodesmata are visible in the cell wall between neighbouring cells. The 3D model in (a) was rotated 90° to allow visualization of plasmodesmal openings. (d) Close up view of boxed region in (b).
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[bookmark: _Toc69772616]HPF/qFS with 4% OsO4 
Certain cellular membranes including the ER were not well stained in samples fixed in 1% OsO4 and 0.1% uranyl acetate in acetone, so we used 4% OsO4 in acetone as the freeze substitution medium for other samples. Other fixatives such as low concentrations of tannic acid/ferric chloride could also be used in an attempt to better stain the ER membranes (e.g. [232], [11]. Tomographic images of leaf tissue prepared under these conditions showed even better contrast than those obtained with 1% OsO4 and 0.1% uranyl acetate in acetone FS medium, and improved visualization of ER membranes and other membrane-derived features of the tissue (Figure 6). Tomographic images were collected every 20 nm and every tenth image over the span of the first fifty images of the tomogram is shown (Figure 6). Curtaining effects, or the vertical lines seen in the samples, were more severe in these 4% OsO4 samples than in 1% OsO4 and 0.1% uranyl acetate samples. Curtaining effects are usually caused by defects in the sputter coating or milling face of the sample [233]. Further comparison of samples prepared with 1% OsO4 and 0.1% uranyl acetate compared to 4% OsO4 could address the extent to which the curtaining effect is due to sample preparation. Mitochondria, chloroplasts, and the ER are clearly visible, with chloroplasts showing increased detail in structure compared to the previous samples (Figs. 3 and 4). Large starch granules can also be seen in the chloroplasts and details of the thylakoids are also discernible.  The vacuolar contents present as 
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[bookmark: _Toc69648456]Figure 6 Tomographic images of leaf tissue fixed in 4% OsO4
 Tomographic images reveal structural details of portions of 4 adjacent cells in young leaf tissue. Every 10th image of the series in shown for the first 50 images. Structural features of various organelles are visible including: large vacuoles (V), mitochondria (M), endoplasmic reticulum (ER), and chloroplast (C). Sequential images were taken ever 20 nm at 22.47k X magnification. Scale bar = 1 μm.



darkly stained reticulate networks (Figure 6), and it is not clear if this is a unique feature of the vacuoles of this sample due to their particular contents or if this is a consequence of the sample preparation protocol. 
Close packing of a chloroplast, mitochondrion, Golgi stack, and plasmodesma was observed in this sample (Figure 7A). These close associations may be a consequence of the limited cytosolic space available due to the presence of the large vacuole. In the 3D reconstruction of one of these samples, it appears that there is contact between the mitochondrion, chloroplast, and Golgi (Figure7(b)). From the images and the 3D reconstructions, it appears that these organelles could form membrane contacts or even continuities with each other (Figure 7).  Indeed there were places where the membranes of one organelle could not be discerned from that of another, resulting in missing details or holes in our 3D reconstruction. Such membrane continuities have been described extensively [234], [235], but their existence has remained controversial. Nonetheless, the close juxtaposition of these organelles could provide routes for the rapid and efficient movement of metabolites and signaling molecules between organelles. 
[bookmark: _Toc69772617]Chemical Fixation of Root Nodule
To extend our studies to a different plant tissue and different fixation protocol, we examined soybean (Glycine max) root nodules that had been fixed by conventional chemical protocols.  The images have very good contrast and
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[bookmark: _Toc69648457]Figure 7 Organelles in close proximity in leaf cells.
 (a) Individual SEM image showing close association between chloroplast (C), mitochondria (M), and Golgi stack (G). The scale bar represents 1 μm. (b) 3D reconstruction shows close proximity of mitochondrion (red), Golgi stack (orange) and chloroplast (green). Chloroplast starch granules are shown in white and the vaucolar membrane is shown in blue. The Golgi (orange) appears to touch or form connections to both organelles at multiple sites. The model was rotated 90o relative to image in (a) and the vacuole membrane was removed to show organelles’ proximity to each other. The model was generated from images shown in Fig. 4 and in (a).

very little curtaining, making tomographic reconstruction relatively straightforward (Figure 8). Tomographic images of this tissue reveal large numbers of bacteroids tightly packed into the cytosol of infected cells (One and Two) but contained within the symbiosome (Figure 8). These tomographic images also contain many of the characteristic features of root nodules including a large intercellular air space (AS) and an adjacent, uninfected cell (Figure 9A). Structural features of the nodule can be identified including the host-derived symbiosome (peribacteroid) membrane (SM). Consistent with earlier studies, infected cells appear to be largely devoid of large vacuoles while the uninfected cell at the bottom of the field of view has a large vacuole. (Figs. 8 and 9(a)). Discontinuous stretches of ER are seen scattered throughout the infected cells (Figure 9). These images also revealed diverse shapes of the individual bacteroids (Figure 9(b)). Further analysis of the 3D structure of these bacteroid clusters revealed elaborate interconnectedness of the symbiosomes, and the bacteroids seem to be located inside one continuous SM forming an elaborate megastructure (Figure 9(c) -(e)). Additionally, mitochondria can be seen in close proximity to one another in one of the infected cells (Two) and in close proximity to the cell wall near the air space (Figure 9(a) and (e)). These mitochondria, though tightly packed in the crowded cytosol, appear to be disconnected from each other, and it is clear that while their outer membranes contact each other, they do not appear to overlap or fuse (Figure 9(e)). While the mitochondria localize to the periphery of the air space, the majority of the bacteroids localize 
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[bookmark: _Toc69648458]Figure 8 Tomographic images of chemically fixed soybean root nodules.
Soybean root nodules contain densely packed bacteroids in two infected root cells. Every 10th image is shown for the first 50 images of the tomogram. Structural features of the root nodules are visible including tightly packed bacteroids (B), symbiosome membrane (SM), central air space (AS), and mitochondria (M). Sequential images were taken every 100 nm. Scale bar = 1 μm.




[bookmark: _Toc69648459]Figure 9 3D analysis of root nodules reveals complex structural features of the symbiosome membrane.
(a) Single SEM image shows the complex structure of root nodules. Two infected cells (Cell one and two) are seen adjacent to an uninfected cell (Cell three). Abutting these three cells is an air space (AS). A large vacuole (V) can be seen in the uninfected cell. Clusters of mitochondria (M) localize close to the air pocket. Scale bar = 1 μm. (b) 3D reconstruction of the features characteristic of root nodules. Cell wall (yellow), vacuole (light blue), mitochondria (white), bacteroids (dark blue), symbiosome membrane (transparent red), and ER (green). The ER appears fragmented in the infected cells. (c) Bacteroids are discontinuous within the membrane. (d) The SM appears to be a single continuous structure. (e) SM with the bacteroids showing connectivity of the membrane around the individual bacteroids. The overlay of the symbiosome membrane (transparent red) on the bacteroids (dark blue) makes the structure appear purple. (f) 3D reconstruction showing three closely associated mitochondria in an infected cell near the cell wall next to the air space. The model was generated from images shown in Fig. 6 and in (a).
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on the other side of the mitochondria, away from the air space, and appear to take up the majority of the cytoplasm.
[bookmark: _Toc69772618]Discussion
FIB/SEM is a little-used tool for studying biological samples. This stems largely from concern about introducing artefacts to the sample through the milling process, such as major charging of the sample, severe damage from the gallium beam, and many other potential causes of uncertainty. This technique is also considered to be impractical and fairly difficult due to the extensive chemical fixation techniques that to date have been used for sample preparation. Here we show that FIB/SEM is not only a powerful technique for studying plant tissue ultrastructure but also that plant tissue samples prepared using standard chemical fixation protocols or HPF/FS are suitable for the technique without additional preparative steps to generate contrast. The use of TEM-ready samples for FIB/SEM, provides an alternative to the much more demanding techniques used for 3D analysis including serial TEM tomography. Further, FIB/SEM overcomes the size limitations of TEM tomography while yielding structural details of organelles at near-TEM resolution. Thus the spatial relationships between organelles and cells in plant tissues could be analysed through this technique. With our various samples, we showed that different TEM sample preparation techniques could be deployed to determine structural features of plant tissues by FIB/SEM. Moreover, FIB/SEM can be used to study many processes including chloroplast differentiation and development (Figure 4), organellar and tissue development (Figures 5 and 6), and host-microbe interactions (Figure 9). A recent study described a technique to perform immuno-gold labelling prior to embedding of the sample in resin [236]. This technique has been used previously to determine protein localization in plant tissues [237], [182], [238]. It would be interesting to see if FIB/SEM could be employed alongside pre-embedding immunolocalization to study protein distribution in 3-dimensions. This application could potentially allow for detailed analysis of protein localization throughout the cell at a resolution much greater than what can be seen with light microscopy techniques currently used for such 3D analyses. 
Our analyses have also revealed intriguing examples of potential membrane interactions (Figure 7).  These apparent membrane contacts would likely be missed when observing individual thin sections of a sample by TEM. Several early studies reported potential membrane connections and contact sites between various organelles in plants [235], [234], [239]. These studies remain controversial because many of these contacts and continuities have been attributed to artefacts of chemical fixation. Our tomograms from samples prepared by HPF/FS confirm that organelles can be very close to each other in a cell, but at this level of resolution we cannot state conclusively that membrane contacts lead to continuities between chloroplast and other organelles in plant cells.  It is generally accepted that samples prepared by HPF/FS are free of the membrane disruptions that are known to occur with chemical fixatives. However, these connections could potentially provide additional routes in a plant cell for signal transmission and metabolite transport between organelles. 
From a signaling standpoint, close associations between chloroplasts, ER, mitochondria, and plasmodesmata are particularly interesting. These organelles are known to communicate with each other during metabolism, e.g. photorespiration and fatty acid synthesis. Their close proximity in the plant cell could potentially result in direct membrane contacts facilitating rapid inter-organellar communication.  One model that has recently garnered attention is the hemi-fusion model for chloroplast-ER membrane contacts [240]. This model, based largely on genetic complementation experiments [241], proposes that the membranes of these organelles can form transient fusions, thus allowing bidirectional exchange of intermediates and enzymes in fatty acid synthesis. Similarly, intercellular trafficking via plasmodesmata is likely regulated by chloroplasts and other organelles, including mitochondria [142]. With these potential chloroplast-ER membrane contacts, signals from the chloroplast could be rapidly transmitted to the plasmodesmata via the ER, and could explain how chloroplast localized proteins such as the RNA helicase ISE2 could play a role in regulating intercellular trafficking [242]. Further experiments including more detailed imaging analysis are required to investigate these possible routes for communication and signalling. 
We also used FIB/SEM to investigate the structure of a complex biological structure, the root nodules formed during legume-rhizobium symbioses. For this, we examined roots of soybean that had been colonized and nodulated by Bradyrhizobium japonicum. Typically, the bacteroids (differentiated rhizobia) within the host symbiotic cells are contained within a host-derived membrane symbiosome membrane (SM).  This membrane is then the interface across which nutrients and signals are exchanged between the host and endosymbiont (reviewed in [243].  These structures have long been studied by thin-section TEM. In thin sections of nodules of tropical legumes including soybean, clusters of bacteroids are frequently seen within the same SM, but these clusters are thought to usually be limited to 1-4 bacteroids. Our data suggest that there are elaborate membrane continuities of the SM (Figs. 6 and 7), strengthening the concept that these symbiosomes are remarkable, structurally complex entities. Overall, the 3D structure of these SM networks appears to have been largely underestimated, with the majority of studies only looking at single sections of the nodule. Instead, by FIB/SEM we find that the bacteroids in an infected root cell are likely all contained within one continuous SM. The elaborate megastructure of the symbiosomes shown here has not been reported previously, even in studies using HPF/FS [244].  The possibility exists that the observed membrane continuities of the SM were a consequence of the chemical fixation of our sample.  However, the rest of our sample suggests that we have good preservation of nodule structure.  
From an evolutionary standpoint, it makes sense that the bacteroids would benefit from being surrounded by one continuous host-derived membrane. First, the bacteroids would not need to synthesize large quantities of membrane components. Second, cohabitation within the SM would facilitate rapid communication between the numerous bacteroids in an infected cell, allowing signaling between bacteroids to occur rapidly without dependence on, or interference from, the host’s signaling machinery. It would also allow the rapid diffusion of ammonia away from the bacteroids. Third, the SM likely provides protection from the host’s immune responses by shielding the bacteroids in a host-derived membrane system that goes largely unnoticed by the host [245], [246]. These findings about the nature of the SM pose many intriguing questions about symbiosis and could potentially provide new insights into host-microbe interactions. Further, they confirm the versatility and benefit of using FIB/SEM to conduct 3D studies on plant tissues. 
Besides the complex SM, our FIB/SEM analysis of the soybean nodules also confirmed several previously reported features. While the intercellular gaps, or air pockets, are frequently found in leaf tissue, they are less common in root tissue and are strategically placed throughout nodules to regulate oxygen concentrations in the tissue. In the nodule, nitrogenase activity is tightly regulated by oxygen concentrations in nodules [247]. Close associations between the mitochondria and the cell wall immediately adjacent to the air pocket were observed in our tomograms (Figure 9). The presence of multiple infected cells in close proximity to an uninfected cell is frequently observed in soybean nodules, with the majority of infected cells being directly connected to one or more uninfected cell [248]. Previous studies have suggested that the later stages of nitrogen fixation, i.e., synthesis of amides and ureides, occur in the uninfected cells [249], [250].  The association of infected cells with uninfected ones is supported by our FIB/SEM analysis (Figure 9). Additionally, several structural features of the membrane systems of the root cells appear to be severely altered in the rhizobia-colonized cells. Most notably, the large vacuole that typically takes up the majority of the cell volume in uninfected plant cells is absent from the infected cells (Figure 9), as has been reported previously [243], and references therein). Another endomembrane system that appears to be disrupted during infection is the continuity of the ER (Figure 9). In plant cells, the ER typically forms long tubular structures in the cytosol, but interestingly, the ER appears to be largely discontinuous in the infected cell. This discontinuity would be consistent with compromised metabolic function. This would suggest that these infected cells are more dependent on the neighbouring healthy cells for survival. Interestingly, it has been noted that these root nodules have increased numbers of plasmodesmata between infected cells and uninfected cells while the number of plasmodesmata is significantly decreased between neighbouring infected cells [248]. This would suggest an increased demand for intercellular trafficking as the infected cells import nutrients from the neighbouring uninfected cells. Thus, FIB/SEM and the resulting 3D models can be used to interrogate a variety of plant tissues. Here, we have demonstrated a simplified approach to the preparation of plant samples for analysis by this technique, and shown that the results of FIB/SEM can help illuminate various signaling routes in plant tissues and cells.  
[bookmark: _Toc69772619]Materials and Methods
[bookmark: _Toc69772620]Plant growth and tissue collection
Nicotiana benthamiana plants used in this study were grown on light carts under continuous light. Young leaves less than 1 cm long on 5-6 week-old plants were collected and leaf discs were removed with a 0.2 mm punch. Soybean (Glycine max) seeds were surface sterilized and germinated for 2 days in the dark. Seedlings were transferred to plastic growth pouches and grown in a growth chamber with a cycle of 
[bookmark: _Toc69772621]High pressure freezing and freeze substitution
Leaf tissues were prepared for electron microscopy by a previously described tandem high pressure freezing and quick freeze substitution protocol [231]. Samples were flash frozen using a Wohlwend Compact 02 high-pressure freezer (Techno Trade International) and the water in the sample was replaced with acetone during quick freeze substitution. The FS solution contained 1% OsO4 + 0.1% uranyl acetate or 4% OsO4 for fixation. After fixation, the samples were infiltrated and embedded in epoxy resin (Eponate 12, Ted Pella Inc., Redding, CA).  Embedding was carried out over five days according to the following protocol: 10% (v/v) resin/acetone (16h), and 25%, 50%, 75% and 100% (24h each). Resin was polymerized at 60°C. 
[bookmark: _Toc69772622]Chemical fixation of root nodules
Root nodules were harvested from lateral roots of Glycine max and dissected in fixative (sodium phosphate buffered 3% glutaraldehyde). Typically, 1mm thick slices from the centre of the nodule were then transferred to fresh fixative and fixed for 90 minutes. The tissue was then washed 3X for 90 minutes’ total in buffer before post fixation in buffered osmium tetroxide (2%) for 90 minutes. Samples were then rinsed in water 3x for 90 minutes’ total, dehydrated in a graded ethanol series and finally embedded in low viscosity Spurr epoxy.
[bookmark: _Toc69772623]Sample preparation before FIB/SEM 

Blocks were trimmed with a Leica EM UFC7 ultra-microtome (Leica, Buffalo Grove, IL) to expose the plant tissue and to provide a smooth surface for imaging. Semi-thin sections of the sample were visualized using a light microscope and used to identify a region of interest for the slice and view imaging. Next, the tip of the block containing the tissue was carefully removed using a handsaw and glued to an SEM sample mount. The sides of the block were then coated with colloidal graphite paint and sputter coated with a thin layer of gold to ensure conductivity in the SEM. 
[bookmark: _Toc69772624]Sample preparation during FIB/SEM
Imaging was performed using a Zeiss Auriga dual beam SEM (Zeiss Microscopy, Thornwood, NY). Once the sample was loaded into the microscope and the region of interest identified and ready for imaging, a thin layer of platinum was deposited on the face of the sample to reduce charging and damage to the surface of the sample. The platinum covered the entire area that was milled over the duration of the run. Next, the block was coarse milled with a high current FIB (30kV 2nA) beam in order to produce a series of trapezoidal trenches about 15 µm deep in the region of interest.  Next, a lower beam current (typically 30kV 50-100pA) was used to polish the newly exposed surface. 
[bookmark: _Toc69772625]Image acquisition using Slice-and-View
Sequential sectioning and imaging was performed using the Slice and View program (Zeiss Microscopy). For experiments with N. benthamiana leaves images were collected every 20 nm and for the soybean nodules they were collected every 100 nm. The total number of images collected was set by the time of the run. The SEM was run at 3kV and images were collected using the in-lens detector (Zeiss Microscopy).
[bookmark: _Toc69772626]Image analysis and tomogram construction
Raw image files were opened in ImageJ [251] and converted into a stack. Images were aligned using the StackReg and TurboReg plugins. Once the images were aligned, images were cropped and image intensities were inverted to make comparison to the TEM images easier. Brightness and contrast levels were adjusted for optimal visualization of membranes and the stack was saved as a TIFF file. 
[bookmark: _Toc69772627]Tomography mapping 
The TIFF files were opened in IMOD (University of Colorado, Boulder) and segmentation was performed semi-automatically using the Interpolator function in IMOD. Each organelle was assigned its own object. Contours were drawn and smoothed using the Smooth Contour option in IMOD.
[bookmark: _Toc289175832]



















[bookmark: _Toc69772628]Appendix
[bookmark: _Toc69772629]Focused Ion Beam-Scanning Electron Microscopy for investigating plasmodesmal densities 

[bookmark: _Toc69772630]INTRODUCTION
Intercellular communication is critical for the development of multicellular organisms. Plasmodesmata (PD) are membrane-lined pores that perforate plant cell walls and form direct cytoplasmic connections between the neighboring cells, facilitating the movement of metabolites and signaling molecules between cells. PD are delimited by the plasma membranes of the connected cells and they contain a second membranous continuity called the desmotubule, a highly derived tightly furled tubule of endoplasmic reticulum (ER) that connects the ER networks of adjacent cells. The current view is that most, if not all, PD in higher plants contain a desmotubule, and some macromolecules use its surface for intercellular spread [15];[55]. These two membranes surround the cells’ cytoplasmic continuum, the cytoplasmic sleeve, through which the bulk of diffusive trafficking occurs [252];[253];[254];[25]. 
	The typical textbook image or illustration of a plasmodesma presents a single cylindrical pore with a diameter between 20 and 50 nm. These representations of PD structure come from years of imaging PD by TEM [19]. This stereotypical structure is called a simple plasmodesma, and while such PD are indeed common in many plant tissues, PD can also occur in more elaborate structures. Twinned PD are two pores found within 100 nm of each other and they are likely sites of de novo PD formation [16]. PD can also adopt branched structures with multiple pores that converge at the middle lamella of the cell wall, often forming a dilated region called the central cavity [11]. These different structural classes of PD likely have distinct trafficking capacities [26];[255]. In some instances, simple PD have higher trafficking capacity than do branched PD [26] but an association between twinned and branched PD and increased intercellular trafficking has also been reported [143].
	PD can be randomly distributed in a cell wall but often cluster together into groups called pitfields [16];[256],[257]. In recent years, it has become apparent that the number of PD in a cell wall (PD density) and PD trafficking capacity are inherently linked [258];[259];[260]. Several studies have investigated the distribution of PD in different tissues and across plant development [261];[262];[263];[264]. These studies have used transmission electron microscopy (TEM) to image thin sections and often serial thin sections, because PD, with their 20-50 nm diameters, are too small to visualize with light microscopy. While this is a powerful method for quantifying PD densities, it is technically difficult to undertake and requires extensive training or expertise as well as significant hours of data collection and analysis. Recently, alternative methods for quantifying PD densities have been introduced that are less time consuming and that can image larger samples. This flexibility in sample size allows for the collection of longer lengths of cell wall with higher z-resolution than other approaches. 
	While individual PD are too small to image with light microscopy, pitfields can be imaged with confocal microscopy using fluorescently labeled PD marker proteins like the PLASMODESMATA LOCATED PROTEINS (PDLPs) or viral movement proteins [260];[265]. Fitzgibbon et al. first demonstrated this approach for studying pitfield densities by developing a high throughout quantification method in transgenic Arabidopsis plants [265]. More recently, we developed a transient expression assay to measure pitfield distributions in Nicotiana benthamiana leaves [260]. Combining our assay with the reverse genetics approach of virus induced gene silencing, we generated some of the strongest evidence to date supporting a positive correlation between PD density and intercellular trafficking. While fluorescence microscopy-based techniques allow for the evaluation of pitfield distributions in living tissues, they cannot reveal details of the structures of the individual PD in the pitfields. 
	Two forms of serial scanning electron microscopy (SEM) have recently emerged as powerful tools for measuring PD densities at EM resolutions [189];[266];[188]. Both methods use SEM to image the newly exposed surface of a sample that has been prepared for TEM. The first method, serial block face scanning electron microscopy (SBF-SEM), uses a specialized setup with a built-in microtome to do serial sectioning within the microscope [267];[268];[269];[210];[211]. This approach has been used in a few studies to quantify PD distributions in Arabidopsis roots [189];[188].  Additionally, a recent paper outlines a toolkit for the analysis of PD densities with SBF-SEM [188]. The second method, focused ion beam-scanning electron microscopy (FIB-SEM) uses a narrow beam of metal ions to cut away, or mill, the surface of the sample to expose a new surface for SEM imaging [266].  In the FIB-SEM instrument, the electron beam is oriented at 54 degrees to the ion beam and secondary or backscattered electrons produced by the electron beam-sample interactions are used to generate an image of the newly exposed surface of the sample [270]. By repeating the milling and imaging process over a few hours, image data representing microns of sample thickness can be collected from a single FIB-SEM run [271].
	Here, we describe a method for measuring PD densities with FIB-SEM. This technique has several advantages over traditional serial-TEM approaches. It can image relatively large samples, in the range of square microns.  It also allows for fine control of the step size between images with the theoretical limit of 5 nm, resulting in increased resolution in the z-axis and limiting the number of PD that are missed during image collection using larger step sizes or thicker sections. Using these images, 3D reconstructions of the cellular ultrastructure can be generated with segmentation software such as IMOD (University of Colorado). PD densities can be then be determined from the 3D models of the cell walls under investigation.  
[bookmark: _Toc69772631]MATERIALS
[bookmark: _Toc69772632]Resin-embedded sample preparation:
1. Samples fixed for TEM and embedded in epoxy resin. 
2. Razor blades 
3. Ultramicrotome
4. Glass knives
5. Compound microscope
6. Glass slides
7. Toluidine blue stain
[bookmark: _Toc69772633]Mounting of samples for FIB-SEM:
1. Jeweler’s Saw 
2. SEM Pin Stub Mounts 
3. Super glue 
4. Carbon paint 
5. Plasma Sputtering coater for gold deposition.
[bookmark: _Toc69772634]Microscopy:
1. A Scanning electron microscope with a dual (FIB) beam system. We use a Zeiss Auriga Crossbeam FIB-SEM 
[bookmark: _Toc69772635]Image processing
1. ImageJ (http://rsbweb.nih.gov/ij/)
2. IMOD (University of Colorado) 
3. A Computer with enough processing power to handle 3D reconstructions in IMOD
The recommended configuration for running IMOD can be found at https://bio3d.colorado.edu/imod/ 
Briefly, the computer used for segmentation should meet the following standards:
1. Processor: Any up-to-date Intel or AMD Processor, but we recommend a computer with at least four processors for speedy segmentation and model reconstruction. 
2. Video Cards: Any modern Nvidia-based card, however 256 MB or higher cards are highly recommended. AMD cards will work for Windows or Mac systems. 
3. A minimum of 2GB of memory are required for Linux or Mac systems and 4GB for Windows systems. Computers with more memory are highly recommended. 
4. Operating system:
a. Linux: Red hat Workstation 6 or higher (equivalent levels for Fedora, Ubuntu or Suse will also work). 
b. Windows: Windows 7, 8, or 10 are recommended, however Vista or XP will also run IMOD. 
c. Mac: OS X 10.8 or higher is recommended. 
5. For Windows: Cygwin (a Unix package) or several Python packages must be installed on the computer. Links for these downloads and the different versions of IMOD can be found at https://bio3d.colorado.edu/imod/download.html

[bookmark: _Toc69772636]METHODS
[bookmark: _Toc69772637]Biological sample preparation:
1. We fix our samples by high pressure freezing and freeze substitution (HPF/FS) following the protocol used for TEM sample preparation [266];Drobne 2013}. HPF/FS reduces the frequency of fixation artifacts that can distort the interpretation of imaging data [231]. However, samples prepared by traditional chemical fixation following standard protocols can also be used. 
2. Resin embedding: Biological samples used for FIB-SEM tend to be soft and can be easily damaged by the ion beam so they are typically embedded in resin in order to provide a solid surface for milling. Embed sample in hard resin following the same protocol used for sample preparation for TEM. Additional steps for protecting the sample from damage can be taken and will be described below [271].  
[bookmark: _Toc69772638]Mounting of samples for FIB-SEM:
1. Block trimming: Blocks should be trimmed as for standard ultrathin sectioning using a glass knife and an ultramicrotome. Using a razorblade, trim away excess resin around the sample. Shape the tip of the block into a trapezoid to help with orientation within the microscope. Load the block into the ultramicrotome chuck and begin coarse trimming with a glass knife. Set the microtome to cut 1-micron sections and trim away excess resin on the tip of the block. Periodically, collect a few 1-micron sections and mount on a glass slide. Stain the sections with Toluidine blue and image with a compound microscope (see Note 1). Images of these sections should be collected to identify regions of interest for later electron microscopy. Once the 1-micron sections contain the tissue or structures of interest, begin fine trimming and ultrathin sectioning with a diamond knife. Carefully cut a few 70-100nm sections with the diamond knife and collect sections and mount on a TEM grid. Image with TEM to determine sample quality (see Note 2). 
2. Block tip removal: Immobilize the trimmed block using a chuck from the ultramicrotome. Using the Jeweler’s saw, carefully saw through the block, a few millimeters below the sample. Be sure to make a clean, straight cut through the block to prevent the base of the block from being slanted (see Note 3).
3. Mounting of block tip on SEM stub: Once the block tip has been removed, apply a small drop of super glue to a pin stub for SEM and place the block tip on the glue. Make sure that the base of the block is flush with the surface of the stub. Let the glue dry for about 15-30 minutes. 
4. Carbon painting: Once the block is securely attached to the stub, apply a thin layer of carbon paint to the base of the block. The carbon is conductive and will prevent charging of the sample. The carbon paint should cover the entire base of the block tip, but should not cover the cleaned and sectioned surface. Spreading the paint can be accelerated using a wooden applicator (see Note 4). 
5. Sputter coating samples: Once the carbon paint is completely dry (usually after an hour), place the stub in the sputter coater. The goal is to apply a thin layer of gold to the sample surface in order to further limit charging of the sample. The time required for coating may vary between the models of sputter coaters, but we typically coat for about 45 seconds. 
[bookmark: _Toc69772639]Microscopy:
1. Sample loading and positioning: Load the sample into the microscope as per the user manual for your system. Position the sample so that the block face is positioned perpendicular to the ion beam and at a 54-degree angle to the electron beam (Figure10b). 
2. Identification of regions of interest: Once the sample is loaded into the microscope and positioned for imaging, locate the cleaned block face while imaging in SEM mode. Increase the magnification to view the block face. The outlines of cell walls are typically visible at this stage. You will want to identify a region where you think there is a lot of cell wall to maximize the length of wall collected in the final image stack. At this stage, you can also attempt to identify specific cell-cell interfaces such as epidermis-epidermis, epidermis-mesophyll or vascular cell contacts for specialized imaging (see Note 5). 
3. Deposition of platinum coat: Insert the deposition nozzle to apply a thin layer of platinum to the block surface at the region of interest.  This will provide an extra layer of protection for your sample and provide a smooth surface for the ion beam to impact. Imperfections in the surface can result in curtaining of the surface during milling (Figure 10e) (see Note 7).
4. Trenching: Once a region of interest has been identified, select a large FIB probe to do the course milling, or trenching. Using a large probe (e.g. 30 kV 2 nA) and the “mill for depth” feature, mill a trapezoid into the block face (Figure 10d). The small side of the trapezoid should be positioned just below the region of interest and should be at least 10 μm across. The height of the trapezoid should be no less than 20 μm, and a depth of 15-20 μm. Please note that the length of the short side of the trapezoid will determine how much tissue will be imaged in each section.  
5. More trenching: Next, repeat the last step to mill two more trapezoids on either side of the initial trapezoid. These trapezoids should be perpendicular to the initial trapezoid and line up with the sides of the deposited platinum (Figure 10d). The addition of these trapezoids clears the line of sight between the image surface and the electron detector. These trapezoids can have shorter heights, but the length of the short side should extend further than you intend to mill and image. 
6. Cleaning of the block face: Once the course milling is complete, select a smaller FIB probe (30 kV 50–100 pA) to clean up the milled block face.


[bookmark: _Toc69648460]Figure 10 Representative images of mounted blocks, milled trenches, and the exposed block faces.
(a) Resin block tip mounted on an SEM stub, coated with carbon paint and sputter coated with plasmolyzed gold. (b) Cartoon schematic (left) and image (right) of the FIB-SEM configuration. The stage and sample are positioned in the microscope so that the ion beam is oriented at 90 degrees to the block face and the electron beam is positioned at 45 degrees to the block face. (c) Low magnification SEM image of the prepared block face (Scale bar = 500 microns). (d) SEM image of milled trenches in the block face with recommended dimensions for length (L), width (W), and height (H). The light grey portion of the block face (width) corresponds to the layer of platinum deposited prior to milling. (e) Representative image of an uncleaned block face image highlighting examples of curtaining (asterisks), a surface artifact that can occur during FIB milling.
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7. Using the selected probe, mill another trapezoid into the sample. This trapezoid should overlap with the top of the first trapezoid. The height of this trapezoid should be substantially smaller (~5 microns) because the milling will take much longer with the smaller probe (see Note 8).
8. Milling and image acquisition: Select a FIB probe of the desired size. The step size for a FIB probe is equal to half the radius of the probe. A step size of 25-50nm should be used to minimize PD loss during image acquisition and maximize the amount of tissue collected over the course of several hours but this can be adjusted to suit the user’s experimental goals. Imaging should be performed in SEM mode with the SEM operating at 3kV. An SEM image should be collected after each step. The individual images are saved as Tagged Image File Format (TIFF) during acquisition. Serial imaging can be achieved using the “Slice and View” program from Zeiss Microscopy (see Note 8).
[bookmark: _Toc69772640]Image processing 
1. Generation of image stacks: Once the images have been collected, the raw images need to be converted a stack of the images (Figure 10f). Import the image sequence into ImageJ (http://rsbweb.nih.gov/ij/). Set the scale using the scale bar from the first image collected (see Note 8). Once the scale is set, scroll through the image stack. Samples tend to drift during image acquisition and therefore the images need to be aligned. Run the TurboReg plugin for ImageJ and select the Rigid Body option in the menu (http://bigwww.epfl.ch/thevenaz/turboreg/) to align the images. Once the images in the stack are aligned, the stack needs to be cropped to include only the block face or region of interest. Using the rectangle tool in ImageJ, draw a rectangle that will capture as much of the region of interest as possible. Once the optimized region has been identified, make a copy of this region of the stack by using the duplicate function (Image>Duplicate). Make sure to duplicate the entire stack by selecting the “Duplicate stack” option. This will be the tomogram that you will use for segmentation and counting PD. 
2. Image processing: Because the images were collected with the secondary electron detector, the images will look like a negative of a TEM image. Invert the image in order to generate images that have dark stained membranes and lightly stained cytoplasm that look more like standard TEM images (Figure 11a). Save the stack as a stack of TIFFs for further analysis with IMOD). 
3. Adjusting for step size: In order for the 3D renderings to accurately depict the cellular ultrastructure, the Z-scale for the tomogram needs to be set in 3Dmod. The Z-scale is equal to the ratio of the section thickness to the pixel size. The section thickness is determined during image acquisition when the probe used for milling is selected. The pixel size is dependent on the image quality and the detector used for image acquisition. The pixel size can be calculated by setting the scale for the tomogram in ImageJ.  

[bookmark: _Toc69648461]Figure 11 3D reconstruction of FIB-SEM data and quantification of PD density in a representative FIB-SEM dataset.
(a) Representative SEM image of cells of a N. benthamiana leaf collected with FIB-SEM. Portions of four cells are visible in the image. Cell wall (CW), plasmodesmata (PD), chloroplasts (Chl), vacuole (V), and nuclei are visible. The structural class of PD can be determined. The labeled PD are simple (left) and one branched (right). (b) 3D reconstruction of the FIB-SEM dataset in A. The cell wall (grey), chloroplast (green), vacuole (yellow), and nuclei (blue) are shown. (c) Close up view of the 3D model showing a cluster of PD. (d) Image of 3D rendering of the cell wall showing the distribution of PD in the wall. (e) Quantification of total numbers of PD in the data set. (f) Quantification of the PD density (PD/μm2 cell wall).  
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4. Image Segmentation: Open the tomogram with IMOD (see Note 9). This will open the tomogram in the ZAP window. Using the drawing tools (Special>Drawing Tools), trace the structures of interest in the ZAP window. The progress of contouring can be monitored with the Model View window. Semi-automated segmentation can be achieved using the interpolator function (Special>Interpolator) in IMOD. The interpolator function will use information from a few contours spaced throughout the tomogram (approximately one contour every 20 images) to predict the position of each contour on each section between the reference contours. These predictions work pretty well for simple objects that have high contrast, but do not work as well when then the contrast is low. Each interpolated contour must be manually adjusted using the drawing tools. Once an interpolated contour has been adjusted, the predicted contour (dashed line) can be converted into a true contour by pressing ENTER on the keyboard. This will re-run the interpolation and adjust the remaining predicted contours based on the modified position of the adjusted contour. Once all contours have been adjusted and the segmentation of the desired object is complete, apply a skin to the model by applying a mesh to the model (Image>Model View>Edit>Object>Meshing). Parameters for meshing can be adjusted prior to applying the mesh. Additional objects can be created to include additional components to the 3D model (Figure 11b and c).  
5. Quantification of PD densities: PD density can be quantified as the number of plasmodesmata per square micron of cell wall (Figure 11d). The cell wall area is calculated by measuring the length of cell wall in each image. This can be achieved by drawing a line along the length of the cell wall and using the Measure function in ImageJ after the scale has been set. After measuring the cell wall in every image, multiply the sum of these measurements by the step-size used during milling and image acquisition. Next, count the number of PD present in each image. High quality FIB-SEM images allow for the distinction between simple and branched PD. Divide the total number of PD by the cell wall area to calculate the PD density. Ratios of simple to branched PD can also be calculated by quantifying distinct population densities (Figure 11e and f). 
[bookmark: _Toc69772641]NOTES
Note 1: The semi-thin 1-micron section stained with Toluidine blue is very useful as a low-resolution map of the sample that can be used to help in orientation after the sample is viewed in the microscope (see Note 5).  
Note 2: Surface imperfections such as knife marks may make it difficult to identify regions of interest in your sample and will result in an uneven surface that can cause curtaining of your sample during milling (see Note 7). Additionally, we recommend that the block should be thin sectioned and imaged with TEM to assess the fixation quality of the sample, but this step will not be discussed in this method instead we refer the reader to these articles [272];[231];[273]. 
Note 3: It is very important to cut straight through the block. If the block containing the sample is mounted at an angle, the electron and ion beam angles will be off in the microscope and may negatively influence the milling and image acquisition.
Note 4: The carbon paint dries rapidly so you will want to work very quickly but carefully. Alternately, a carbon marker can be used to cover the base of the block with a thin layer of carbon.  
Note 5: At this stage it is very helpful to have a map of your block face such as the light microscopy image of a semi-thin section stained with Toluidine blue (see Note 1).  
Note 6: Curtaining is an artifact that occurs during FIB milling when imperfections in the block face interfere with milling and results in an unsmooth surface. It typically presents as numerous lines running top-to-bottom of the sample surface.
Note 7: The milling area should start in front of the block face, just ahead of the actual exposed surface.  This will ensure that the milling area does not start behind the surface of the sample. If the beam starts milling slightly behind the surface this will result in a barrier between the newly exposed surface and the electron beam, and will generate multiple images of the initial surface and not the underlying material. 
Note 8: An image captured before milling begins can be used to set the scale. We typically run our samples for 6 hours (measured in seconds). With the 25nm step size and collecting an image after every step, we can typically expect to collect around 9-10 microns of images in 6 hours.
Note 9: A very useful tutorial for 3D segmentation using IMOD can be found at (https://bio3d.colorado.edu/imod/doc/3dmodguide.html). Careful review of this tutorial should be completed prior to segmentation to ensure that all parameters are set properly during segmentation.
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CHAPTER 3
Chloroplast-to-nucleus retrograde signaling controls intercellular trafficking via plasmodesmata formation.


Disclosure: A version of this chapter was previously published in the journal Philosophical Transactions of the Royal Society B by Elena E. Ganusova, Brandon C. Reagan, Jessica C. Fernandez, Mohammad F. Azim, Amie F. Sankoh, Kyle M. Freeman, Tyra N. McCray, Kelsey Patterson, Chinkee Kim and Tessa M. Burch-Smith. 
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[bookmark: _Toc69772643]Abstract
The signaling pathways that regulate intercellular trafficking via plasmodesmata (PD) remain largely unknown. Analyses of mutants with defects in intercellular trafficking led to the hypothesis that chloroplasts are important for controlling PD, likely by retrograde signaling to the nucleus to regulate expression of genes that influence PD formation and function, an idea encapsulated in the organelle-nucleus-PD signaling (ONPS) hypothesis. ONPS is supported by findings that point to chloroplast redox state as also modulating PD. Here we have attempted to further elucidate details of ONPS. Through reverse genetics, expression of select nucleus-encoded genes with known or predicted roles in chloroplast gene expression was knocked down, and the effects on intercellular trafficking were then assessed. Silencing most genes resulted in chlorosis, and the expression of several photosynthesis and tetrapyrrole biosynthesis associated nuclear genes was repressed in all silenced plants. PD-mediated intercellular trafficking was changed in the silenced plants, consistent with predictions of the ONPS hypothesis. One striking observation, best exemplified by silencing the PNPase homologs, was that the degree of chlorosis of silenced leaves was not correlated with the capacity for intercellular trafficking.  Finally, we measured the distribution of PD in silenced leaves and found that intercellular trafficking was positively correlated with the numbers of PD.  Together, these results not only provide further support for ONPS but also point to a genetic mechanism for PD formation, clarifying a longstanding question about PD and intercellular trafficking.
[bookmark: _Toc69772644]Introduction
Cell-to-cell communication in plants occurs via microscopic but complex pores known as plasmodesmata (PD). PD are membrane-lined cytoplasmic passages that allow movement of metabolites and signaling molecules between neighboring plant cells. They are therefore essential for plant growth, development and defense [274]. They are also conduits for the trafficking of carbon fixed by photosynthesis (in the form of sugars) to the vasculature in source tissues and from the vasculature into sink tissues, thereby facilitating energy distribution throughout the plant [275],[26]. The relatively small number of reported PD mutants underscores the importance of PD to plant growth and development. Plants have evolved a number of mechanisms to control PD function including the regulated deposition and removal of callose in the cell wall surrounding PD [94],[90],[91],[92]. PD function also changes in response to plant hormones upon abiotic and biotic signals from the environment and to developmental programs [30],[142]. Besides callose metabolism and hormones, there is increasing evidence supporting the postulate that chloroplasts exert control over the development and function of PD. 
Nuclear genes encode approximately 95% of chloroplast proteins, with the remainder encoded by the chloroplast genome. Disrupting chloroplast function leads to changes in expression of specific nuclear genes. This chloroplast-to-nucleus signaling is referred to as chloroplast retrograde signaling (CRS), [276]. Several CRS pathways and the molecules that initiate them have been identified, and the mechanistic details are under intensive investigation [277],[278],[279],[280],[281].  Gene expression analyses have identified a core suite of 39 genes that respond to all chloroplast-generated signals [282]. This suite includes genes that affect cell wall synthesis and/or modification, sugar transport, stress responses, and ROS responses. This indicates that chloroplast functional status can regulate the expression of nuclear genes including, but not limited to, photosynthesis-associated nuclear genes [283].  Several CRS pathways have been identified, and among the best characterized are those involving the genomes uncoupled (gun) mutants [15,18]. The gun2, 3, 4, 5 and 6 mutations affect proteins that participate in the tetrapyrrole biosynthetic pathway that eventually produces chlorophyll and heme [284]. GUN4 and GUN5 are part of the Mg chelatase that couples Mg to tetrapyrroles on the chlorophyll branch of the pathway [285],[286],[287],[288]. GUN2, GUN3 and GUN6 belong to the pathway that couples protoporphyrin IX to iron, eventually producing heme and phytochromobilin [284]. 	     
Studies with the chloroplast-resident RNA helicase ISE2 have served as an entry point to further probing the chloroplast-PD relationship. ISE2 is a chloroplast DEAH-type RNA helicase critical for chloroplast RNA processing and translation, and it is conserved among green photosynthetic organisms [141],[289]. Plants with reduced ISE2 expression have decreased photosynthetic capacity and defects in chloroplast development [142]. In addition, Arabidopsis ISE2 mutant embryos and N. benthamiana leaves in which ISE2 was silenced by VIGS had defects in intercellular trafficking and PD formation [144],[143]. Deficiency in ISE2 expression also led to changes in the expression of target genes of CRS pathways as well as changes in the expression of several genes implicated in PD function, e.g. callose metabolism genes like AtBG-PPAP, and numerous genes with roles in cell wall biosynthesis or modification [17]. Based on these gene expression analyses, a relationship between chloroplasts and PD was proposed and articulated in the organelle-nucleus-plasmodesmata signaling (ONPS) hypothesis [142],[242]. One predicted consequence of ONPS is that it would be a mechanism by which chloroplasts could regulate carbon partitioning. 
The signals that connect chloroplasts with PD function and biogenesis remain to be elucidated and this is the question investigated in this study. One challenge with examining this question is the embryonic or seedling lethality of mutants with defects in chloroplast and/or PD function [290],[291]. Therefore, we adopted Nicotiana benthamiana and virus-induced gene silencing (VIGS) as a model system for assessing the acute effects of chloroplast dysfunction on PD-mediated intercellular trafficking. Expression of several genes with known roles in regulating chloroplast gene expression was knocked down and intercellular trafficking was then measured in the silenced leaves. CRS was then assessed in plants with altered intercellular trafficking. Finally, we measured the effects of CRS resulting from the silencing of the target genes on PD formation. Here we present data suggesting that intercellular trafficking is correlated with numbers of plasmodesmal pores. We interpret these results to mean that CRS exerts influence on intercellular trafficking by controlling the formation of PD.
[bookmark: _Toc69772645]Results
[bookmark: _Toc69772646]Silencing genes for chloroplast gene expression produces varying degrees of chlorosis
Reduced expression of the genes encoding the RNA helicase ISE2 or the plastid ribosomal protein uL15c led to increased intercellular trafficking via PD [143],[292]. ISE2 also interacted with numerous proteins involved in chloroplast gene expression [292]. In order to test whether chloroplast gene expression was broadly involved in ONPS and regulating PD, we silenced six genes encoding proteins found to interact with ISE2 or be important for expression of the plastid genome and then monitored intercellular trafficking via PD in silenced tissues. For this, we used VIGS with vectors derived from the tobacco rattle virus (TRV) in N. benthamiana [155],[293]. The silenced genes were those encoding RNA helicases RH22 [294], RH39 [295] or RH3 [296], a gene encoding a pentratricopeptide repeat (PPR) protein reported to be important for translation in maize plastids and found to interact with ISE2 (here called IPI1) [292],[297], the RNA surveillance factor RNase J [298], and the RNA maturation and degradation factor PNPase [299]. In all experiments, wild type plants infected with TRV but with no silencing were used as the negative control, and VIGS of PHYTOENE DESATURASE (PDS) was used as a positive control for silencing. The inclusion of ISE2 in the silencing experiments also served as in internal control since the behaviour of ISE2-silenced plants has been well characterized. 
Silencing of the target genes was confirmed by quantitativeRT-PCR and genes expression in all cases was reduced by at least 87%. Knockdown of RH22 expression produced plants that were almost indistinguishable from the non-silenced WT+TRV control plants in both appearance and photosynthetic pigment content (figure 12a-b,k-m). Silencing RH39 caused mild chlorosis in newly emerged leaves (figure 12c,k-m) while silencing a single or both PNPase homologs led to more severe yellowing, similar to that observed with silencing ISE2 (figure 12d-f, k-m).  Plants with reduced expression of RNaseJ, IPI1 or RH3 yielded severe chlorotic phenotypes and reduction in photosynthetic pigment contents that were similar to those observed in plants where PDS was silenced (figure 12g-m). Despite chlorosis, the silenced plants continued to grow and they eventually matured and set seed. 
[bookmark: _Toc69772647]Intercellular trafficking changes in plants with defective chloroplast RNA processing
Intercellular trafficking via PD was measured in silenced leaves.  For this we used movement of a GFP probe from a single cell into adjacent, contiguous layers of epidermal cells to report on PD function [143],[27],[146]. In this assay, GFP travels variable distances, generating foci of GFP of different sizes (figure 13a). Because of the inherent variation in the sizes of foci in any sample, 
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[bookmark: _Toc69648462]Figure 12 Phenotypes of silenced plants and their photosynthetic pigment content.
(a-j) Representative leaves from silenced plants. Silenced gene is shown above figure. WT N. benthamiana infected with TRV virus only (a). Plants with silenced RH22 (b), RH39 (c), ISE2 (d ), PNPaseA (e), PNPaseA/B ( f ), RNaseJ (g), IPI1 (h), RH3 (i), and PDS ( j ). Silencing of PDS results in severely chlorotic tissue. Chlorophyll a and b content of silenced plants (k,l), and total carotenoid content of silenced plants (m). Asterisk denotes statistical significance, Students t-test p < 0.05.


[bookmark: _Toc69648463]Figure 13 Measurement of PD-mediated intercellular trafficking in silenced plants.
PD-mediated trafficking was measured by counting the layers of epidermal cells to which GFP spread. At least 10 foci were scored for each of three biological replicates. (a) Representative images depicting GFP trafficking between contiguous layers of epidermal cells. The presence of GFP in cell nuclei was used to determine the presence of GFP in a cell. The cell labelled 0 showed expression of GFP in the primary transformed cell but no GFP was seen in surrounding epidermal layers. In the image labelled 1, GFP expression was observed in the primary transformed cell and in the nuclei of cells immediately adjacent to the transformed cell only. For subsequent images, the number below the image corresponds to the number of layers away from the primary transformed cell that showed GFP accumulation in the nucleus. Scale bar = 100 m. (b) Quantitative representation of GFP trafficking data showing the distribution of foci sizes observed for each silenced plant. (c) Layers were assigned values (0 layers = 0, 1 layer = 1, 2 layers = 2, 3 layers = 3, greater than 3 layers = 4) and the median value is shown. Statistical significance was determined by the Mann Whitney U-test. *p < 0.05.
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movement data are presented in two ways. Figure 13b presents the complete distribution of foci sizes observed for a sample while figure 13c presents a quantification of the average (median) size of foci for a given sample. In RH22-silenced leaves, there was no difference in the average size of foci compared to those observed in the non-silenced WT+TRV control leaves (figure 13c). In leaves where RH39, ISE2 or PNPaseA were silenced and chlorosis was more severe, there was an increase in the size of GFP foci and hence, intercellular trafficking (figure 13b-c). Strikingly, when RNaseJ, IPI1 or RH3 was silenced and leaves exhibited severe chlorosis (figure 12), there were large decreases in the size of GFP foci reflected in the increase in the proportion of foci that were restricted to one cell layer, indicating reduced intercellular trafficking (figure 13). Leaves in which both PNPase genes were silenced (TRV-PNPaseA/B) also showed a large decrease in GFP foci sizes, in striking contrast to the results from silencing only PNPaseA.  It should be noted that there were no differences in the chlorosis or the photosynthetic pigment content between the PNPaseA or PNPaseA/B plants (figure 12). These data support previous observations that chloroplast function modulates intercellular trafficking. However, they also reveal a more complex relationship in which the degree of chloroplast (dys)function does not exclusively determine changes to intercellular trafficking. 
[bookmark: _Toc69772648]PD density is altered in plants with defective chloroplast gene expression
The silencing of genes important for chloroplast gene expression resulted in defects in intercellular trafficking (figure 13). In ISE2-silenced plants, defects in intercellular trafficking were associated with changes in PD [143]. We therefore tested whether changes in PD were also involved in the changes to intercellular trafficking observed in the silenced plants. For this, Arabidopsis PLASMODESMATA-LOCATED PROTEIN1 (PDLP1-GFP), a general marker for PD [300], was expressed in leaves equivalent to those used in the trafficking assays. Using confocal fluorescence microscopy, we monitored the appearance of GFP punctae in cell walls.  PD are nanopores with an average diameter of 30 nm, so for our analysis we assumed that the fluorescent foci we observed were due to clusters of PD in the cell wall, called pitfields [16]. Direct observation by microscopy revealed striking changes in the patterns of pitfields compared to those in non-silenced TRV-infected controls.  In some silenced plants there were more, larger punctae that had greater fluorescence intensity (measured under the same imaging settings) than in control plants, exemplified by TRV-PNPaseA (figure 14a-b).  In other plants, as shown for TRV-IPI1, the GFP punctae were much less abundant and had weaker fluorescence intensity compared to the control plants (figure 14c). Images of cells were collected as z-stacks and then the maximum intensity projections were used to measure the number, size and fluorescence intensity of GFP punctae in a field of view (figure 14d). Based on these parameters, a ‘PD density score’ was developed to quantitatively describe these observations (See Materials and Methods). In RH22-, RH39-, ISE2- and PNPaseA-silenced plants, the average PD density was higher than that of non-silenced control plants and in all cases this difference was statistically significant 

[bookmark: _Toc69648464]Figure 14 Quantification of PD density in silenced plants. PD in pitfields were labelled with the general PD marker PDLP1-GFP.
 
Representative maximum projections of fields of view showing PDLP1-GFP-labelled pitfields in (a) WT+TRV, (b) TRV-PNPaseA (increased number of pitfields), and (c) TRV-IPI1 (decreased numbers of pitfields) plants. (d ) Individual images (confocal planes 314 of a confocal stack) from z-stacks used to generate maximum projections (MP) showing the distribution of pitfields in the z-axis. Images correspond to the region outlined in white in (a). Scale bar = 10 um. (e) PD density scores were calculated for each image from three biological replicates (rep. 1 (blue squares), rep. 2 (yellow circles) and rep. 3 (red diamonds). See Material and methods for more details. Statistical significance was determined by MannWhitney U-test. *p < 0.0001. ( f ) Linear regression curve showing the positive correlation of PD density score with layers of GFP movement. The average PD density score and the median layers of movement across the three biological replicates were used to generate the graph.
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(figure 14e). Note that, except for RH22, silencing these genes led to increased intercellular trafficking of GFP (figure 13). In contrast, in epidermal cells in leaves where RNaseJ, IPI1 or RH3 were silenced, there were drastic, statistically significant decreases in PD density (figure 14e). Silencing of those genes had led to decreased intercellular trafficking (figure 13). Relative to the non-silenced control, silencing both PNPase homologs with the TRV-PNPaseA/B construct did not affect the PD density (figure 14e), although it led to decreased intercellular trafficking (figure 13). Comparing intercellular trafficking to PD density revealed a positive correlation between PD density and intercellular trafficking (figure 14f).  However, the data for TRV-RH22 and TRV-PNPaseA/B do not fit the curve suggesting that other factors beyond PD density may contribute to the changes observed in intercellular trafficking.
[bookmark: _Toc69772649]Discussion
In this study we took a reverse genetics approach to investigating the relationship between chloroplasts and PD in coordinating intercellular trafficking, called ONPS. Expression of genes encoding factors needed for chloroplast gene expression was knocked down by VIGS, resulting in varying degrees of chlorosis in the silenced plants.  Movement assays in epidermal cells of silenced leaves revealed that in 7 of the 8 samples examined, perturbing chloroplast gene expression disrupted intercellular trafficking (figure 13). The use of reverse genetics allowed us to sidestep one of the main challenges that encumbers investigations of PD. Mutants with defects in PD are scarce, likely due to their embryonic and seedling lethality [291],[301]. Similarly, Arabidopsis RH22, rh3, RH39, pnpase, IPI1 and rnase j mutants all display embryonic or seedling lethality [294],[295],[296],[302],[303],[304]. It would therefore be difficult to examine the roles of these genes in other aspects of plant development. The use of VIGS in N. benthamiana  plants provides a relatively straightforward system to reduce gene expression and measure effects on PD function. Another advantage of N. benthamiana and VIGS is that it allows the acute effects of perturbation of gene expression to be assessed. Plants are wild type until initiation of VIGS, and have presumably induced relatively few responses to cope with the loss of gene function as they would in a true genetic mutant. Thus, N. benthamiana and VIGS represent a powerful new system for probing CRS and ONPS. 
Exogenous application of oxidising or reducing agents to plant samples was shown to influence PD-mediated intercellular trafficking [305]. Interestingly, low concentrations of hydrogen peroxide increased PD-mediated trafficking in Arabidopsis roots, while at higher concentrations trafficking was inhibited. Thus, it seems that mild stress induces one PD response while more, or a different stress, can induce a distinct PD response. The results from the silencing of the PNPase homologs support the notion that there is complex regulation of PD responses to signals. The PNPase genes are highly similar, encoding proteins with 97% identity (electronic supplemental figure S3). When only PNPaseA was silenced, the plants displayed chlorosis and there was greatly increased PD-mediated intercellular trafficking (figure 13). When both genes were silenced, the plants displayed the same degree of chlorosis - as when only PNPaseA was silenced - but there was a striking change in PD function. Silencing both homologs of PNPase drastically decreased intercellular trafficking (figure 13). While the results from the other silenced plants suggest that degree of chlorosis is predictive for PD, the results from PNPase clearly argue against this. Indeed, when ISE1, a gene encoding a mitochondrial DEAD-box RNA helicase, was silenced in parallel to ISE2, the ISE1-silenced plants had milder chlorosis than ISE2-silenced plants but had a larger increase in intercellular trafficking between epidermal cells than did ISE2-silenced plants [143]. 
Interestingly, PNPaseA-silenced leaves contained increased PD density while PNPaseA/B-silenced leaves showed no difference in PD density relative to the non-silenced controls (figure 14). The increased PD density and intercellular trafficking observed in PNPaseA-silenced plants agree with the general trend observed for the other silenced lines (figure 14e) and support a simple model in which the increased cell-to-cell diffusion of free GFP is facilitated by having more PD pores. The results from PNPaseA/B confound this simple model, and suggest that it is not only the availability of PD pores that accounts for intercellular trafficking. Similarly, RH22-silenced leaves had no change in intercellular trafficking relative to the controls but showed a marked increase in PD density (figure 14e). Previous analysis of ISE2-silenced plants and ISE2 mutant embryos revealed increased occurrence of twinned and branched PD along with increased intercellular trafficking, suggesting that the formation of secondary (complex) PD facilitate increased cell-to-cell trafficking [143]. 
Often overlooked in discussions of PD is their variety and apparent subfunctionalization. Primary PD form during cytokinesis when strands of the endoplasmic reticulum (ER) are trapped in the nascent cell wall while secondary PD form de novo across existing cell walls in the absence of cytokinesis [17]. In mature tissues PD are more elaborate with branching channels that may contain large central cavities compared to the simpler linear pores that are often observed in developing tissues. This change in structure may be associated with changes in their trafficking capacities. Simple PD in sink leaves were reported to allow trafficking of larger molecules than do the branched PD of source leaves [26]. The PD marker used in this study, PDLP1-GFP, localizes to all PD and does not distinguish between simplex and more complex PD in the manner of other markers, e.g. MP17-GFP derived from the potato leafroll virus [53,65]. Thus, the possibility that silencing different chloroplast-related genes resulted in the formation of different classes of PD (primary versus secondary, and simple versus branched) with distinct trafficking properties cannot be ruled out. Taken together, our results can be integrated into a model where during leaf development CRS regulates expression of PD associated nuclear genes (PDANGs) to control the formation of secondary PD that would complement the existing primary PD generated during cell division, allowing the flux of carbon into or out of cells to match the developmental state of chloroplasts. When chloroplast development and CRS are disrupted, the regulation of PDANGs expression is disturbed and, depending on the strength and identity of the signaling molecules regulating gene expression, the number of secondary PD formed exceeds or falls short of normal levels, resulting in altered intercellular trafficking.  Further examination of PD ultrastructure in our system to delineate the contributions of simple or complex and PD of primary or secondary origins to intercellular trafficking is therefore warranted. Such studies would address longstanding questions regarding the function of different classes of PD. However, studies on ONPS are constrained by our limited understanding of the genetic underpinnings of PD formation and function. Further elucidation of ONPS will depend on the identification of PDANGs whose expression in response to CRS can be validated and used as reliable markers for chloroplast-nuclear communication for PD regulation.
[bookmark: _Toc69772650]Conclusions      
Our findings support the role of chloroplasts in regulating intercellular trafficking via PD formation. The tetrapyrrole biosynthetic pathway has been identified in this study as one potential source of CRS that mediate changes in PD-mediated intercellular trafficking (data not shown see [260]). However, other CRS may also be involved in communicating the physiological state of the chloroplasts to the nucleus to then modulate expression of genes important for PD function. A positive correlation between PD density and intercellular trafficking was measured, suggesting that the presence of more pores can allow increased diffusion of molecules from one cell to another. However, the results also suggest that other factors in addition to simple numbers of PD are important for determining intercellular flux and these will be the subjects of future investigation. The system used in these studies, consisting of VIGS in N. benthamiana , is amenable to the study of chloroplast- and/or PD-related genes whose loss results in lethality, and this system should prove useful for further studies of ONPS and PD formation and function.
[bookmark: _Toc69772651]Materials and Methods
[bookmark: _Toc69772652]Plant material and growth conditions
N. benthamiana plants were grown in light carts with 16 h light (approximately 120 μmol m-2 s-1) and 8 h dark. Silencing was done on 3-week-old plants (around the time of 2 – 4 true leaves were present). After infiltration with silencing constructs, plants were grown on the light cart for an additional 2 weeks until silencing of PHYTOENE DESATURASE (PDS), the positive control, could be observed and other analyses were performed. Photographs of plants were taken with a Nikon D60 camera (Nikon, Inc.). 
[bookmark: _Toc69772653]RNA extraction and cDNA synthesis
Wild type or silenced N. benthamiana tissue was collected and snap frozen in liquid nitrogen. RNA from three independent samples was isolated using the Trizol method (Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s instructions. RNA was DNAse treated using the DNA-free DNA removal kit (Invitrogen, Carlsbad, CA). cDNA was synthesized using oligo-dT primers with M-MLV reverse transcriptase (Promega, Madison, WI) according to manufacturer’s instructions. cDNA was used for gene cloning or quantitative-PCR. 
[bookmark: _Toc69772654]Gene cloning and generation of recombinant VIGS vectors
N. benthamiana gene sequences were obtained from the Sol Genomics Network Database (https://solgenomics.net) or the University of Sydney’s Nicotiana benthamiana genome page (http://benthgenome.qut.edu.au/). Gene fragments were cloned by PCR and inserted into the multiple cloning site of pYL156  (pTRV-RNA2) vector [306] by restriction digestion-ligation to generate silencing constructs.  The primers for cloning VIGS fragments are listed in electronic supplementary material Table S1. The resulting plasmids were transformed into chemically competent Agrobacterium tumefaciens strain GV3101. Infiltrations for VIGS were done according to published protocols [307]. 
[bookmark: _Toc69772655]Carotenoid and chlorophyll determination
Total carotenoids x + c (xanthophylls and carotenes), chlorophyll a and b were extracted with 100% acetone. The extracts were centrifuged at room temperature for 5 minutes at 500 x g and supernatants were used to measure the absorption at 661.6 nm, 644.8 nm and 470 nm. The level of total carotenoids x + c, chlorophyll a and b were determined following the equation by [308].
[bookmark: _Toc69772656]Measuring intercellular trafficking by movement assay
Movement assays to measure intercellular trafficking were performed as described previously [254]. Briefly, silenced leaves were infiltrated with Agrobacterium carrying a binary construct for expression of GFP (p35S:GFP) at OD600=0.0001, and then imaged approximately 48 hours later. z-stacks of foci of GFP were collected on a Leica SP8 confocal microscope with White Light Laser (Leica Microsystems, Buffalo Groove, IL) with a 10X lens and z-stacks were reconstructed and analyzed in Image J [309],[251]. For analysis of movement, the number of layers of cells in the epidermis surrounding the original cell expressing GFP was scored and the highest number was recorded. Movement assays were performed for at least three biological replicates and each replicate included at least 10 foci. Statistical significance was measured with the Mann-Whitney U test (p<0.05) compared to non-silenced WT+TRV samples.     
[bookmark: _Toc69772657]Measuring PD density
PDLP1 expression for measuring pitfield distribution 
Arabidopsis PDLP1 fused to GFP (p35S:PDLP1-GFP) was transiently expressed in leaves of silenced and non-silenced control N. benthamiana plants via Agrobacterium infiltration at OD600=0.001. Images were collected 72 hours post infiltration with a Leica SP8 confocal microscope with White Light Laser (Leica Microsystems, Buffalo Groove, IL) using a 25X water emersion objective with 4.00X optical zoom. All images were collected with the same laser power and gain settings. 15 μm z-stacks were collected of epidermal cells expressing PDLP1-GFP at a step-size of 1μm. A total of 60 stacks were collected across three biological replicates for the control and each of the silenced plants. 
Image analysis for measuring pitfield distribution 
All image analysis was performed using ImageJ. Maximum intensity projections were generated for each the z-stacks collected. Cell wall lengths were measured by tracing the cell wall in the field of view. For quantification of the total number of GFP punctae in the image, images were converted to 8-bit images and inverted. The brightness and contrast were adjusted in order to ensure that all pitfields were clearly defined. Binary images were generated by adjusting the threshold of intensity. The Particle Analyzer function in ImageJ was used to count the total number of punctae in the image. For measuring pitfield area and fluorescence intensity, a copy of the inverted 8-bit maximum projection was generated to use as a reference image for measurements. A binary image was generated from the original maximum projection by setting the threshold using the auto-threshold function. The particle analyzer was used to measure the area and the Integrated Density (IntDen, i.e., the average intensity of all the pixels X the area) of each GFP punctum in the un-edited reference image for the regions defined in the binary image.
Quantifying the PD Density Score
To assess the total number of PD within each field of view, the following calculation was performed: 
PD Density Score=Pitfield density × Average Integrated Density
This measure generates a single value that accounts for differences in number of PDLP1-GFP punctae, their size, and their fluorescence intensity. Statistical significance was measured using the Mann-Whitney U test (p<0.0001) compared to non-silenced WT+TRV controls.
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CHAPTER 4
Viruses induce secondary plasmodesmata formation



[bookmark: _Toc69772659][bookmark: _Hlk69128760]Abstract
[bookmark: _Hlk69128968]Plasmodesmata (PD) are responsible for the direct exchange of nutrients and information between neighboring plant cells. They also provide pathogens, including viruses, a direct route for cell-to-cell spread, bypassing the defense mechanisms of the apoplast. Increased intercellular trafficking through PD during virus infection has long been observed, but the mechanism viruses use to facilitate this increase in trafficking has remained elusive. Here, we demonstrate that infection by a diverse set of viruses triggers an increase in the total number of PD in infected leaves. This increase is triggered by the expression of viral movement proteins and can be replicated by expressing movement proteins in the absence of virus infection. Further, type I Remorins, known inhibitors of virus infection, are negative regulators of plasmodesmata formation. Our results lead to the hypothesis that gating of plasmodesmata during virus infection is a direct result of increased secondary plasmodesmata formation and open new avenues for investigating PD structure-function relationships.
[bookmark: _Toc69772660]Introduction
[bookmark: _Hlk69129007]With the evolution of multicellularity, intercellular communication became critical to support growth and development. In plants, the cell wall constitutes a physical barrier that separates neighboring cells and places an extra constraint on intercellular communication. Plants have evolved complex cell-wall-spanning organelles called plasmodesmata (PD). PD are membrane-lined pores that form direct cytoplasmic connections between neighboring cells, allowing the exchange of nutrients and signaling molecules between neighboring cells and, as such, they are essential for plant growth, development, and defense.  
	While PD are essential for plant viability, they serve as conduits for the cell-to-cell spread of pathogens and pathogen-derived molecules including effectors [310],[311],[312],[313]. Unlike animal viruses, plant viruses do not spread from cell to cell by budding from the surface of infected cells but instead move between cells via PD [73, 74, 313]. The cell wall is freely permeable to very small molecules with stokes radii less than 3.3 nm that are transported through the apoplast and viruses exceed the size limit of molecules that can diffuse through the extracellular matrix [8]. Therefore, plant viruses co-evolved with their hosts to ensure their ability to establish an infection and systemic spread via PD. Most viruses encode specialized proteins called movement proteins (MPs) that are responsible for trafficking the viral genome to and through the PD [313, 314]. The MPs are also responsible for increasing intercellular trafficking through PD during infection. The process of increasing intercellular trafficking through PD during virus infection is referred to as gating. While gating has been demonstrated to be a hallmark of infection for almost all plant viruses, it was first characterized for the TMV 30K movement protein [49],[44],[193]. Early experiments with GFP-tagged TMV MP and microinjected fluorescent dextrans demonstrated that gating of PD occurs at the leading edge of infection and trafficking reverts back to normal levels in cells at the center of the infection focus [193]. This suggests that the effects of gating on PD are not permanent and trafficking can return to normal levels once the virus has been cleared from the cell.   
There are several models for how viruses gate PD during infection. Callose homeostasis at PD is considered to be the primary regulator of intercellular trafficking through PD [91],[315]. Accumulation of callose at the PD has been correlated with decreased trafficking and depleted callose levels at the PD have been correlated with increased trafficking through PD. The leading model of gating centers on the role of callose degradation at PD to dilate the pore allowing increased intercellular flux [55]. In diverse plants, multiple callose degrading enzymes called β-1,3-glucanases are upregulated during virus infection. During infection with turnip vein clearing virus (TVCV), expression of AtBG2 and AtBG3 was induced, suggesting that the encoded proteins were important for facilitating host susceptibility to the virus [97]. Surprisingly, Arabidopsis AtBG2 and AtBG3 mutants showed no difference in course or outcomes of virus infection compared to wild-type plants, indicating that they are not important for gating PD during infection. Rather, a constitutively expressed PD-associated β-1,3-glucanase (AtBG_ppap) was found to mediate virus-induced callose degradation at PD during infection [38]. Additionally, incorporation of a class I β-1,3-glucanase (GLU1) from tobacco (Nicotiana tabacum) into the genome of Tobacco mosaic virus (TMV) resulted in increased rates of viral spread concomitant with decreased levels of PD-associated callose [316].  Further complicating the current models for gating of PD is the contradictory evidence from high-resolution imaging by electron microscopy that fails to reveal changes in PD ultrastructure, i.e. dilated pores, during virus infections. Striking recent work based on electron tomography has unexpectedly revealed that PD with narrow cytoplasmic sleeves exhibited increased trafficking capacities compared to PD with larger cytoplasmic sleeves [188]. Consistent with this, PD in transgenic Arabidopsis plants expressing the TMV MP, MP30, were indistinguishable from PD from control plants [317]. MP30 is known to be sufficient to gate PD [49]. Collectively, these findings suggest that gating may not depend on PD dilation. 
	One alternative mechanism for regulating intercellular trafficking is through the formation of new PD [143, 260]. Plasmodesmata can be formed via two distinct mechanisms [183],[142]. PD can be formed during cell division as the developing cell plate is formed. This type of PD formation is called Primary PD formation [318]. In addition to primary PD formation, pores can also be inserted into existing cell walls in the absence of cell division. This process is referred to as secondary PD formation [16, 17]. Secondary PD are often structurally more complex than primary PD and frequently adopt branched morphologies [319]. While tissues with high trafficking capacities typically contain more PD than do other tissues, PD formation as a mechanism to regulate trafficking is rarely considered.  This model of how intercellular trafficking can be modified has gained less traction than the callose degradation model, possibly because of the challenging experiments needed to test its predictions. One of the first examples showing a direct link between secondary PD formation and increased levels of intercellular trafficking came from studies on the chloroplast RNA helicase, ISE2. Silencing of ISE2 resulted in increased intercellular trafficking and this increase was correlated with an increase in secondary PD formation [143]. Ganusova et al. further demonstrated a link between PD number and trafficking capacity by demonstrating a linear correlation between the number of plasmodesmata and the amount of intercellular trafficking of GFP [260]. Notably, viral movement proteins have been shown to associate preferentially with secondary, or branched, PD [77, 320]. Immuno-gold labeling has been used to demonstrate that TMV MP30 and the movement protein of the phloem limited Potato leaf roll virus (PLRV MP17) accumulate in branched PD but not simple plasmodesmata indicating a preference for secondary PD [320]. Interestingly, expression of these movement proteins in tissues with few secondary PD has been used to demonstrate that MP30, but not MP17, can localize to primary PD [17]. This observation suggests that MP30 can interact with both primary and secondary PD. 
	Many PD-associated host proteins have been identified as being important regulators of virus infection. The remorin family of proteins has emerged as a major regulator of plant defense. Remorins are plant-specific proteins that associate with the inner leaflet of the plasma membrane and accumulate in PD and lipid rafts [117, 321], [322].
Type I Remorins are negative regulators of virus infection [94, 117, 323]. Potato remorin (StREM1) mutants exhibited increased susceptibility to Potato virus X as evidenced by increased local and systemic spread of the virus [117]. Conversely, overexpression of StREM1.3 in Solanum lycopersicum has been shown to restrict the cell-to-cell movement and gating PD by multiple viruses, including PVX, TMV, and Turnip mosaic virus (TuMV) [117, 119, 323]. It is unclear how remorins regulate virus movement, but several viral proteins, including the movement proteins of Tomato mosaic virus and PVX, have been shown to interact with Group 1 remorins [94, 125, 323]. Additionally, Rice stripe virus has been shown to target Nicotiana benthamiana REM1 for degradation via the proteosome and autophagy, indicating that viruses have evolved mechanisms to circumvent the negative regulatory effects of group 1 remorins on virus infection [94]. 
We were interested in better understanding the cellular mechanism of virus-induced gating of PD. Here, we demonstrate that during infection with diverse viruses, there is an increase in the total number of PD in infected leaves. PD formation was induced during the early stages of infection in the primary infected leaf and during invasion of systemically infected leaves and that viral MPs alone were able to induce pore formation in the absence of infection. Using virus-induced gene silencing, we discovered that NbREM1 is a negative regulator of PD formation. Overexpression of NbREM1 blocked MPs effects on intercellular trafficking and PD formation, thereby decreasing intercellular spread of the virus. These findings lead to a new model of PD gating during virus infection where gating is achieved through the de novo formation of PD.
[bookmark: _Toc69772661]Results

[bookmark: _Toc69772662]Tobacco mosaic virus infection results in increased numbers of pitfields

In order to determine if virus infection increases the number plasmodesmata, Nicotiana benthamiana plants were infected with TMV-GFP via agroinfiltration. Empty vector Agrobacterium was used as a control. An agrobacterium strain encoding AtPDCB1-mCherry, a known PD marker, was co-infiltrated with the TMV infectious clone or the control to label the PD pitfields. Inoculated leaves were imaged 96 hours post infiltration with confocal microscopy. TMV-GFP infection resulted in a substantially increased numbers of PDCB1-mCherry labeled pitfields indicating that virus infection triggers an increase in the number of plasmodesmata compared to uninfected leaves (Figure 15a and b). 
	In order to determine if systemically infected leaves also show increases in the number of plasmodesmata during infection, upper leaves from infected plants were agroinfiltrated with PDCB1-mCherry 7 days post infection and imaged with confocal microscopy at 10 days post infection (72 hours post second infiltration). Systemically infected leaves showed an increase in the number of pitfields compared to uninfected control plants, indicating that TMV also increases PD formation during systemic infection (Figure 15 c and d). 


[bookmark: _Toc69648465][bookmark: _Hlk69129487]Figure 15 Tobacco mosaic virus induces secondary plasmodesmata formation.
PD pitfields in uninfected and TMV-30BGFP infected plants were quantified using AtPDCB1-mCherry as a marker for PD pitfields. Images were collected from the inoculated leaf 96 hours post infection (a) and from systemically infected leaves 10 days post infection (c). Representative images of N. benthamiana epidermal cells expressing PDCB1-mCherry. TMV-30BGFP encodes a monomeric GFP marker (a and c, lower left panel). Pitfield densities were quantified for at least 20 fields of view for 2 biological replicates (b and d, red and blue circles). (e) Representative TEM images of cell wall and PD from uninfected (left) and TMV infected (right) N. benthamiana leaves. PD frequency, the number of PD per μm2 of cell wall was calculated by TEM. Statistical significance was determined by student’s t-test (p < 0.005). Scale bar = 10μm.
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This increase in PD density was confirmed by TEM (Figure 15e).  Consistent with the increased pitfield densities observed in infected leaves, TMV-infection resulted in an increase in the number of PD connecting neighboring epidermal cells in systemically infected leaves of N. benthamiana.
	In order to determine if the increase in PD formation in upper leaves is triggered by a mobile signaling molecule ahead of virus movement, PDCB1-mCherry was expressed in upper leaves of uninfected and TMV-GFP infected plants and imaged 84 hours post infection (Figure 16a and b). At this stage of infection, TMV-GFP has begun replication and local cell-to-cell spread in the inoculated leaf, but it has not moved into the systemic leaves. Quantification of PDCB1-mCherry labeled pitfields revealed that there was no change in the number of pitfields in the upper leaves of TMV-infected leaves prior to viral invasion of the uninfected tissue (Figure 16a and b). This indicates that the virus must be present in the tissue to induce PD formation.   
[bookmark: _Toc69772663]The TMV movement protein induces PD formation 

	Viral movement proteins are responsible for gating PD during infection. In order to determine if the increase in pitfield densities observed in TMV-GFP infected leaves was initiated by the movement protein, the TMV movement protein, MP30-GFP, was co-expressed with the pitfield marker, PDCB1-mCherry, in uninfected N. benthamiana leaves. Analysis of the number of pitfields labeled by PDCB1-mCherry in the presence or absence of MP30-GFP revealed that the pitfield density is increased in plants expressing MP30-GFP compared to when 


[bookmark: _Toc69648466][bookmark: _Hlk69129536]Figure 16 The movement protein of TMV induces PD formation.
 
In order to determine if the virus must be present in the tissue to induce PD formation, images were collected from young leaves of uninfected and TMV-GFP infected N. benthamiana leaves 84 hours post infection, before infection had reached the young leaves (a). Pitfield densities were quantified for at least 20 fields of view for 2 biological replicates (b, red and blue circles). In order to determine if the presence of the viral movement protein in the cell induces PD formation, PDCB1-mCherry was expressed either alone or with TMV MP30-GFP. Representative images of epidermal cells expression either PDCB1-mCherry alone (c, top row) or with MP30-GFP (c, bottom row) are shown. Pitfield densities were quantified for both PDCB1-mChery and MP30-GFP for at least 20 fields of view for 3 biological replicates (d, red, blue, and yellow circles). Statistical significance was determined by student’s t-test (p < 0.001). Scale bar = 10μm.  
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PDCB1-mCherry is expressed alone (Figure 16c and d).  This indicates that expression of viral movement proteins in the absence of the full virus is sufficient to induce PD formation. Strikingly, the increase in pitfield density induced by expression of MP30-GFP is equal to the increase observed during TMV infection (Figure 16d). 
	In order to determine if PD localization of MP30 is required to trigger the increase in pitfield density, a mutation previously shown to block PD localization of MP30 was introduced into the coding sequence of MP30 (MP30(V4A)) [130]. Expression of MP30(V4A)-GFP in N. benthamiana leaf epidermal cells revealed that the protein accumulates in the nucleus, ER, cytoplasm, along microtubules, and in association with chloroplasts (Figure 17b). Co-expression with PDCB1-mCherry revealed that the mutant MP30 does not localize to PD.  Expression of MP30(V4A)-GFP failed to increase intercellular trafficking of free mScarlet indicating that the mutant MP is unable to gate PD (Figure 17 c and d).  Quantification of pitfield densities in cells co-expressing MP30(V4A)-GFP and PDCB1-mCherry revealed that proper localization of the movement protein to the PD is also required to increase the number of PDCB1-mCherry labeled pitfields (Figure 17e). This indicates that proper localization of MP30 to PD is required to induce plasmodesmata formation. 
[bookmark: _Toc69772664]Diverse families of viruses induce secondary PD formation during infection 

To determine if induction of PD formation is a conserved feature of virus infection, N. benthamiana plants were infected with Turnip mosaic virus carrying 

[bookmark: _Toc69648467][bookmark: _Hlk69129560]Figure 17 PD localization of MP30 is required to increase trafficking and induce PD formation.
 A point mutation was introduced into the N-terminal PD localization signal of MP30 to generate MP30(V4A)-GFP. Representative images of N. benthamiana leaf epidermal cells expressing WT MP30-GFP (a) and MP30(V4A)-GFP (b) are shown. PD localization of MP30(V4A) is severely disrupted and the protein associates with the ER, chloroplasts, and what appear to be microtubules (b). Intercellular trafficking was measured by counting the number of layers of intercellular movement of free mScarlet in plants expressing WT MP30-GFP, MP30(V4A), or control plants. Data for two biological replicates are shown (c and d). For each replicate, 20 foci were collected.  A quantitative representation of the data is depicted in panel c to show the distribution of data for each condition. The Mean layer of movement plus the standard deviation is shown in panel d. Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). Pitfield densities were calculated by expressing PDCB1-mCherry alone or with either MP30-GFP or MP30(V4A)-GFP. PDCB1-mCherry labeled pitfields were quantified (e). Data for 1 biological replicate (n = 20 fields of view) is shown. Significance was determined with a student’s t-test (p < 0.01).
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a GFP tag (TuMV-GFP,potyviridae), Tobacco rattle virus (TRV, Tobraviridae), African cassava mosaic virus (ACMV) and East African cassava mosaic Cameroon virus (geminiviridae). PD distributions in GFP-tagged viruses were quantified using PDCB1-mCherry and in plants infected with non-tagged viruses, PD densities were quantified using the strong PD marker PDLP1-GFP. Consistent with TMV-GFP, leaves systemically infected with every virus tested showed elevated numbers of PD pitfields compared to uninfected controls indicating that diverse families of viruses induce secondary PD formation as a step of their infection (Figure 18a and b).
	Expression of MP30-GFP in systemically infected leaves resulted in no significant change in PD density compared to uninfected controls (Figure 18c). This indicates that the induction of PD formation elicited by MP30 alone is not enhanced by the presence of virus infection
[bookmark: _Toc69772665]NbREM1 is a negative regulator of PD formation

	Type I remorins have previously been described as negative regulators of virus-induced gating of PD [117] [94, 323] . In order to investigate the role of NbREM1 in inhibiting gating, a silencing construct that targets both N. benthamiana homologs, NbREM1.1 and NbREM1.2, was designed for virus induced gene silencing. 
	Consistent with previous work with Remorin-mutant plants, REM1-silenced plants, exhibit increased levels of intercellular trafficking of free GFP compared to non-silencing TRV control plants (Figure 19a-c).  Expression of 
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[bookmark: _Toc69648468][bookmark: _Hlk69129574]Figure 18 Diverse viruses induce PD formation as part of their infection
Pitfield densities were quantified in plants systemically infected with TuMV-GFP (a), TMV, TRV, ACMV, and EACMCV 10 days post infection (b). Pitfields in TuMV-GFP infected plants were labeled with PDCB1-mCherry  (a). Pitfield densities for 2 biological replicates are shown (a, red and blue circles). Pitfields in non-tagged viruses (TMV, TRV, ACMV, and EACMCV) were labeled with the strong PD marker, PDLP1-GFP. Pitfield densities for 20 foci for each of 3 biological replicates are shown (b, red, blue, and yellow circles). Statistical significance was determined using a student’s t-test (p < 0.0001). Expression of MP30-GFP in systemically infected leaves does not enhance the effects of PD formation in virus infected leaves (c). 20 foci for each of 3 biological replicates are shown (c, red, blue, and yellow circles). No statistical difference was observed (p > 0.05).  




[bookmark: _Toc69648469][bookmark: _Hlk69129584]Figure 19 NbREM1 is a negative regulator of PD formation.
. (a-c) Intercellular trafficking was measured by counting the number of layers of GFP spread in N. benthamiana leaf epidermal cells. Representative images of foci from non-silencing controls (a, left) and NbREM1-silenced plants are shown. Scale bar = 50 μm. Data for three biological replicates are shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). (d- g) Pitfield distribution assays were performed using PDLP1-GFP (d and e) and MP30-GFP (f and g). Representative images for cells expressing PDLP1-GFP (d) and MP30-GFP (f) are shown. Pitfield densities for 20 fields of view for each of 3 biological replicates (e and g, red, blue, and yellow circles) are shown for PDLP1-GFP (e) and MP30-GFP (g). Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm.
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PDLP1-GFP in REM1-silenced plants revealed that REM-silenced plants have elevated numbers of pitfields compared to non-silencing controls (Figure 19d and e). This suggests that NbREM1 is a negative regulator of secondary PD formation. 
In order to determine if virus induced PD formation is affected in REM-silenced plants, MP30-GFP was expressed in REM1-silenced leaves. Quantification of the number of MP30-labeled pitfields revealed an increase in the number of pitfields in REM-silenced plants compared to non-silenced control plants (Figure 19 f and g). This suggests that NbREM1 restricts the effects of movement protein-induced PD formation.  
	When transiently expressed in N. benthamiana leaves, REM1-GFP labels the plasma membrane as previously reported (Figure 20 a and b). In contrast to REM-silenced plants, overexpression of 35S:REM1-HA or 35S:REM1-GFP (data not shown) results in decreased intercellular trafficking (Figure 20 c and d). Overexpression of REM1-HA also results in decreased numbers of PDLP1-GFP labeled pitfields indicating that overexpression restricts PD formation (Figure 20 e and f). 
[bookmark: _Toc69772666]Overexpression of NbREM1.1 blocks virus induced PD formation

To determine if overexpression of REM1-HA can block MP30-GFP induced PD formation, MP30-GFP distribution assays were performed in plants over-expressing REM1-HA. Overexpression of REM1-HA resulted in decreased pitfield densities in plants expressing MP30-GFP, indicating that overexpression 

[bookmark: _Toc69648470][bookmark: _Hlk69129597]Figure 20 Overexpression of NbREM1 decreases trafficking, PD
PD. Intercellular movement was quantified for plants overexpressing either NbREM1-GFP or NbREM1-GFP. Representative images of foci from WT controls (a) and plants overexpressing NbREM1-GFP are shown (b). For consistency with PD distribution data (e-h), intercellular movement data from NbREM-HA overexpressing plant are shown (c and d). Data is depicted as a Quantitativeplot of the percentage of foci of each size (c) and the Mean layers of movement and standard deviation (d). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). PD distribution assays with PDLP1-GFP (e and f) were performed in WT plants and plants overexpressing NbREM1-HA. Pitfield densities for  20 foci for each sample for each of three biological replicates are shown (f, red, blue, and yellow circles). Statistical significance was determined with a student’s t-test (p < 0.001).
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of NbREM1 inhibits MP induced secondary PD formation (Figure 21 a and b). To determine if blocking PD formation corresponds to decreased trafficking, movement assays were performed in plants co-expressing REM-HA, MP30-GFP, and mScarlet (Figure 21c). Expression of MP30 was unable to increase trafficking of mScarlet in plants overexpressing REM1-HA compared to control plants indicated that MP30 induced PD formation is responsible for the increased trafficking capacity associated with virus infection (Figure 21c). 
[bookmark: _Toc69772667]Discussion

Despite the long-studied relationship between viruses and plasmodesmata, little is known about how the viruses alter PD function. It has been clear that one of the key features of virus infection is to increase intercellular trafficking through the PD, but the mechanism behind this increase has remained elusive. Our data indicate that the increase in trafficking observed during infection is the result of increased numbers of plasmodesmata in the infected leaves. This model is consistent with the growing evidence supporting a positive correlation between the number of PD in tissue with the trafficking capacity of the tissue [143, 260]. This correlation was first proposed by Burch-Smith et al. when they showed that ISE2-silenced plants had increased intercellular trafficking and increased numbers of plasmodesmata [143]. Further investigation into the role of chloroplast RNA processing on PD regulation provided further support for this model of PD regulation [260]. Here, we have shown that the induction of PD formation is a conserved feature of infection by diverse families of plant viruses. 

[bookmark: _Toc69648471][bookmark: _Hlk69129612]Figure 21 Overexpression of NbREM1 block MP30-induced gating of PD
PD distribution assays  with MP30-GFP were performed in WT plants and plant 
overexpressing NbREM1-HA. Pitfield densities for  20 foci for each sample for each of three biological replicates are shown (b, red, blue, and yellow circles). Statistical significance was determined with a student’s t-test (p < 0.001). (c) Intercellular movement assays were performed in WT, REM-HA OE, or MP30-GFP expressing plants and plants co-expressing  REM-HA and MP30-GFP. Data is depicted as a Quantitativeplot of the percentage of foci of each size (c) and the Mean layers of movement and standard deviation (d). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). 



[image: ]



in all viruses tested, infection resulted in a significant increase in the number of PD in inoculated and systemically infected leaves. While this does not mean that all plant viruses induce pore formation, it does strongly suggest that it is a common mechanism used by viruses to increase trafficking through PD and to promote their cell-to-cell spread. 
Chloroplasts are known targets of virus infection [324],[82],[133],[313]. Many examples of viruses disrupting chloroplast function have been previously reported. It has become clear that chloroplasts are key regulators in PD function and formation. By targeting the chloroplast during infection, viruses can therefore disrupt not only plant defense, but also the plasmodesmata. Notably, silencing and overexpression of the chloroplast localized RNA helicase INCREASED SIZE EXCLUSION LIMIT2 (ISE2) disrupts intercellular trafficking in opposite directions. Plants silencing ISE2 exhibit increased intercellular trafficking and plants overexpressing ISE2 have decreased trafficking. Surprisingly, ISE2-silenced and ISE2-overexpressing plants both have increased susceptibility to virus infection [146]. This finding has been difficult to explain, but our data showing that viruses induce PD formation may provide an explanation for how viruses are able to overcome the decreased trafficking observed in ISE2-overexpressing plants. 
	The movement proteins of viruses have long been shown to be responsible for gating PD during infection, but how the movement proteins, which are typically associated with the endoplasmic reticulum and desmotubule of PD, alter the plasmodesmata is unclear. Additionally, while viral movement proteins share many similarities in their functions, they are also diverse and have evolved to have distinct functions. Our data demonstrate that expression of the TMV movement protein, MP30, is sufficient to induce secondary PD formation. Expression of the GFP-fused MP resulted in a similar increase in the number of pitfields as was seen in plants infected with TMV. Introduction of a point mutation into the plasmodesmata localization signal (PLS) of MP30 (MP30(V4A)), which was previously shown to have disrupted localization, also fails to induce PD formation. This suggests that proper localization of the MP to the PD is required for the induction of PD formation. This is consistent with the idea that new PD are formed in proximity of existing PD proposed by the multiple twinning model of secondary PD formation [16]. In this model, new pores are formed near existing PD suggesting that the machinery required for regulating PD formation reside at the PD and that the local environment of the cell wall at PD is ideal for pore insertion. How MP30-GFP induces PD formation is not clear, but our data provide the first solid evidence that pathogens can modulate PD density in order to promote cell to cell spread. 
TMV MP30 is one of the most well characterized viral movement proteins. It is the type member for the 30K movement proteins and is likely to have vastly different functions than the movement proteins of other viral families, such as the Triple gene block movement proteins. Additionally, unlike most viruses, potyviruses do not encode distinct movement proteins. Here, we show that even in the absence of a true movement protein, the potyvirus, TuMV, is able to induce secondary PD formation. This clearly demonstrates that the mechanisms utilized by the different viruses to induce PD formation are likely different, but the induction of PD formation remains an important step in the spread of virus infection. 
	The Remorin family of plant specific proteins has emerged as mediators of plasmodesmata function and virus infection. Remorins are plasma membrane associated proteins and associate with PM-nanodomains and plasmodesmata [117, 321], [322]. The Remorin family is separated into 4 sub-families and members of these subfamilies have been shown to have differing roles in regulating PD function. Group 1 remorins have typically been shown to be negative regulators of virus infection [117]. Group 4 remorins have been shown to have a positive role in geminivirus infection [126].
	Our data indicates that N. benthamiana REM1a restricts virus infection by restricting secondary PD formation. This finding suggests that one of REM1’s underlying functions in the plant is to regulate plasmodesmata formation. This raises many interesting questions about the process of pore formation. Remorins have been shown to localize to and be responsible for regulating the organization of plasma membrane nanodomains. In the context of our findings, this suggests that specialized organization of the plasma membrane is critical in determining the position of de novo plasmodesmata formation. Increasing evidence suggests that the specialized lipid composition of PD membranes is critical for their function [37],[188],[325],[326]. The plasma membrane of PD are enriched in sterols and long chain sphingolipids consistent with lipid rafts [37]. Mutants with defects in sphingolipid biosynthesis were shown to have increased intercellular trafficking and altered PD development [188]. Lipid composition has also been shown to be important for localization of PD proteins such as the GPI-anchored PD-callose binding proteins [326].  Lipid rafts, like PD PMs, have specialized lipid compositions that help to sequester specific groups of membrane-associated proteins. REM1 may act to regulate PD formation by sequestering the machinery needed to insert a new pore into these specialized domains. While the identity of these proteins remains unknown, it is known that specific types of proteins associate with both lipid rafts and PD membranes [327],[37, 328]. One family of proteins that are known to accumulate in both lipid rafts and PD plasma membranes are the GPI-anchored proteins [36, 37]. Addition of a GPI-anchor targets proteins to PD and is one of the few known signals for targeting proteins to the PD [39]. Many known PD-regulatory proteins have been shown or are predicted to be associated with the outer layer of the PM through a GPI-anchor. Notably, several proteins involved in callose metabolism have been shown to be GPI-anchored. The PD callose binding proteins (PDCBs) and several β-glucanases, including AtBG_ppap and AtBG2, are tethered to the PM by GPI-anchors. Attention on these families has primary been directed towards their role in regulation of intercellular trafficking through PD by degrading callose in order to dilate the PD [55],[91],[315]. The role of these proteins in PD formation have not been investigated to date, but could serve as a link between PD regulation, callose metabolism, and viruses. 
REM1 has also been shown to be involved in different hormone signaling pathways. One example of this is in Salicylic acid signaling. REM1 was shown to rearrange the PM in response to salicylic acid [329]. These changes in membrane organization in response to salicylic acid were correlated with PD closure. Additionally, Salicylic acid-driven Remorin-dependent membrane remodeling was shown to be important for regulating the positioning of the auxin transporter, PIN2 [330]. This connection between hormone signaling and the PM would provide the plant with a mechanism to finely tune PD formation throughout plant development and in response to pathogens. It also could serve as a direct signal from the chloroplast, where salicylic acid is produced, to the PD. SA is one of the key hormones involved in defense against pathogens. While its role in regulating the PD-specific response to bacterial pathogens has be well studied, the role of SA signaling in defense against viruses is less clear. SA signaling is involved in restricting virus replication and cell-to-cell movement by mediating callose deposition at the PD, but it has become clear that some viruses may also benefit from SA signaling pathways to modulate their infection. Salicylic acid induces the accumulation of callose at PD through Plasmodesmata located protein 5 (PDLP5) and Callose Synthase 1 (CalS1) [102, 104]. By targeting REM1 during infection, viruses would be able to disrupt the SA signaling response on the plasma membrane.    
	Notably, NbREM1 was also shown to be targeted for degradation by Tomato mosaic virus, indicating that pathogens have evolved mechanisms to circumvent the plants regulatory networks for regulating PD densities. In this example, the movement protein, which is part of the 30K movement protein family, like TMV MP30, is responsible for sequestering NbREM1 in the ER and targeting it for degradation. It will be interesting to see how removal of Remorin from the plasma membrane affects the cell’s ability to compartmentalize the PM into nano-domains and how this loss of organization affects PD structure, function, and formation. 
[bookmark: _Toc69772668]Materials and Methods
[bookmark: _Toc69772669][bookmark: _Hlk69129077]Plant growth 

Nicotiana benthamiana plants were grown on light carts under long day conditions (16hrs light and 8 hours of dark, 80-120 μmol/m/s). Seedlings were germinated and transferred to individual pots 10-12 days post germination. All plants used for experiments were at least 4-weeks old. Fertilizer was applied once, 5 days after transplanting. 
[bookmark: _Toc69772670]RNA extraction and cDNA synthesis

Leaves from 4-week-old N. benthamiana plants were collected and frozen in liquid nitrogen. RNA was extracted with the Trizol method (Thermo Fisher Scientific, Waltham, MA).  RNA was DNase treated with DNA-free DNA removal kit (Invitrogen, Carlsbad, CA). cDNA was synthesized with M-MLV reverse transcriptase (Promega, Madison, WI) using oligo-dT primers. 
[bookmark: _Toc69772671]Cloning of NbREM1 fragment for VIGS

N. benthamiana homologs for StREM1.3 were identified using the Solgenomics BLAST tool (https://solgenomics.net/tools/blast). Two highly similar homologs were identified with BLAST (NB IDs for REM1a and REM1b). A silencing construct targeting both homologs was designed using the Solgenomics VIGS Tool (https://vigs.solgenomics.net/). Primers were designed to amplify the VIGS fragment and add EcoRI and XbaI restriction enzyme sites to the ends of the fragment for cloning into the multiple cloning site of the pYL156 (pTRV-RNA2) plasmid for VIGS. 
[bookmark: _Toc69772672]Cloning of NbREM1.1

NbREM1.1 and NbREM1.2 were previously shown to have redundant functions and therefore NbREM1.1 was selected for overexpression experiments [94]. The full-length coding sequence for NbREM1.1 was identified from the Solgenomics database (https://solgenomics.net). Primers were designed to amplify the CDS of NbREM1.1 with attB sites for Gateway cloning. The amplified fragment was cloned using standard Gateway cloning procedures. The sequence integrity of the entry clone was verified by Sanger sequencing. The NbREM1.1 CDS was cloned into Gateway destination vectors (pGWB405 (C-terminal GFP fusion) and pGWB4XX (C-terminal HA tag) with the LR reaction kit. Expression clones were verified with Sanger sequencing.  
[bookmark: _Toc69772673]Cloning TMV MP30-GFP and MP30-V4A-GFP 

Gateway compatible primers were designed to amplify WT MP30 and MP30(V4A) with attB sites for Gateway cloning. In order to generate the V4A mutation, a single nucleotide substitution (T to C) was introduced with the forward primer. The amplified fragments were cloned into the pDONR-Zeo entry vector using the BP reaction kit. Sequence integrity and the introduction of the point mutation were verified by Sanger sequencing. The CDS for WT and MP30(V4A) were cloned into the Gateway destination vector pGWB405 to generate WT and MP30(V4A)-GFP following standard cloning methods. Expression clones were verified with Sanger sequencing.  
[bookmark: _Toc69772674]Viruses and virus infection

4 or 5-week-old plants were infected with the different viruses. For viruses with infectious clones (TMV, TRV, TuMV-GFP, ACMV, and EACMCV), two leaves from 4-week-old plants were agroinfiltrated with the corresponding infectious clone. Infiltrations were done at an OD of 0.1 to ensure that the majority of cells within the infiltrated leaf were infected with virus. Agroinfiltration of several of the viruses (TRV, ACMV, and EACMV) resulted in severe cell death in the primary infected leaves. All experiments with systemically infected leaves were completed 10 days post infection. Infection with the virus was confirmed via RT-PCR with primers for the coat protein for each virus.
[bookmark: _Toc69772675]Intercellular Movement Assays

Movement assays were performed as described in [254];[260]. Briefly, fully expanded leaves of 4- or 5-week-old N. benthamiana plants were agroinfiltrated with strains encoding either free GFP or free mScarlet at very low optical density (OD600= 0.0001) to insure sporadic transformation of epidermal cells. 48 hours post infiltration, z-stacks were collected with a Leica SP8 confocal microscope with the white light laser at 488nm excitation of GFP and 569nm for excitation of mScarlet and emission between 609-618nm. Intercellular movement was quantified by counting the number of layers of movement. For REM-HA, MP30-GFP, and PDLP1-GFP overexpression experiments, leaves were co-infiltrated with agrobacterium strains encoding the corresponding fluorescently labeled protein at OD=0.1 with strains encoding free fluorescent proteins at OD=0.0001. Images were collected 48 hours post infiltration (hpi). 
[bookmark: _Toc69772676]Pitfield distribution assays and confocal microscopy

Pitfield distribution assays were completed as previously described [260]. Images were collected with a Leica SP8 confocal microscope Leica with the WLL with filters for 488nm excitation of GFP and 587nm for excitation of mCherry and emission at 601-618nm.
Primary Infected Leaf Experiments

For experiments in the inoculated leaf, 4-week-old N. benthamiana plants were co-agroinfiltrated with an agrobacterium strain carrying a fluorescently labeled PD marker (PDCB1-mCherry) for experiments with GFP-tagged viruses and PDLP1-GFP, MP17-GFP, or MP30-GFP for experiments with non-tagged viruses and either empty agrobacterium or an infectious clone of the virus. 
[bookmark: _Toc69772677]PD distribution in upper leaves before systemic virus movement

 For experiments with systemic leaves before infection, young leaves of the infected plants were agroinfiltrated with PDCB1-mCherry or PDLP1-GFP and imaged 84 hpi. 
PD distributions in systemically infected leaves

For systemically infected leaves, upper leaves of the infected plants were agroinfiltrated with the corresponding PD markers 7 dpi and images were collected 10 dpi with the Leica SP8 confocal microscope. 
PD distributions in Remorin and movement protein overexpressing leaves
Expanded leaves of 4 or 5-week old N. benthamiana plants were coinfiltrated with REM-HA, REM-GFP, MP30-GFP, or PDLP1-GFP and PDCB1-mCherry. Images were collected 72 hpi. 
Image acquisition for PD distribution assays

Images of epidermal cells of the abaxial surface of the leaf were collected 72 hpi as previously described [260]. Leaf sections were vacuum infiltrated with water and mounted on slides for imaging. 15 μm z-stacks were collected with a step size of 1μm. A minimum of 15 stacks were collected for each sample for three biological replicates. For quantification of pitfield distributions, Maximum projections were generated for each stack and the cell wall was manually traced using ImageJ [251]. Cell wall area was approximated by multiplying the total length of cell wall measured by the thickness of the z-stack (15 μm). Images were converted to 8-bit images and inverted. A binary image was generated for each image using the thresholding tool in ImageJ. The particle analyzer tool in ImageJ was used to quantify the number of the pitfields in each image. Pitfield density was calculated by dividing the number of pitfields by the cell wall area. 
[bookmark: _Toc69772678]Sample fixation and Transmission electron microscopy

Samples were prepared for TEM via High Pressure freezing and quick freeze substitution as described previously [231]. Leaf punches were collected from newly emerged leaves of systemically infected and uninfected plants. The leaf punches were coated with yeast paste for cryoprotection and were frozen with a Wohlwend Compact 02 High Pressure Freezer (Techno Trade International). Freeze substitution was completed as previously described [231]. A FS solution composed of 2% Osmium Tetroxide and 0.1% Uranyl Acetate in pure acetone was used for fixation of all samples. The yeast paste was carefully removed and samples were embedded in epoxy resin (EMBed812, Epon). Embedding was conducted over 8 days according to the following protocol: 5%, 10%, 15%, 25%, 50%, 75%, 100%, 100% under vacuum, (v/v) resin/acetone for 24hrs. Samples were transferred into molds and baked for 48 hours at 60°C. Blocks were sectioned using a Leica ultramicrotome EM UC7. 70-100 nm sections were collected and mounted on carbon coated copper slot grids. Grids were post stained with Reynolds Lead Citrate and imaged with a JEOL 1400 Flash TEM (JEOL USA). 
[bookmark: _Toc69772679]Quantification of plasmodesmata frequency by TEM
	Images were collected of cell walls between adjacent epidermal cells. Cell wall lengths were measured in ImageJ [251] More than 100 microns of cell wall were collected for each sample. The total number of PD per cell wall were counted. PD frequency per 100 square microns was quantified by dividing the total number of PD by the area of cell wall (cell wall length times the section thickness). 











[bookmark: _Toc60663783][bookmark: _Toc69772680]CHAPTER 5
The mechanism of secondary plasmodesmata formation 



[bookmark: _Toc60663784][bookmark: _Toc69772681]Abstract
Secondary plasmodesmata formation has emerged as a mechanism cells use to regulate intercellular trafficking. While it is becoming increasingly clear that secondary PD formation is critical for proper regulation of trafficking, the mechanism behind de novo PD formation remains poorly understood. Traditional models for PD formation focus on 3 primary steps in pore formation: Cell wall modification and thinning, ER insertion, and membrane remodeling and fusion during desmotubule formation. To date, no mechanistic model for secondary PD formation has ever been proposed. Here, we target the three separate steps in pore formation using a combination of reverse genetics and drug treatments targeting different cellular components. Our data implicates callose metabolism in the de novo formation of PD. Silencing of genes involved in callose deposition (callose synthases) or callose degradation (β-glucanases) results in decreased numbers of plasmodesmata. Additionally, we demonstrate that ER-PM contacts are important for PD formation. Finally, we demonstrate that endocytosis is important for secondary PD formation. Our results provide the first mechanistic model of secondary PD formation.
[bookmark: _Toc69772682]Introduction

With the evolution of multicellularity, organisms had to develop mechanisms to relay information between cells in order to coordinate growth and development. Plants have had to evolve specialized pores that pass through the cell wall and form cytoplasmic connections between neighboring cells [3]. These structures are called plasmodesmata and are essential for proper plant growth, development, and defense. 
The plasma membranes of neighboring cells are continuous through the plasmodesmata. Plasmodesmata also contain a tightly furled tubule of endoplasmic reticulum called the desmotubule that forms a direct connection between the ER networks of neighboring cells. A thin strip of cytoplasm, known as the cytoplasmic sleeve, separates these two continuous membrane elements and serves as the site for the bulk of diffusive trafficking.
Plasmodesmata can be classified into two separate categories based on their origin. The first class of plasmodesmata are referred to as primary plasmodesmata. These pores are formed during cell division as the developing cell wall is deposited [183, 318]. During formation of the cell plate, strands of cortical ER become trapped in the forming cell plate and prevent complete closure of the wall. These instances of incomplete cell division give rise to the primary plasmodesmata. Several ER remodeling factors have been identified as having roles in primary PD formation [318]. The most well characterized players in primary PD formation are the Reticulon-like B proteins AtRTNLB3 and AtRTNLB6. Reticulons are specialized membrane associated proteins that induce membrane curvature [331],[318]. These reticulon like proteins localize to the PD and are believed to have a role in formation and stabilization of the tightly appressed desmotubule. Several other PD-associated proteins, including Remorin1.3 and Synaptotagmin A, were shown to interact with RTNLB3 and RTNLB6 indicating that they may also have roles in PD formation [318]. 
The second class of pores are referred to as secondary plasmodesmata. This class of PD refers to any pore that forms in the absence of a cell division event [142]. Secondary PD include pores that form between neighboring cells of separate cellular lineages, such as leaf epidermal cells and mesophyll cells, and PD that are added to division walls after completion of cell division [183]. Pores that have been structurally modified through the addition of branches are also classified as secondary PD [319],[17]. 
The mechanisms behind secondary PD formation remain poorly understood. Several models of secondary PD formation have been proposed, but these models have not been well characterized and host factors involved in pore insertion have not been identified [16, 183]. Most of the proposed models of secondary PD formation suggest that pore formation is ER-dependent [332]. In these models, pieces of ER are randomly inserted into the cell wall until two ‘half’ PD meet and form a connection between neighboring cells [183],[333]. Transmission electron microscopy images of half PD have been used to support these models, but it is impossible to eliminate the possibility that these half PD are actually full PD that are only partially captured in the thin sections used for TEM. The multiple twinning model of secondary PD formation suggests that new PD form in close proximity to existing PD giving rise to clusters of PD called piftields [16]. From these models, it has been suggested that the machinery required for PD formation may be present at the PD and that the cell wall environment at existing pores is primed for formation of new PD. This model proposes that twinned PD, or PD that are found within 100nm of each other, are sites of de novo secondary PD formation [16]. 
In order for secondary PD formation to occur, multiple conditions must be met. The first event that must take place is remodeling of the cell wall. Current models suggest that modification of the cell wall results in the gradual thinning and expansion of the wall until finally the wall is split and the plasma membranes of neighboring cells fuse and the cytoplasms form a bridge between neighboring cells [183]. Cellulase has been implicated in secondary PD formation in pollen mother cells, but this observation made by visualization of cellulase reaction products at PD, which present as electron dense regions of cell wall by TEM, has not been thoroughly investigated [334]. Other cell wall remodeling factors involved in the thinning process have not been identified. In order for the cell to regulate PD formation, cell wall thinning must be tightly regulated in order to ensure that the integrity of the bulk cell wall is maintained [333]. 
The second key component of the PD that must be incorporated into the forming pore is the desmotubule. While it is possible that not all new PD contain a desmotubule, electron micrographs of branched PD with clearly defined desmotubules have been reported as have micrographs of PD with desmotubules between host cells and parasitic plants [335]. How the ER is inserted into the newly formed pore is unknown. As described above, current models of PD formation suggest that the ER is randomly inserted into the wall until it fuses with the ER of the neighboring cell. In these models, the ER is the primary driving force for secondary PD formation and desmotubule insertion [183]. One alternative explanation involves endoplasmic reticulum-plasma membrane contact sites (EPCS) being used to tether the ER to the PM and to pull the ER into the forming pore during cell wall thinning. PD are known examples of EPCS and these contacts have been shown to be critical for regulating PD function [13, 129, 196, 336]. Multiple ER-PM tethering proteins have been identified as being associated with PD. Two key examples of this are the Multiple C2 domain containing proteins (MCTP) and the synaptotagmins [337],[129],[338]. 
	We have previously shown that the group I Remorin, NbREM1, is a negative regulator of PD formation (see chapter 4). NbREM1 is a PM associated protein that has been shown to act as a regulator of PM organization [329]. How REM1 regulates PD formation remains unclear. Its role in membrane organization and its importance for PD function suggests that it may regulate PD formation by sequestering specialized proteins into membrane nanodomains, or lipid rafts, as was described for the hyperclustering of PIN2 [330]. 
	One class of proteins that accumulate in lipid rafts are the GPI-anchored proteins. Addition of a GPI-anchor targets proteins to the outer leaflet of the plasma membrane. Once in the PM, GPI-anchored proteins accumulate in the PD PM and in lipid rafts [339]. GPI-anchors are one of the most well characterized PD targeting signals identified to date [39]. Many PD regulatory proteins, including proteins involved in callose metabolism, are predicted or have been shown to be GPI-anchored proteins [36, 38, 326]. The Plasmodesmata callose binding protein family (PDCBs) are known to be GPI-anchored [36]. PDCBs have been shown to bind callose in vitro and overexpression of these proteins has been shown to result in decreased  intercellular trafficking and increased accumulation of PD-associated callose. In addition to the PDCBs, multiple β-glucanases are also GPI-anchored [38],[340],[92]. Members of the glycoside hydrolase 17 family of β-glucanases are primarily responsible for the degradation of callose at PD [340]. As a primary component of the cell wall around PD, callose metabolism would be an ideal candidate for targeted remodeling of the cell wall for insertion of new PD. Recent work with synthetic biopolymers have also indicated that incorporation of callose increases the elasticity of the cell wall which would assist in the thinning of the wall required for pore formation [93].
We were interested in uncovering the mechanism of secondary PD formation. Here, we present the first mechanistic model of secondary PD formation. TEM tomography revealed intermediates in secondary PD formation and demonstrated that pore formation is initiated by individual cells. Additionally, we have used reverse genetics to identify proteins involved secondary PD formation. For the first time, our results directly implicate callose metabolism, lipid rafts, and ER-PM contacts in the de novo formation of secondary PD. Additionally, we show that endocytosis is essential for regulating PD formation.
[bookmark: _Toc69772683]Results
[bookmark: _Toc69772684]Secondary PD formation is initiated by single cells

	Traditional models of secondary PD formation suggest that new PD are formed through a synchronized event where neighboring cells both initiate pore formation. Intermediates in the formation of secondary PD were captured by TEM tomography (Figure 22). These image stacks and 3D reconstructions of the forming PD show that pore formation is initiated by individual cells.  In the representative tomogram depicted in Figure 22, two partially formed PD can be seen flanking a fully formed pore (Figure 22a, arrow and asterisk and b). One of the intermediates was captured at the late stage of formation just before the PD plasma membrane fused with the PM of the neighboring cell (Figure 22a, middle panel, denoted by an asterisk and c right panel). The other partially formed pore was captured at the beginning of pore formation (Figure 22a, middle panel, denoted by an arrow and c, left panel). This pore forms a slight indentation in the wall that has a diameter of approximately 20nm, which is consistent with the diameter of fully formed PD. A closer look at the cell wall revealed a differential staining pattern of the wall extending from the forming pore to the other side of the wall (Figure 22a middle panel, red rectangle). The light staining of the cell wall at this position suggests that the local composition of the cell wall is distinct from the bulk cell wall. This pattern was observed in all three instances of 
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[bookmark: _Toc69648472]Figure 22 Intermediates in secondary PD formation captured by dual axis TEM tomography.
Representative images from the tomogram of a pitfield of PD are shown (a). Two intermediates in PD formation (early stage (arrow) and late stage (asterisk) are shown (a). Differential staining of the cell wall extending out from the early stage intermediate is shown (red box). Scale bar = 10 nm. Representative images of the 3D reconstruction of the tomogram are shown (b and c). Views from the top and either face of the PM are shown (b). Close up images of the two intermediates (early, left) and late (right) are shown. 



partially formed PD captured by TEM tomography. This suggests that PD formation occurs at specific sites in the cell wall that are compositionally distinct from the bulk wall. 
[bookmark: _Toc69772685]GPI-anchored proteins are required for secondary PD formation 

	In order to investigate the role of REM1, a raft associated protein on the inner leaflet of the plasma membrane, in the cell wall modification required during plasmodesmata formation, we next targeted Glycosylphosphatidylinositol-anchored (GPI-anchored) proteins. GPI-anchored proteins are known to accumulate in the outer leaflet of PM lipid rafts and have been previously shown to serve as a post-translational modification that targets proteins to PD [39]. 
	AtGPI8 is a transamidase that is involved in the addition of the GPI-anchor [341]. A GPI8 mutant was previously shown to exhibit severe growth defects and decreased intercellular trafficking in Arabidopsis [341]. In order to determine if GPI-anchored proteins are involved in the formation of PD, the N. benthamiana homolog of AtGPI8 was silenced by VIGS. NbGPI8-silenced plants exhibit chlorosis, curled leaves, and slightly stunted growth, consistent with Arabidopsis mutants [341]. Consistent with the Arabidopsis mutant, GPI8-silenced plants exhibited a substantial decrease in intercellular trafficking of GFP (Figure 23a-c). GPI8-silenced plants also have fewer PDLP1-GFP labeled pitfields compared to the TRV non-silencing control plants indicating that loss of all GPI-anchored proteins results in decreased numbers of PD (Figure 23d and e). In order to determine if this defect is a result in decreased secondary PD formation,

[bookmark: _Toc69648473]Figure 23 GPI-anchored proteins are important for PD formation.
 
(a) Intercellular movement assays were performed by measuring the layers of movement of GFP in N. benthamiana leaf epidermal cells. Representative images of non-silencing (left) and NbGPI8-silenced plants (right). Scale bar = 50 μm. Data for three biological replicates are shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). (d- g) Pitfield distribution assays were performed using PDLP1-GFP (d and e) and MP30-GFP (f and g). Representative images for cells expressing PDLP1-GFP (d) and MP30-GFP (f) are shown. Pitfield densities for 20 fields of view for each of 3 biological replicates (e and g, red, blue, and yellow circles) are shown for PDLP1-GFP (e) and MP30-GFP (g). Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm.
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TMV MP30-GFP was expressed in silenced leaves (Figure 23 f). Expression of MP30-GFP failed to trigger an increase in secondary PD formation indicating that GPI-anchored proteins are required for secondary PD formation (Figure 23 f and g). .  
[bookmark: _Toc69772686]GPI-anchored β-glucanases are involved in secondary PD formation

	Two well characterized families of GPI-anchored proteins with known roles in regulating PD function are the Plasmodesmata callose binding proteins (PDCBs) and several β-glucanases.
In order to target β-glucanases, silencing constructs were developed to target N. benthamiana genes in the glycosyl hydrolase family 17 that are similar to AtBG2 and AtBG_ppap (NbBG11, NbBG14(targets NbBG14a and Nb14b), NbBG_ppap, NbBG17_1, and NbBG17_6 (targets NbBG17_1 plus five addition glycoside hydrolase family 17 genes). Additionally, a silencing construct was designed to target the N. benthamiana homolog of the class I β-glucanase, GLU1, that was previously incorporated into the TMV genome and resulted in increased virus movement [316]. 4 out of 11 of the β-glucanases targeted were predicted to contain a GPI-anchor cleavage site (NbBG11, NbBG14, NbBG17_1, and NbBG_ppap) (GPI-SOM, http://gpi.unibe.ch/). Consistent with previous findings with β-glucanase mutants, silencing of individual β-glucanases (BG11, BG14, BG17_1) resulted in a modest decrease in intercellular trafficking compared to non-silencing TRV control plants (Figure 24 a-c). Silencing of all targets in a single plant resulted in the strongest decrease in trafficking of GFP. 

[bookmark: _Toc69648474]Figure 24 Intercellular trafficking is decreased in specific β-glucanase-silenced plants
Intercellular movement assays were performed in plants silencing a various β-glucanases by measuring the layers of movement of GFP in N. benthamiana leaf epidermal cells. Representative images of non-silencing and the targeted β-glucanase-silenced plants are shown. Scale bar = 50 μm. Data for two biological replicates are shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001).
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Interestingly, BG17_6 had the same effect as BG17_1 indicating that the other five targets do not play a major role in regulating trafficking through PD. Strikingly of the six targets of BG17_6, BG17_1 is the only protein predicted to be GPI-anchored.  
Silencing NbBG11, NbBG14, NbBG17_1, or Nb17_6 resulted in decreased numbers of PDLP1-GFP labeled pitfields (Figure 25 a and b). NbBG11, NbBG14, NbBG17_1, and NbBG17_6-silenced plants also exhibited decreased numbers of MP30-GFP labeled foci indicating that secondary PD formation is disrupted in the absence of these β-glucanases (Figure 26). Notably, silencing of NbBG17a, which was previously shown to be induced during infection with Tobacco curly shoot virus, resulted in the most substantial decrease in secondary PD formation indicating that induction of NbBG17_1 may play an important role in virus-induced PD formation (Figure 26b).
[bookmark: _Toc69772687]Callose deposition is required for secondary plasmodesmata formation

	In order to further test the role of callose metabolism in secondary PD formation, silencing constructs were designed to target homologs of the three PD-specific callose synthases (CalS1, CalS8, and CalS10). NbCalS1-silenced plants exhibit a chlorotic phenotype and exhibited mild to severe necrosis on silenced leaves. NbCalS8 and NbCalS10-silenced plants are phenotypically indistinguishable from non-silencing control plants.
	Previous work with callose synthase mutants found that trafficking through the PD was increased compared to WT plants [102]. Surprisingly, silencing of 
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[bookmark: _Toc69648475]Figure 25 GPI-anchored β-glucanases are involved in secondary PD formation.
Pitfield distribution assays were performed using PDLP1-GFP. Representative images for cells expressing PDLP1-GFP (a) are shown. Pitfield densities for 20 fields of view for 1 biological replicate is shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm.
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[bookmark: _Toc69648476]Figure 26 GPI-anchored β-glucanases are involved in virus induced secondary PD formation.
Pitfield distribution assays were performed using MP30-GFP. Representative images for cells from non-silenced and silenced plants expressing MP30-GFP are shown (a). Pitfield densities for 20 fields of view for 1 biological replicate are shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm. 

either NbCalS1 or NbCalS10 resulted in a marked decrease in intercellular trafficking of GFP while silencing NbCalS8 showed a slight but not statistically significant increase in intercellular trafficking of GFP (Figure 27).
	Consistent with the decreased trafficking capacity of NbCalS1 and NbCalS10-silenced plants, these plants also have fewer PDLP1-GFP labeled pitfields compared to non-silencing controls (Figure 28). Additionally, expression of MP30-GFP failed to increase the number of pitfields in NbCalS1 and NbCalS10 silenced plants further indicating that callose deposition is important for secondary PD formation (Figure 29). NbCalS1-silenced plants exhibited more severe defects in trafficking and PD formation than NbCalS10-silenced plants indicating that NbCalS1 may play a more important role in PD formation. 
[bookmark: _Toc69772688]Loss of Remorin  results in decreased accumulation of PDCB1-mCherry in PD pitfields
Remorins are known regulators of plasma membrane organization [329]. Both Remorins and GPI-anchored proteins associate with highly ordered membrane nanodomains. In order to determine if silencing NbREM1 disrupts PD-association of GPI-anchored proteins, AtPDCB1-mCherry was expressed in REM-silenced and nonsilencing control leaves. PD-enrichment of AtPDCB1-mCherry was quantified as previously described in [342]. Loss of NbREM1 resulted in decreased the association of PDCB1-mCherry with PD pitfields indicating that loss of NbREM1 results in changes in GPI-anchored protein accumulation in PD (Figure 30). This suggests that REM1-silenced plants have decreased membrane order. 
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[bookmark: _Toc69648477]Figure 27 Silencing of specific callose synthases in results in decreased intercellular trafficking.
 Intercellular movement assays were performed in plants silencing a 3 PD specific Callose synthases (NbCalS1, NbCalS8, NbCalS10) and plants silencing all three CalS genes by measuring the layers of movement of GFP in N. benthamiana leaf epidermal cells. Representative images of non-silencing and the targeted CalS-silenced plants are shown. Scale bar = 50 μm. Data for three biological replicates is shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). 
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[bookmark: _Toc69648478]Figure 28 Callose deposition is important for plasmodesmata formation
Pitfield distribution assays were performed using PDLP1-GFP. Representative images of cells from silenced and non-silenced control plants expressing PDLP1-GFP are shown (a). Pitfield densities for 20 fields of view for 2 or 3 biological replicates (b, red, blue, and yellow circles) are shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm. 
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[bookmark: _Toc69648479]Figure 29 Callose deposition is required for MP30-induced secondary PD formation.
Pitfield distribution assays were performed using MP30-GFP. Representative images for cells from non-silenced and silenced plants expressing MP30-GFP are shown (a). Pitfield densities for 20 fields of view for 1 or 2 biological replicates are shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm. 
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[bookmark: _Toc69648480]Figure 30 Silencing NbREM1 decreases GPI-anchored protein accumulation at PD.
Representative images non-silencing and NbREM1-silenced plants expressing AtPDCB1-mCherry are shown. The average ratio of the fluorescence intensities of PD pitfields vs randomly sampled regions of the PM are shown (c). Data presented represents the average of more than 500 pitfields for each sample across 10 fields of view for 1 biological replicate. Scale bar = 10 μm. Statistical significance was determined using a student’s t-test (p < 0.05).




[bookmark: _Toc69772689]ER-Plasma membrane contact sites are important for secondary PD formation

	Aside from the cell wall modification needed to form a new PD, the desmotubule must also be inserted into the forming pore. This insertion could be achieved through specialized ER-PM contact sites (EPCS) that pull the ER through the forming pore as the cell wall is remodeled. 
	Several proteins have been identified as ER-PM tethers at the PD. The Multiple C2 domain containing proteins (MCTPs) have emerged as candidates for being the spoke like structures that were identified in early electron microscopy images of PD ultrastructure [337]. Additionally, the synaptotagmins have been identified as factors involved in tethering the ER to the PM and having a role in PD regulation during virus infection [129, 338]. SYTA is a regulator of endocytosis and was previously shown to be recruited to PD during virus infection through an interaction with the TMV movement protein indicating that these tethers may have roles in virus-induced PD formation [127, 129]. 
	Homologs of AtMCTP2 were identified by performing a BLAST search against the N. benthamiana genome (Solegenomics.net). This search revealed multiple candidates with similar degrees of similarity to AtMCTP2. A single silencing construct was designed to knock down the top 5 genes. NbMCTP-silenced plants exhibited decreased levels of intercellular trafficking of free GFP (Figure 31 a-c). Additionally, loss of MCTPs resulted in a decrease in the number of PDLP1-GFP foci indicating that the silenced plants have decreased numbers of PD (Figure 32). Expression of MP30-GFP also failed to induce PD formation in
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[bookmark: _Toc69648481]Figure 31 Disruption of ER-PM contact sites results in decreased intercellular trafficking.
 Intercellular movement assays were performed in plants silencing two ER-PM tethering proteins (NbMCTP and NbSYTA) by measuring the layers of movement of GFP in N. benthamiana leaf epidermal cells. Representative images of non-silencing and silenced plants are shown. Scale bar = 50 μm. Data for 1 (NbSYTA) or 2 (NbMCTP) biological replicates is shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001).
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[bookmark: _Toc69648482]Figure 32 Membrane contacts are important for plasmodesmata formation.
Pitfield distribution assays were performed using PDLP1-GFP. Representative images of cells from silenced and non-silenced control plants expressing PDLP1-GFP are shown (a). Pitfield densities for 20 fields of view for 1 biological replicate is shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm.


the absence of NbMCTP indicating that ER-PM tethers are involved in secondary PD formation (Figure 33). 
	A BLAST search using the AtSYTA amino acid sequence identified multiple homologs in the N. benthamiana genome. A single silencing construct to target more than two homologs could not be designed. Therefore, three 400 bp silencing constructs that each target two homologs were designed and combined into one 1200bp silencing construct that was then incorporated in the TRV2 VIGS plasmid (pYL156). Similar to MCTP-silenced plants, silencing AtSYTA resulted in decreased intercellular trafficking of GFP (Figure 31). Additionally, loss of SYTA resulted in decreased numbers of PDLP1-GFP labeled pitfields (Figure 32) and blocked MP30-induced PD formation indicating that SYTA is also important for PD formation (Figure 33).
[bookmark: _Toc69772690]Loss of two Reticulon-like proteins does not affect PD formation

Previous work in Arabidopsis identified to Reticulon-like B proteins (RTNLB3 and RTNLB6) that localize to PD and are involved in primary PD formation [318]. Silencing constructs were designed to target these homologs in N. benthamiana. Silencing of either RTNLB3 or both genes in the same plant  resulted in increased intercellular trafficking of GFP while silencing RTNLB6 resulted in a slight, but not statistically significant decrease in trafficking (Figure 34). Surprisingly, silencing of either homolog alone had no effect on PD formation (Figure 35). This suggests that these reticulons may have other roles in regulation of intercellular trafficking. Notably, silencing of both RTNLB3 and 
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[bookmark: _Toc69648483]Figure 33 ER-PM tethers are required for MP30-induced secondary PD formation.
Pitfield distribution assays were performed using MP30-GFP. Representative images for cells from non-silenced and silenced plants expressing MP30-GFP are shown (a). Pitfield densities for 20 fields of view for 1 replicate are shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm. 
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[bookmark: _Toc69648484]Figure 34 Reticulon-like proteins are important for regulating intercellular trafficking.
 Intercellular movement assays were performed in plants silencing two Reticulon-like B genes (NbRTNLB3 and NbRTNLB6) and plants silencing both genes by measuring the layers of movement of GFP in N. benthamiana leaf epidermal cells. Representative images of non-silencing and silenced plants are shown. Scale bar = 50 μm. Data for 2 biological replicates is shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). 
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[bookmark: _Toc69648485]Figure 35 Reticulon-like B proteins may restrict PD formation
Pitfield distribution assays were performed in plants silencing two Reticulon-like B genes (NbRTNLB3 and NbRTNLB6) and plants silencing both genes using PDLP1-GFP. Representative images of cells from silenced and non-silenced control plants expressing PDLP1-GFP are shown (a). Pitfield densities for 20 fields of view for 1 biological replicate is shown. Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm.



RTNLB6 in the same plant resulted in increased numbers of pitfields indicating that these proteins may have redundant functions in restricting PD formation (Figure 35). 
	In order to determine if loss of either RTNLB had an effect on virus-induced secondary PD formation, PD distribution assays were performed in silenced and non-silenced plants. Silencing individual RTNLB genes individually or together had no effect on MP30-GFP induced secondary PD formation indicating that these specific reticulon like proteins are not involved in forming the desmotubule during virus induced PD formation (Figure 36).. 
[bookmark: _Toc69772691]Identification of cellular machinery involved in PD formation

	The role of the cytoskeleton and membrane trafficking pathways on the regulation of intercellular trafficking has been elusive. In order to identify cytoskeletal elements and membrane trafficking pathways involved in PD formation, we performed an inhibitor screen with drugs that target specific components of the cytoskeleton and membrane trafficking systems. 
[bookmark: _Toc69772692]Endocytosis and not exocytosis is important for PD formation 

	Because SYTA has been shown to regulate endocytosis, we next decided to see if disruption of endocytosis also had an effect on secondary PD formation. 12 and 4 hour treatment of N. benthamiana leaves with 30 µM Tyrphostin A23, an inhibitor of clathrin-mediated endocytosis, resulted in decreased intercellular trafficking of GFP (Figure 37 a-c).  4 hour treatment with 40 µM Endosidin2, an 
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[bookmark: _Toc69648486]Figure 36 Reticulon-like B proteins are not required for MP30-induced PD formation.
Pitfield distribution assays were performed in plants silencing two Reticulon-like B genes (NbRTNLB3 and NbRTNLB6) and plants silencing both genes using MP30-GFP. Representative images of cells from silenced and non-silenced control plants expressing MP30-GFP are shown (a). Pitfield densities for 20 fields of view for 1 biological replicate is shown. No statistical difference was observed between silencing and nonsilencing plants. Scale bar = 10 μm.



[bookmark: _Toc69648487]Figure 37 Endocytosis is important for PD formation and virus induced PD formation
(a-c) Intercellular trafficking was measured by counting the number of layers of GFP spread in N. benthamiana leaf epidermal cells treated with either Endosidin2 or Tyrphostin A23 and DMSO control plants. Plants were treated either 4 (left) or 12 (right) hours before image acquisition. Data for 2 biological replicates are shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (a) and the Mean layers of movement and standard deviation (b (4 hours) and c (12 hours)). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001). (d- g) Pitfield distribution assays were performed using PDLP1-GFP (d and e) and MP30-GFP (f and g) in plants treated with Tyrphostin A23 24 hours before image acquisition. Representative images for control (left) and tyrphostinA23 treated cells expressing PDLP1-GFP (d) and MP30-GFP (f) are shown. Pitfield densities for 20 fields of view for 1 (MP30-GFP) or 2 (PDLP1-GFP) biological replicates (e and g, red and blue circles) are shown for PDLP1-GFP (e) and MP30-GFP (g). Statistical significance was determined using a student’s t-test (p < 0.001). Scale bar = 10 μm.
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inhibitor of exocytosis, had no effect on intercellular trafficking of GFP. Interestingly Long term treatment with Endosidin2 resulted in a modest decrease in intercellular trafficking.. 
	In order to determine if the decrease in intercellular trafficking observed in Tyrphostin A23 treated leaves is a result of defects in PD formation, PDLP1-GFP was expressed in N. benthamiana leaves and leaves were treated with 30 µM
Tyrphostin A23 36 hours post infiltration (24 hours before image acquisition). Treatment with Tyrphostin A23 resulted in decreased numbers of PDLP1-GFP labeled pitfields compared to leaves treated with 0.1% DMSO (Figure 37). This strongly suggests that endocytosis is required for PD formation. Treatment with Tyrphostin A23 also blocked MP30-induced secondary PD formation (Figure 37 f and d) indicating that endocytosis is also required for gating of plasmodesmata during virus infection. 
[bookmark: _Toc69772693]Disruption of the actin cytoskeleton alters intercellular trafficking

	Previous studies have demonstrated that the actin cytoskeleton is involved in PD regulation [182, 184]. Immunogold labeling was previously used to show that actin spans the PD pore and disruption of actin filaments was previously shown to increase intercellular trafficking [160]. 
Fully expanded leaves of N. benthamiana plants were agroinfiltrated for GFP movement assays and treated with 10 µM Latrunculin B to destabilize actin filaments 36 and 44 hours post agroinfiltration. Consistent with previous findings, 


[bookmark: _Toc69648488]Figure 38 Disruption of the cytoskeleton and membrane trafficking pathways alters intercellular trafficking.
 Intercellular movement assays were performed in plants treated with drugs targeting the actin cytoskeleton (Jasplankinolide and Latrunculin B), microtubules (Taxol and oryzalin) and ER-Golgi trafficking (Brefeldin A) for 4 (left) or 12 (right) hours before image acquisition. Intercellular trafficking was quantified by measuring the layers of movement of GFP in N. benthamiana leaf epidermal cells. Scale bar = 50 μm. Data for 2 biological replicates is shown. 20 foci were collected for each biological replicate. Data is depicted as a Quantitativeplot of the percentage of foci of each size (b) and the Mean layers of movement and standard deviation (c). Statistical significance was determined using the Mann-Whitney U-test (p < 0.001).
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short term treatment (4 hours) with LatB resulted in increased intercellular trafficking of GFP (Figure 38a-c). Interestingly, long term treatment with LatB (12
hours) resulted in a substantial decrease in intercellular trafficking (Figure 38a and c). Stabilizing actin filaments with 5 µM Jasplankinolide resulted in decreased intercellular trafficking regardless of duration of treatment indicating that actin dynamics are important for regulating PD.
[bookmark: _Toc69772694]Disruption of microtubule dynamics results in altered intercellular trafficking

	The role of microtubules in PD regulation are poorly understood. In order to determine if microtubules have a role in PD regulation, movement assays were performed on plants that treated with 1 µM Oryzalin to destabilize or 1 µM Taxol to stabilize the microtubules. Plants were treated 36 (12 hour) and 44 (4 hours) hours post agroinfiltration. Short term treatment with taxol had no effect on the intercellular movement of GFP (Figure 38a and d). In contrast, long term treatment resulted in a substantial decrease in intercellular trafficking (Figure 38 a and e). Both long and short term treatment with oryzalin resulted in decreased intercellular trafficking of GFP (Figure 38a, d, and e). The decrease in trafficking was more pronounced after long term treatment (Figure 38). This suggests a role for microtubules in regulating PD, potentially through PD formation. But more experiments and are needed to better understand this relationship. 
[bookmark: _Toc69772695]Disruption of ER to Golgi trafficking results in decreased intercellular trafficking

	In order to determine if disruption of protein transport through the ER-Golgi pathway results in changes in PD trafficking, movement assays were performed in plants treated with 100 µM Brefeldin A or 0.1% DMSO. Short term treatment with BFA had no effect on trafficking of GFP through PD (Figure 38 a,f, and g)). Long term treatment with BFA had a significant effect on diffusive trafficking of GFP through PD indicating that a properly functioning ER-Golgi trafficking pathway is important for regulation of PD.
[bookmark: _Toc69772696]Discussion

	It is becoming increasingly clear that plants use multiple mechanisms to regulate intercellular trafficking through PD. One of the emerging pathways for regulating trafficking is through the de novo formation of plasmodesmata. 
	Burch-Smith et al. first demonstrated that increased trafficking could be correlated with increased levels of secondary PD formation through their work with the chloroplast RNA helicase ISE2 [143]. This relationship was further demonstrated by Ganusova et al. where they demonstrated that disruption of specific of steps in chloroplast RNA processing results in changes in the number of PD in the leaves and that these changes are proportional to the change in intercellular trafficking that was observed for silenced plants [260]. 
	While secondary PD formation has been reported in the literature for many years and multiple models for PD formation have been proposed, the details of the mechanism of pore formation have not been elucidated. Our results for the first time demonstrate the complex cell biology involved in the formation of secondary PD. 
	Callose metabolism has long been considered a critical regulator of PD. Traditional views of its roles focused on its role in modifying the aperture diameter of the PD through the localized deposition or degradation of the glucan polymer at PD [91],[315]. From this perspective, elevated levels of callose at PD was correlated with decreased intercellular trafficking and suggested decreased PD aperture diameters. Conversely, depleted callose levels at PD has been correlated with increased trafficking, and therefore increased PD apertures. 
	Models for callose-mediated regulation of PD have historically ignored its potential role in secondary PD formation. While it was proposed that the cell wall at existing PD are likely primed for new pore insertion due to their specific composition, callose metabolism as a means for pore formation has never been discussed. Our results clearly demonstrate that deposition of callose is required for PD formation. Loss of either CalS1 or CalS10 results in decreased intercellular trafficking compared to non-silencing controls. This observation is in direct contrast to previously reported results with CalS mutants in Arabidopsis were loss of PD associated callose synthases resulted in increased intercellular trafficking [102]. Strikingly, silencing of CalS8 resulted in a slight increase in intercellular trafficking consistent with previous reports, but there was not an increase in the number of PD. This suggests that different callose synthases have different roles in the regulation of intercellular trafficking. 
	Consistent with previous findings, silencing of various β-glucanases results in decreased intercellular trafficking. While this has historically been associated with the inability to dilate PD through the degradation of callose, our results indicate that these β-glucanases are important for PD formation as well. NbBG11, NbBG14, and NbBG17_1-silenced plants all exhibited decreased intercellular trafficking and decreased numbers of PD. Notably, each of these proteins are predicted to be GPI-anchored. NbBG11 and NbBG14 are closely related to the known PD associated β-glucanase AtBG_ppap [38]. NbBG17_1 was selected as a candidate β-glucanase because it was shown to be induced during Tobacco curly shoot virus infection [343]. Interestingly, loss of NbBG17_1 had the strongest effect on MP30-induced PD formation. This suggests that NbBG17_1 is likely responsible for much of the PD formation induced during virus infection. The class I β-glucanase, GLU1, which was previously incorporated into the genome of TMV and accelerated virus movement had no effect on intercellular trafficking or PD formation suggesting that not all β-glucanases are involved in PD formation. Why incorporation of this enzyme into the viral genome was able to aid in virus intercellular movement remains unclear.  
	Probably the most surprising result from this work was that endocytosis is required for secondary PD formation. While treatment with tyrphostin A23 results in decreased numbers of PDLP1-labeled pitfields, the strong effect of treatment on movement regardless of the duration of treatment suggests that endocytosis may play multiple roles in regulating PD. Strikingly, MP30 requires endocytosis to induce PD formation. This finally provides an explanation for MP30 physically interacting with SYTA and recruiting it to PD during virus infection. SYTA is a regulator of endocytosis and it was previously unclear how SYTA was functioning in virus infection. Collectively, this suggests that some yet to be identified component of the plasma membrane is endocytosed in order to facilitate PD formation. One promising candidate for the target of endocytosis during PD formation is Remorin. As a negative regulator of PD formation, removal of REM1 from the PM could allow for pore formation to occur. REM1.3 and SYTA were both identified as interacting with RTNLB3 and RTNLB6, the PD specific reticulon-like proteins involved in primary PD formation [318]. Additionally, REM1 silenced plants exhibited decreased sensitivity to tyrphostin treatment (data not shown). REM1 is also targeted by viruses and removal from the PM is required for virus-mediated gating of PD. Collectively, this suggests that REM1 is likely one of the PM components endocytosed in order to form new PD. 
	Endocytosis of a negative regulator of PD formation rather than exocytosis of PD formation machinery is consistent with the proposed models that suggest the components for PD formation reside at existing PD. Careful removal of the negative regulator by endocytosis would allow the plant to tightly regulate pore formation. 
Notably, long term treatment with most of the cytoskeleton and membrane trafficking inhibitors screened resulted in a substantial decrease in intercellular trafficking of GFP (Figures 37 and 38). This could suggest that each of the targeted systems are involved in PD regulation, potentially through regulating PD formation, but it could also suggest that the long term treatments elicit a stress response in the cell that results in the shutting down of PD through the deposition of callose. Callose deposition in response to stress is a well characterized aspect the response to both biotic and abiotic stresses [344],[102]. PD distribution assays were not able to be performed for drugs that target the cytoskeleton and membrane trafficking pathways because our PD markers utilize these pathways for delivery to the PD. Intensive examination of treated cells with TEM or alternative methods for labeling PD will be required to investigate the effects of these disruptions of PD formation.  
[bookmark: _Toc69772697]Materials and Methods
[bookmark: _Toc69772698]Plant growth 

Nicotiana benthamiana plants were grown on light carts under standard long day conditions (16hrs light and 8 hours of dark, 80-120μmol/m/s). Seedlings were germinated and transferred to individual pots 10-12 days post germination. All plants used for experiments were at least 4-weeks old. Fertilizer was applied one time 5 days after transplanting. 
[bookmark: _Toc69772699]Cloning and transient expression

RNA extraction and cDNA synthesis

Leaves from 4 week old N. benthamiana plants were collected and frozen in liquid nitrogen. RNA was extracted with the Trizol method (Thermo Fisher Scientific, Waltham, MA).  RNA was DNase treated with DNA-free DNA removal kit (Invitrogen, Carlsbad, CA). cDNA was synthesized with M-MLV reverse transcriptase (Promega, Madison, WI) using oligo-dT primers. 
[bookmark: _Toc69772700]Dual axis TEM Tomography 
	Leaf samples were prepared for TEM via high pressure freezing. 200 nm thick sections were cut and mounted on formvar coated slot grids. Dual axis tomograms were collected between +/- 70 degrees using SerialEM. 
[bookmark: _Toc69772701]Cloning fragments for VIGS
N. benthamiana homologs for candidate genes were identified using the Solgenomics BLAST tool (https://solgenomics.net/tools/blast). 6 highly similar homologs were identified with BLAST. Primers were designed to amplify the VIGS fragment and add EcoRI and XbaI restriction enzyme sites to the ends of the fragment for cloning into the multiple cloning site of the pYL156 (pTRV-RNA2) plasmid for VIGS.  
For the large SYTA VIGS fragment, 3 separate 400 bp fragments were designed using the VIGS tool (Solgenomics.net). The sequences for these three fragments were combined into a single fragment and synthesized by ThermoFisher. The synthesized produce was used as a template to amplify the full length fragment by PCR and add EcoRI and XbaI sites to the ends of the fragment. The full length fragment was cloned into the TRV2 vector (pYL156) by following standard protocols. 
[bookmark: _Toc69772702]Virus induced gene silencing

Three week old N. benthamina plants were agroinfiltrated for virus induced gene silencing (VIGS) as described previously. Agrobacterium strains carrying either TRV1 (pYL192) or TRV2 (pYL156 + the custom VIGS fragment) were diluted to OD600=0.1 and mixed 1:1. Two leaves per plant were infiltrated with the combined agrobacterium culture. For plants silencing multiple target genes, multiple constructs were infiltrated into the same leaf (two leaves per construct). Silencing was confirmed by qPCR. 
[bookmark: _Toc69772703]Pitfield distribution assays and confocal microscopy

Pitfield distribution assays were completed with a Leica SP8 confocal microscope with the White Light Laser and 488, 570, and 586 nm laser lines as previously described [260]. Images of epidermal cells on the abaxial side of the infiltrated leaf. Images were collected 72 hours post infiltration. 15 micron z-stacks were collected with a step size of 1 micron. At least 20 fields of view were collected for each sample across all biological replicates. 
[bookmark: _Toc69772704]Intercellular Movement Assays

Movement assays were performed as described in [254]. Briefly, silenced and non-silenced control N. benthamiana plants were agroinfiltrated with Agrobacterium encoding monomeric GFP at low optical density (OD600= 0.0001) to insure low rates transformation of epidermal cells. 48 hours post infiltration, z-stacks were collected with a Leica SP8 confocal microscope with the White Light Laser. Intercellular movement was quantified by counting the number of layers of GFP movement. 
[bookmark: _Toc69772705]Quantification of PDCB1-mCherry enrichment at PD

A modified protocol from [342] was used to quantify PD enrichment of PDCB1-mCherry in REM1-silenced plants. Briefly, PDCB1-mCherry was agroinfiltrated into expanded N. benthamiana leaves. Images of epidermal cells on the abaxial side of the leave were collected 72 hours post infiltration with the Leica SP8 Laser Scanning Confocal microscope using the WLL and 488, 570, and 586 nm laser lines. Fluorescence intensities of PD pitfields were measured using the particle analyzer tool in ImageJ. Fluorescence intensities of the bulk plasma membrane were measured by random sampling of the PM with at least 50 regions of interest along the length of the PM using the circle tool in ImageJ [251]. PD enrichment was quantified by calculating the ratio of PD intensity to PM intensity.  
Drug treatments

Fully expanded leaves of 4-6 week old N. benthamiana plants were agroinfiltrated for movement assays or PD distribution assays as described above. Leaves were then infiltrated with each drug (0.1% DMSO control, 0.02% Sodium Azide, 100 µM Brefeldin A, 10 µM Latrunculin B, 5 µM Jasplankinolide, 1 µM Taxol, 1 µM Oryzalin, 30 µM Tyrphostin A23, 40 µM Endosidin2) 36 (Movement and PD distribution) and 44 (movement) hours post agroinfiltration. Images of N. benthamiana leaf epidermal cells were collected with the Leica SP8 Scanning confocal microscope 48 hours (movement) or 72 hours (PD distribution) post agroinfiltration. A minimum of 20 foci were analyzed for each drug treatment for each of 3 biological replicates.


[bookmark: _Toc69772706]Appendix

[bookmark: _Toc69648450]Table 1 Primers used for cloning
	Primer Name
	Target
	Primer Sequence

	BCR1177
	attB1-PAGFP 
	ggggACAAGTTTGTACAAAAAAGCAGGCTATGGTGAGCAAGGGCGAGGAG

	BCR1178
	attB2-
	ggggACCACTTTGTACAAGAAAGCTGGGTTTACTTGTACAGCTCGTCCAT

	BCR1179
	attB1-Dendra2 
	ggggACAAGTTTGTACAAAAAAGCAGGCTatgaacaccccgggaattaacct

	BCR1180
	attB2-Dendra2 
	ggggACCACTTTGTACAAGAAAGCTGGGTttaccacacctggctgggcag

	BCR1293
	FWD Primer for atPDLP1  
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAACTCACCTATCAATTCTT

	BCR1294
	RVSE Primer for atPDLP1  
	GGGGACCACTTTGTACAAGAAAGCTGGGTAATAAGCATCATATTTATTACTCT

	BCR1303
	PDLP1 (FWD)
	ATGAAACTCACCTATCAATTC 

	BCR1304
	PDLP1 (RVSE)
	ATAAGCATCATATTTATTACTCTTC 

	BCR1394
	PDLP-mRFP RVSE
	GATCTAGTAACATAGATGACACCG

	BCR1856
	XTH01 qPCR
	CCACCAATGGGGGCAAATAC

	BCR1857
	XTH01 qPCR
	CATGAAGGGCAAAGTCGGAA

	BCR1858
	XTH02 qPCR
	CGACGCTCTTCCGATCTC

	BCR1859
	XTH02 qPCR
	GGCACCAAAAGCCAAGAACT

	BCR1860
	XTH03 qPCR
	TGGTCGACAACACACCGATA

	BCR1861
	XTH03 qPCR
	TCCTCTTGTTGCCCAGTCAT

	BCR1862
	XTH04 qPCR
	GTTCTTGGGAAACAGGTCGG

	BCR1863
	XTH04 qPCR
	TGTACACTCTAATGGGTACTTGGT

	BCR1864
	XTH05 qPCR
	AAGGCAGGAGGATCCAAACA

	BCR1865
	XTH05 qPCR
	CCCACTTGCAATAGCAAAACC

	BCR1998
	NbEXP15 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCGATACTGTGGTCCTCC

	BCR1999
	NbEXP15 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAGTGAACTGGGCGCCGGT

	BCR2000
	NbEXPA1 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTAAATTTGTGATTTTTCT

	BCR2001
	NbEXPA1 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAGTGAATTGACCACCAGTAT

	BCR2002
	NbEXPA4 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGATAATGAACTTCTC

	BCR2003
	NbEXPA4 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAGACTCTAAAGTTCTTTCCAACAA

	BCR2004
	NbEXPA8 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGGGGTGCTTGTGGT

	BCR2005
	NbEXPA8 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAAATTGAGCCCCTTCAAAAGTTT

	BCR2006
	NbREM1 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCAGAAGTAGAAGCTACGAA

	BCR2007
	NbREM1 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAAAACATCCAAGGAGTTTCTTG

	BCR2008
	NbXTH5 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGGATGAATATGTTGTTGTT

	BCR2009
	NbXTH5 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAGGAGACTTTTTTGATGATT

	BCR2010
	NbXTH9 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTTTCTTTTTCTATGG

	BCR2011
	NbXTH9 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAGTTGCGAGTCTTGTGCTTGTGC

	BCR2012
	NbXTH23 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAGAAATCTTTCTTGTTTGT

	BCR2013
	NbXTH23 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTAATTGAGAGAGCATTCAGG

	BCR2014
	NbXTH30 FWD + attB   
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATTTCATCAGAAAGAAGAA

	BCR2015
	NbXTH30 RVSE + attB   
	GGGGACCACTTTGTACAAGAAAGCTGGGTACTCTTCATCTTGATTTCCATG

	BCR2016
	REM1 VIGS  FWD EcoRI
	AAAGAATTCCCATGGCAGAAGTAGAAGC

	BCR2017
	REM1 VIGS  RVSE XbaI
	TTTTCTAGATCTCTGTTGCAACTCGAGCAAGC

	BCR2018
	XTH5 VIGS  FWD EcoRI
	AAAGAATTCGGCATGTGCATATCTCCGTTA

	BCR2019
	XTH5 VIGS  RVSE XbaI
	TTTTCTAGACACCCATGGTGAAAGTTCTAAAG

	BCR2020
	XTH9 VIGS  FWD EcoRI
	AAAGAATTCAGCGACTACACCCACTGTGCT

	BCR2021
	XTH9 VIGS  RVSE XbaI
	TTTTCTAGAGAAAAAGAAACCATTTTTCACAA

	BCR2022
	GPI8 VIGS  FWD EcoRI
	AAAGAATTCATTCAAGGAGCTGCTAATAATGG

	BCR2023
	GPI8 VIGS  RVSE XbaI
	TTTTCTAGAAGCTGACGAGGGTATAGATC

	BCR2024
	XTH23 VIGS  FWD EcoRI
	AAAGAATTCGATATTACATGGGGTGAT

	BCR2025
	XTH23 VIGS  RVSE XbaI
	TTTTCTAGACTGCTCTCTATTTCCTTTCCCTT

	BCR2026
	XTH30 VIGS  FWD EcoRI
	AAAGAATTCCGATTCTTTGAGATATTCAGTGC

	BCR2027
	XTH30 VIGS  RVSE XbaI
	GGGGTCTAGAGTAATATTTAGTATACATAATT

	BCR2028
	EXPA15 VIGS  FWD EcoRI
	AAAGAATTCTTAATCAATTTAACTATTAAAAA

	BCR2029
	EXPA15 VIGS  RVSE XbaI
	TTTTCTAGACCGAAAGAAGAATTAGAAAAGAA

	BCR2030
	EXPA1 VIGS  FWD EcoRI
	AAAGAATTCAAAAACTTTGGCTGCTCA

	BCR2031
	EXPA1 VIGS  RVSE XbaI
	TTTTCTAGAAAAGAGCGGCCTCAAGAAT

	BCR2032
	 EXPA4 VIGS  FWD EcoRI
	AAAGAATTCGCATAATTAAGGAGAGGATA

	BCR2033
	 EXPA4 VIGS  RVSE XbaI
	TTTTCTAGATAGTTCCGGAAGCATCAC

	BCR2034
	 EXPA8 VIGS  FWD EcoRI
	AAAGAATTCGCAATTCCTATCTCAATACTCAG

	BCR2035
	 EXPA8 VIGS  RVSE XbaI
	TTTTCTAGAAAAGACTCAAAATGCAGCA

	BCR2045
	BG11 for VIGS ECORI
	AAAGAATTCGTCCAATTTTGCTGGATAT

	BCR2046
	BG11 for VIGS XbaI
	TTTTCTAGAGATCAATGGCAAGTCTAAAAC

	BCR2047
	BG14 for VIGS EcoRI
	AAAGAATTCAGATCTATCAATGTTACGAGAGT

	BCR2048
	BG14 for VIGS XbaI
	TTTTCTAGATGTATTCAGCAAGATCTTGTCGA

	BCR2053
	REM1 FWD
	ATGGCAGAAGTAGAAGCTACGAA

	BCR2054
	REM1 RVSE
	AAACATCCAAGGAGTTTCTTG

	BCR2055
	GPI8 FWD full length
	ATGAAATCCACATTTCTGTTGTGT

	BCR2056
	GPI8 RVSE Full length
	AAATGAGAGCCAAGAGGAAAATG

	BCR2057
	GPI8 attB FWD
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAATCCACATTTCTGTTGT

	BCR2058
	GPI8 attB RVSE
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAAATGAGAGCCAAGAGGAAAATG

	BCR2067
	NbPDCB3.1 FWD VIGS EcoRI
	AAAGAATTCCTTATTGGCATTAGTGTTTTATC

	BCR2068
	NbPDCB3.1 RVSE VIGS XbaI
	TTTTCTAGACTTCCACTAACAGGATAAGCACA

	BCR2069
	NbPDCB3.2 FWD VIGS EcoRI
	AAAGAATTCCGCCACCCCTACAACTCCAG

	BCR2070
	NbPDCB3.2 RVSE VIGS XbaI
	TTTTCTAGATACAGAGGGGAAGGTAAAAACAA

	BCR2071
	NbBG_ppap FWD VIGS EcoRI
	AAAGAATTCGTTGAAACTGAATGCGTTTAG

	BCR2072
	NbBG_ppap RVSE VIGS XbaI
	TTTTCTAGAGAAAACCAGGCATGCAAGAAG

	BCR2073
	NbPDCB3.3 FWD VIGS EcoRI
	AAAGAATTCTACTGACCCCAGCACAGCT

	BCR2074
	NbPDCB3.3 RVSE VIGS XbaI
	TTTTCTAGAAAGGCAGTCCTAACATAGCAACT

	BCR2075
	 1 (BG_ppap_ SS + RFP) FWD
	ATGGAACCCTTCACACATAGACATTGCTCTTTTACCACATTGCTTCTTGCATGCCTGGTTTTCAGCCCAATAATGGTGGCTTCTATGAGCGAGCTGATTA

	BCR2076
	 1 (BG_ppap_ SS + RFP) RVSE
	CGATTTGGCCGTAGTTGATACCTAGGCCGCCGCCGCCCTTGTGCCCCAGT

	BCR2077
	 2 (RFP overlap + BG_ppap) FWD
	ACTGGGGCACAAGGGCGGCGGCGGCCTAGGTATCAACTACGGCCAAA

	BCR2078
	 2 (RFP overlap + BG_ppap) RVSE
	TCAAAGGTGGAGAGCCAGTGAAATAAAACCCA

	BCR2079
	Full TagRFP_BG_ppap FWD (Short) 
	ATGGAACCCTTCACACATAGAC

	BCR2080
	NbBGppap internal FWD (minus signal uence)
	CTAGGTATCAACTACGGCCAAA

	BCR2081
	NbBGppap attB1 FWD
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAACCCTTCACACATAGACA

	BCR2082
	NbBGppap attB2 RVSE
	GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAAGGTGGAGAGCCAGTGAAA

	BCR2083
	Full Length mTurq2_PDCB3 FWD
	ATGGCTGGTTTTCTCTTTGC

	BCR2084
	Full Length mTurq2_PDCB3 RVSE
	TCAAAGAAATGCAAGTGCAGAAA

	BCR2085
	 1 mTurq2_PDCB3 (Sig uence + Mturq2) FWD
	ATGGCTGGTTTTCTCTTTGCACTCCTCTTTTTAGCCATGGTTGGCCACTCTAGTGGTGTGAGCAAGGGCGAGGAGCTG

	BCR2086
	 1 mTurq2_PDCB3 (Sig uence + Mturq2) RVSE
	TCCTTTGCAAGCACACCATGCGCCGCCGCCGCCCTTGTACAGCTCGTCCA

	BCR2087
	ement 2 mTurq2_PDCB3 FWD
	ATGGACGAGCTGTACAAGGGCGGCGGCGGCGCATGGTGTGCTTGCAAAGGATTGAG

	BCR2088
	NbPDCB attB1 FWD
	GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAAGGTGGAGAGCCAGTGAAA

	BCR2089
	NbPDCB attB1 RVSE
	GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAAGGTGGAGAGCCAGTGAAA

	BCR2090
	NbCalS1 homologs VIGS FWD EcoRI
	AAAGAATTCGAGAGCTGAGCATGGTTTTC

	BCR2091
	NbCalS1 homologs VIGS RVSE XbaI
	CCCTCTAGACACAATTTTGTAGTGTGATCTCTC

	BCR2092
	NbCalS8 homologs VIGS FWD EcoRI
	AAAGAATTCTGATTCAACTTCCTTTTTTGATTTC

	BCR2093
	NbCalS8 homologs VIGS RVSE XbaI
	TTTTCTAGACACTGGCAATTTCTCACTGTCA

	BCR2094
	NbCalS10 homologs VIGS FWD EcoRI
	AAAGAATTCAGGAGTGCTATTACAGTATTGAAAAGA

	BCR2095
	NbCalS10 homologs VIGS RVSE XbaI
	TTTTCTAGAAAATGCAGCCTTTTCACCTGC

	SP2144
	RDH3 Vigs  FWD EcoRI
	AAAGAATTCGATAATAAGGATGGGTGTTGTTC

	SP2145
	RDH3 Vigs  RVSE XbaI
	TTTTCTAGACCTTCATGAAGTTATCAACTCCG

	SP2146
	RTNLB3 Vigs  FWD EcoRI
	AAAGAATTCCTCAGGTTCGAAATCACGC

	SP2147
	RTNLB3 Vigs  RVSE XbaI
	TTTTCTAGAATTGCAGTGGCAAACCCAA

	SP2148
	RTNLB6 Vigs  FWD EcoRI
	AAAGAATTCGTCAAGGCTAAGATCTATCGTC

	SP2149
	RTNLB6 Vigs  RVSE XbaI
	TTTTCTAGACAATAACAGCAAGGAATTTCTTCA

	SP2150
	SYTA Vigs  FWD EcoRI
	AAAGAATTCTTTGGGCACTATTCGCTTAAC

	SP2151
	SYTA Vigs  RVSE XbaI
	TTTTCTAGATCCTTAACATCACAAGGCTGG

	SP2152
	MCTP3 Vigs  FWD EcoRI
	AAAGAATTCAAGCCACAAACAGAAACACA

	SP2153
	MCTP3 Vigs  RVSE XbaI
	TTTTCTAGAGCCAAAACCATTCAAAGCC

	SP2154
	MCTP4 Vigs  FWD EcoRI
	AAAGAATTCAAGCCACAAACAGAAACACA

	SP2155
	MCTP4 Vigs  RVSE XbaI
	TTTTCTAGAGCCAAAACCATTCAAAGCC

	BCR2156
	MCTP MultiTarget Vigs  FWD EcoRI
	AAAGAATTCCACTCGCCTTTCTTGTGCT

	BCR2157
	MCTP MultiTarget Vigs  RVSE XbaI
	TTTTCTAGAACATAAAATCCAGTCAAGAGTGCC

	BCR2158
	RHD3_Multi_target MultiTarget Vigs  FWD EcoRI
	AAAGAATTCGAAGGGGTTAGATCCTCAAAG

	BCR2159
	RHD3_MultiTarget MultiTarget Vigs  RVSE XbaI
	TTTTCTAGATTCAGCAATATGAGCATCTACATCA

	BCR2160
	TGB1 Gateway FWD attB
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATATTCTCATCAGTAGTT

	BCR2161
	TGB1 Gateway RVSE attB
	GGGGACCACTTTGTACAAGAAAGCTGGGTACTATGTCCCTGCGCGGACAT

	BCR2162
	TGB2 Gateway FWD attB
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCCGCGCAGGGACATAG

	BCR2163
	TGB2 Gateway RVSE attB
	GGGGACCACTTTGTACAAGAAAGCTGGGTACTAATGACTGCTATGATTGTTAC

	BCR2164
	TGB3 Gateway FWD attB
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAAGCAAATACATATCTCAA

	BCR2165
	TGB3 Gateway RVSE attB
	GGGGACCACTTTGTACAAGAAAGCTGGGTATCAATGGAAACTTAACCGTTCAA

	BCR2166
	ACMV/EACMV FWD primer for CP
	ATGTCGAAGCGACCAGGAGAT

	BCR2167
	ACMV RVSE primer for CP
	TGTTTATTAATTGCCAATACT

	BCR2168
	EACMV RVSE Primer for CP
	CCTTTATTAATTTGTCACTGC

	BCR2169
	TRV CP FWD
	ATGGGAGATATGTACGATGAATCATTT

	BCR2170
	TRV CP RVSE 
	CTAGGGATTAGGACGTATCGGACC

	BCR2171
	PVX CP FWD
	ATGTCAGCACCAGCTAGCACAAC

	BCR2172
	PVX CP RVSE
	TTATGGTGGTGGTAGAGTGACAACAG

	BCR2173
	TMV CP FWD
	ATGTCTTACAGTATCACTACTCCATCTCAGTTCG

	BCR2174
	TMV CP RVSE
	TGGGCCCCTACCGGGGGTAA

	BCR2175
	PVY CP FWD
	GCAAATGACACAATCGATGCAG

	BCR2176
	PVY CP RVSE
	CATGTTCTTAACTCCAAGTAGAGTATGC

	BCR2177
	PVX GPF ATG to cgt mutation FWD for Q5 SDM kit
	TGGAGGGACCcgtGTGAGCAAGGGCG

	BCR2178
	PVX GPF ATG to cgt mutation RVSE for Q5 SDM kit
	CCTCCACCGTCGACGTAT

	BCR2191
	PVX Delete GFP (CP + SalI and SpeI) FWD
	AAGGTCGACATGTCAGCACCAGCTAG

	BCR2192
	PVX Delete GFP (CP + SalI and SpeI) RVSE
	CCCACTAGTTTTTTTTTTTTTTTTTTTTTTTTT

	BCR2199
	BG17s_6 FWD EcoRI
	AAAGAATTCAAGAGTTTCATTAATCCT

	BCR2200
	BG17s_6RVSE Xba1
	AAATCTAGAGTTTCTATAGTCTTTCCAGG

	BCR2201
	BG17_1 FWD EcoRI
	AAAGAATTCCTATTTGTTTGCCAT

	BCR2202
	BG17_1 RVSE Xba1
	CCCTCTAGAAATAACATGTCGTATTAAT

	BCR2203
	PDCB_multi FWD EcoRI
	AAAGAATTCCAAGCTCTGTTATCCT

	BCR2204
	PDCB_Multi RVSE Xba1
	TTTTCTAGAGCAGTAACAGTGGCAG

	BCR2205
	BG_ppap2 FWD EcoRI
	AAAGAATTCGCTATCTTGCCATTA

	BCR2206
	BG_ppap2 RVSE XbaI
	CCCTCTAGATACAAACTCATTAAACTGA

	BCR2207
	PVX FWD Colony PCR 
	GTTTGGGCTGCAACTAGATGCAGAAAC

	BCR2208
	PVX RVSE colony PCR
	AAATCCCCATCCCGGGATAGTGAACA

	BCR2209
	REM_mCherry gateway FWD
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCAGAAGTAGAAGCTACGAA

	BCR2210
	REM_mCherry gateway RVSE
	GGGGACCACTTTGTACAAGAAAGCTGGGTATTACTTGTACAGCTCGTCCAT

	BCR2211
	mCherry FWD
	GGTGGTGGTATGGTGAGCAAGGGCGA

	BCR2212
	mCherry RVSE
	TTACTTGTACAGCTCGTCCATGCCGCC

	BCR2213
	REM_mCherry merge FWD
	CTCCCAAGAAACTCCTTGGATGTTTTGGTGGTGGTATGGTGAGCAAG

	BCR2214
	REM_mCherry merge RVSE
	ATCCTCCTCGCCCTTGCTCACCATACCACCACCAAAACATCCAAG

	BCR2242
	MP30-GFP plasmid uence extension FWD
	CGCGATCACATGGTCCTGCTGGA

	BCR2243
	MP30-GFP plasmid uence extension RVSE
	ATTAATTCCCCGGATCATGAGCGG

	BCR2244
	SYTA Large VIGS  FWD XbaI
	 AAAtctagaATTTCTTGAGCTCATGTG

	BCR2245
	SYTA Large VIGS  RVSE BamHI
	TTTGGATCCACACGTGGTGCG

	BCR2246
	NbREM1a qPCR FWD
	CCAACGGCTCTGTCATGATT

	BCR2247
	NbREM1a qPCR RVSE
	CTTGCAATGGTGAGCTGTCA

	BCR2248
	NbREM1b qPCR FWD
	TCCTGCACAGAAAGCCTCTT

	BCR2249
	NbREM1b qPCR RVSE
	CCATCTCGCTAAGGGGATGTA

	BCR2250
	MP30 V4A FWD attB
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTCTAGCTGTTAAAGGAAA

	BCR2251
	MP30 V4A RVSE attB
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAAACGAATCCGATTCGG

	BCR2252
	WT MP30 FWD attB
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTCTAGTTGTTAAAGGAAA

	BCR2295
	Full length SYTA +attb Forward
	GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCTTTTTCAGTACGATA

	BCR2296
	Full length SYTA +attb Reverse
	GGGGACCACTTTGTACAAGAAAGCTGGGTAAGAGGCAGTTCGCCACTCG

	BCR2297
	Full length SYTA Forward
	ATGGGCTTTTTCAGTACGATACTAGGATTT

	BCR2298
	Full length SYTA Reverse  (no stop)
	AGAGGCAGTTCGCCACTCGAGC

	BCR2299
	Sequence SYTA full length 5' end
	TCCTCAATGATCGGTTTTGCTA

	BCR2300
	Sequence SYTA full length 3' end
	GAGAGAAAAACAAAGCACGTGA



[bookmark: _Toc69772707]CHAPTER 6
A new model for plasmodesmata formation and virus-induced gating 

Ever since Edward Tangl first described plasmodesmata in the late 1800s, the complexity of these tiny pores has enamored plant biologist from all disciplines. Throughout the years, many different mechanisms for regulating intercellular trafficking through PD have emerged. From callose deposition to organelle-chloroplast-plasmodesmata signaling (ONPS), PD regulation has been thoroughly investigated and discussed for many years and from many different perspectives [142],[91],[315],[4]. The work presented in this dissertation introduces a novel mechanism utilized by viruses to increase trafficking through PD via the induction of the de novo formation of PD and provides the first mechanistic model for secondary PD formation (Figure 40 and Figure 41). 
[bookmark: _Toc69772708]PD density is correlated with intercellular trafficking

	While the concept of PD densities being proportional to trafficking capacity is not novel, the idea that changes in intercellular trafficking are often related to changes in PD density has been historically overlooked [264, 345-348]. Figure 39 shows a modified version of the plot presented in Chapter 3 Figure 14 where the mean value of intercellular trafficking is plotted against the PD density for all conditions tested in this dissertation. From the graph, it is clear that trafficking capacity and PD density are linked but there are exceptions. The PD distribution assay that I developed in Chapter 3 allows for a fairly rapid assessment of PD densities in living tissues. Traditionally, this type of analysis would require rigorous quantification of PD numbers by electron microscopy. Even with the advances in 3D-SEM techniques such as FIB-SEM (Chapter 2) or serial block face-SEM (SBF-SEM) for studying PD distributions, large scale screens with
electron microscopy are not feasible [29, 189, 270]. Because of the simplicity of this assay and its amenability to different biological conditions, we have been able to address two long standing questions regarding PD regulation and pore formation. 
The relationship between PD and viruses has been heavily scrutinized [349],[350],[313]. Because viruses are dependent on PD for their cell-to-cell spread, the virus-PD relationship has emerged as a key informant regarding PD function and regulation. Many early studies on intercellular trafficking of macromolecules focused on viruses and viral proteins [26, 44, 193, 252, 253, 320, 351]. The foundation of much of our knowledge on PD regulation comes from studies with viruses. Through these investigations, it became clear that viruses not only used PD for their spread, but they also disrupt the regulation of PD [49],[44],[193]. While this has been known for many decades, how the viruses manage to gate the PD has remained unclear due to absence of electron microscopic evidence for dilation of the PD. The work presented in this dissertation introduces a new model for gating where viruses gate the PD by inducing secondary PD formation to increase the number of PD available for their intercellular spread. While this mechanism for virus-induced gating of PD has never been fully discussed in the literature, it is consistent with many of the early 
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[bookmark: _Toc69648489]Figure 39 Intercellular trafficking and pitfield density are positively correlated.
The mean layers of GFP movement from movement assays was plotted against the average number of pitfields per 100 μm2 cell wall for all conditions presented in this dissertation where both PDLP1-GFP pitfield density and intercellular trafficking were measured.


[bookmark: _Toc69648490]Figure 40 A mechanistic model of secondary PD formation.
The data presented in this dissertation indicate that chloroplast retrograde signaling and signaling directly between the chloroplast and the PD and PM regulate secondary PD formation. In this model of PD formation, Remorin acts as a negative regulator of PD formation by maintaining PM organization and responding to signals from the chloroplast. REM-dependent organization of the PM allows for the cell to regulate positioning of de novo formation of PD. Under normal conditions, new PD are inserted in close proximity to existing PD.  Specific GPI-anchored β-glucanases accumulate in these REM1-dependent nanodomains and coordinate pore formation through the targeted degradation of callose in the cell wall. Other PD formation machinery, such as callose synthases may also accumulate in the REM-dependent nanodomains. These nanodomains are also sites of specific ER-PM contacts that allow for the ER to be inserted into the forming pore. The data presented here also suggests that endocytosis is important for basal levels of secondary PD formation. Careful coordination of endocytosis of negative regulators, such as remorin, would allow the chloroplast (and cell) to tightly regulate when and where new PD are inserted into the cell wall.

[image: Diagram

Description automatically generated]

[image: Text

Description automatically generated with medium confidence]


[bookmark: _Toc69648491]Figure 41  A new model for virus induced gating of PD through PD formation.

The data presented in this dissertation indicate that viruses induce PD formation by disrupted PM nanodomain organization and by using the plants defense pathways to its advantage. Once detected by the cell, the plant elicits a defense response. The chloroplast signals to the PD and PM (likely via SA signaling) to increase PM order and close off PD through the deposition of callose. This signaling stops basal secondary PD formation from occuring. SA signals also disrupt clathrin-mediated endocytosis which further restricts PD formation. The movement protein localizes to the PD and recruits SYTA to the PD to facilate the targeted endocytosis of remorin. By removing remorin from the PM, the virus blocks the chloroplast-to-PD/PM signaling that were initiated to stop the spread of the virus. The PM organization is lost and PD formation machinery dissociate from the lipid rafts and PD PMs. Once released from the nanodomains, the PD formation machinery can begin pore insertion wherever the callose is present. Removal of the callose that was deposited to restrict virus spread results in the proliferation of PD in the wall giving rise to the increased intercellular trafficking associated with virus infection.
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studies on viruses and PD that found that viruses interacted preferentially with secondary, or branched PD [44, 77, 320]. The movement protein of TMV was originally shown to accumulate specifically in secondary PD, however when MP30-GFP was expressed in cells in Arabidopsis roots where secondary PD are not typically abundant, MP30-GFP was able to localize to PD suggesting that MP30, unlike MP17 from the phloem limited Potato leafroll virus, could also localize to primary PD [17]. Because our data demonstrate that MP30-GFP alone is sufficient to induce secondary PD formation, it is possible that the PD labeled in the Arabidopsis root were actually secondary PD that were formed in response to MP30 expression. 
[bookmark: _Toc69772709]Are these new PD different than regular PD?

	This discovery raises an intriguing question; are the PD formed during virus infection functionally, structurally, or compositionally distinct from PD formed in the absence of infection? One of the issues that has long obstructed the study of PD is the inability to probe individual pore function. Every assay currently available for studying PD function and composition are founded on bulk measurements of the PD in the tissue. 
Thorough investigation of PD structure by electron microscopy, especially with recent advances in 3D EM, can provide insights into differences in PD structure on a pore-by-pore basis, but these images only represent snapshots of PD structure [143];[25];[188]. Do the PD formed during virus infection contain desmotubules? It is not clear how important the desmotubule is for virus movement. It has been suggested that mobile RNPs move cell-to-cell along the outer leaflet of the desmotubule [55]. This would suggest that if the PD formed during infection are indeed used by the virus for spread, then the desmotubule would be an essential component of the pore. How viruses manage to facilitate the insertion of the ER into the forming pore remains to be determined. Viruses have been shown to make substantial changes to the ER structure during infection [352];[82];[353]. It has also become clear that viruses recruit ER-PM contacts to PD during the formation of their ER-derived replication structures [58];[129];[354]. It is likely that these recruited contacts serve as sights for the formation of new PD, but the details of this relationship will require further investigation. 
While informative on differences in pore structure, these images do not provide information on the composition of PD. Proteomic analysis of PD-enriched cell walls has been used to identify PD-associated proteins, however there is currently no way to isolate specific groups or types of PD [33]; [355];[34]. Because of this, proteins that localize specifically to specific types of PD have not been identified. Viral movement proteins were believed to label specifically secondary PD, however the data presented in this dissertation demonstrate that MPs alter the population by inducing the production of new PD and therefore do not serve as accurate labels for branched or secondary PD. The only currently available technique to identify PD-type specific proteins is immune-gold labeling because this provides individual pore-level resolution of protein localization. This approach, while informative is severely limited by the availability of antibodies against PD proteins. This technique also requires extensive time and expertise and is not conducive for screening for candidates. More directed approaches and novel techniques will be required to identify true markers for distinct classes of PD and to determine if these new PD formed during infection are compositionally distinct from PD in uninfected plants. 
[bookmark: _Toc69772710]Learning from viruses: details of PD formation uncovered by studying viruses

	As with many other fundamental discoveries regarding PD regulation, many of the proteins identified in this dissertation as having roles in secondary PD formation were chosen as candidates due to their importance for both PD regulation and virus infection. REM1, SYTA, AtBG_ppap, and NbBG17_1 were all previously identified as having roles during virus infection [38],[117],[127],[128],[129],[94],[343]. Strikingly, silencing these genes had major effects on PD formation. Remorin was the only negative regulator of PD formation identified in this reverse genetics screen. As described throughout this dissertation, many viruses, including RSV, TMV, ToMV, TuMV, and PVX have all been shown to target Group 1 remorins as part of their infection [94, 117, 125, 323]. The movement protein of ToMV, a tobamovirus closely related to TMV, was shown to interact with REM1 and sequester REM1 in the ER and target it for degradation [125]. RSV has been shown to target remorin for autophagic degradation [94].  Removal of REM1 from the PM could serve as an entry point for viruses to induce PD formation. Recruitment of the endocytosis regulator, SYTA, to PD by TMV could serve as a mechanism to facilitate the targeted removal of REM1 from the plasma membrane.  This removal would then result in the loss of REM-dependent nanodomain organization at the PD. Consistent with endocytosis being involved in secondary PD formation, treatment of leaves with the clathrin-mediated endocytosis inhibitor, Tyrphostin A23, resulted in decreased intercellular trafficking, decreased numbers of PDLP1-GFP labeled pitfields, and blocked MP30-induced PD formation. Collectively, this suggests that TMV, and potentially other viruses, recruit SYTA to the PD to remove specific negative regulators from the PM at PD in order to induce pore formation. While the target of this endocytosis was not fully characterized in the work presented here, NbREM1 is a promising candidate for future investigation. 
The data presented here also indicate that GPI-anchored β-glucanases are involved in secondary PD formation. As previously discussed, GPI-anchored proteins accumulate in lipid rafts and the PD PM. Silencing NbREM1 results in decreased enrichment of GPI-anchored proteins at PD compared to the bulk plasma membrane. This finding further supports the idea that REM1-mediated membrane organization sequesters PD formation machinery at the PD in order to regulate PD formation which is consistent with current models that propose the PD formation machinery reside at existing PD.  
	The membrane composition of the PD plasma membrane is critical for proper PD function and maturation [37]. The PM of PD are enriched in sterols and long chain sphingolipids. Disruption of the PD membrane composition has been shown to result in mislocalization of GPI-anchored proteins [37]. One of the only mutants ever described as having decreased secondary PD formation is deficient in choline import [190].  Plants with a mutation in the CHOLINE TRANSPORTER-LIKE 1 gene (cher1) exhibit strong defects in PD formation [190]. While major changes in the lipid profiles of these plant were not detected, the authors argue that due two their low contributions to the bulk lipid profile in Arabidopsis, minor changes in PD lipid compositions may not be detected. Proteomic analysis of the cher1 mutants revealed decreased abundance of predicted PD proteins [190]. Among the proteins identified in these mutants, the GPI-anchored β-glucanase, AtBG_ppap, stands out with regards to the results presented in this dissertation. 
[bookmark: _Toc69772711]A new role for callose metabolism at PD

	Several of the β-glucanases identified as having roles in PD formation are also predicted to be GPI-anchored (NbBG11, NbBG14, and NbBG17). NbBG11 and NbBG14 were both selected as candidates for silencing because of their high degree of similarity to AtBG_ppap. NbBG17 was identified as being strongly upregulated during Tobacco curly shoot virus infection [90]. Loss of these GPI-anchored β-glucanases resulted in both decreased intercellular trafficking and decreased numbers of PD. Loss of each of the β-glucanases alone had a modest effect on PD formation indicating that multiple proteins are involved in PD formation. Silencing of NbGPI8, which results in the loss of all GPI-anchored proteins had a more pronounced effect on PD formation than loss of these β-glucanases alone or in combination with each other indicating that there are likely other GPI-anchored proteins involved in PD formation. Future work will further characterize the players involved in PD formation. 
	The results presented in this dissertation clearly demonstrate that callose metabolism is important for PD formation. Both synthesis and degradation of callose are important for pore formation. These findings challenge the pre-existing notation the callose degradation at PD allows for the dilation of the pore to increase transport through existing PD. While it is possible that callose deposition and degradation at existing PD are used to regulate flux through the pore, our results show that the relationship between callose and PD is more complex than previously thought.
	The identification of ‘ghost’ PD via electron tomography raises many interesting questions. First, what are the differences in the composition of these microdomains in the cell wall that result in their altered staining patterns? Our model and data indicate that they may be local deposits of callose in the wall that are degraded during pore insertion, however, other cell wall modifications may contribute to their characteristic appearance. Future work with immuno-gold labeling will be required to uncover the composition of these regions of cell wall. 
	The dynamics of callose metabolism at PD during and in the absence of infection are also likely to be different and therefore have different effects on PD regulation. Under normal conditions, callose is not highly abundant in the cell wall of most plants. Under these conditions, callose primarily accumulates at or around PD, which is one of the reasons why callose staining has traditionally been used to label PD for light microscopy [356]. One of the first steps in any defense response to pathogens is the deposition of callose in the cell wall [357];[358];[359];[360];[361];[362];[363]. This deposition is triggered, in part, by SA-stimulated callose synthase activity (Specifically CalS1 in Arabidopsis) [364];[102]. However, during virus infection, this increased deposition of callose is followed by acute degradation of callose to increase the trafficking through PD. This observation served as the basis for the entire phenomenon of PD gating during virus infection. As described earlier, gating was shown to be reversible and to occur specifically at the leading edge of infection foci [193]. Because our results demonstrate that infection triggers the formation of new PD (which are likely permanent or lasting changes to PD composition), the reversibility of gating indicates that the cell is able to regain control of the PD once the virus infection has been cleared from the cell or synthesis of the movement protein ends and production of virions begins. Future work will be needed to uncover the mechanisms utilized by the cell to regain control and to return trafficking levels to uninfected levels despite having increased PD densities. This return to normal may be the result of the traditional PD callose balancing mechanisms thought to regulate trafficking, but it cannot be ruled out that mechanisms may be in place to remove, or close off, PD in order to regulate trafficking levels in the post-infection cells. Evidence for the removal of PD from the wall is limited, but has been described for specific cell types [365];[366]. 
[bookmark: _Toc69772712]ER-PM contact sites allow for the formation of the desmotubule 

	The challenge of targeted insertion of the ER into forming plasmodesmata has also been a long standing question about secondary PD formation.  SYTA was not the only membrane tether identified to have a role in PD formation. The Multiple C2 domain containing proteins have emerged as tethers that connect the ER to the PM at PD [337],[367]. Our data demonstrate that silencing NbMCTP family members results in decreased intercellular trafficking and decreased numbers of PD. This suggests that these ER-PM contacts may serve as sites for secondary PD formation. MTCPs were also identified in the cher1 mutants [368]. Specialized ER-PM contact sites have previously been implicated in endocytosis [369]. The ER membrane-associated VAMP-associated-proteins, VAP27-1 and VAP27-3, were shown to interact with clathrin and to be required for maintenance of endocytosis. Notably, VAP27-1 was also previously identified as potentially having a role in primary PD formation. VAP27-1 was found to interact with AtRTNLB3 and AtRTNLB6, two reticulon like proteins that localize to PD in Arabidopsis and are involved in primary PD formation [370]. Interestingly, this screen also identified SYTA and REM1.3 as interacting with these reticulon like proteins. Collectively, this strongly suggests that ER-PM contacts are sites for targeted endocytosis required for secondary PD formation. 
 	Surprisingly, silencing of N. benthamiana homologs the Arabidopsis Reticulon like B (RTNLB) proteins had little to no effect on PD distributions. AtRTNLB3 and AtRTNLB6 were previously implicated in primary PD formation. Silencing of either reticulon individually had no effect on PD distributions indicating that they may not be involved in PD formation or that, as with many plant proteins, other proteins have redundant functions in PD formation. Curiously, silencing both homologs in the same plant resulted in a slight increase in the number of PD present indicating that they may have redundant roles in restricting PD formation. This observation warrants further investigation into the roles of reticulons in formation of the desmotubule and secondary PD. 
[bookmark: _Toc69772713]Salicylic acid as a regulator of PD formation

	While not directly tested here, the results presented in this dissertation strongly implicate salicylic acid signaling in the regulation of PD formation. SA is primarily viewed through the context of defense, but it also has fundamental roles in regulating cellular processes. From the PD perspective, SA is known to induce callose deposition at the PD in order to restrict intercellular trafficking [102, 147, 371]. This occurs through a signaling pathway involving PDLP5 and CalS1 [102]. Our data demonstrate that NbCalS1 is involved in pore formation indicating that SA dependent callose deposition is important for PD formation. SA signaling has also been shown to regulate PM organization in a remorin-dependent manner [329],[330]. SA has also been shown to regulate endocytosis in plants via a pathway unrelated to the well characterized transcriptional changes associated with SA signaling [372]. From the PD formation perspective, SA signaling may act to restrict PD formation by inhibiting the endocytosis of remorin. Accumulation of remorin in the PM results in increased membrane order and sequestration of GPI-anchored β-glucanases invovled in PD formation. Additionally, SA-dependent callose deposition restricts trafficking through existing PD in order to coordinate the defense response and to restrict cell-to-cell spread of viruses and other pathogen effectors. This model also serves as a direct link to the chloroplast in support for the ONPS hypothesis of PD regulation [142, 260]. Salicylic acid is produced in the chloroplast and its controlled release would allow the chloroplast to tightly regulate secondary PD formation. Previous work on ISE2 and other chloroplast localized proteins with effects on PD function have found that disruption of chloroplast processes such as RNA processing may elicit a stress response in the chloroplast as indicated by changes in the redox state of the chloroplast [88, 373-375]. It is possible that this stress response results in changes in SA signaling that differentially affects PD formation. Future work should investigate this role of SA signaling in PD formation. 
	Our model for PD formation also explains why SA is less effective as a defense hormone at limiting the spread of virus infection. This could also explain the surprising observation that ISE2-silenced and overexpressing plants that have opposite effects on trafficking through PD, increased and (presumably) decreased numbers of PD respectively, both exhibit increased susceptibility to virus infection [146]. By targeting remorin, the virus cuts off the signaling pathway between the chloroplast and the PM. The virus also recruits SYTA to the PD to facilitate endocytosis of REM1 at the PD. Removal of remorin from the plasma membrane decreases membrane order and releases the sequestered β-glucanases which are then able to break down the callose that was synthesized by CalS1 in response to SA resulting in the formation of new PD. In this way, viruses have evolved mechanisms to circumvent the plants defense pathways to facilitate their intercellular spread through the induction of secondary PD.  
	One limitation to studies on the roles of specific hormones on intercellular trafficking and cellular processes in general is that they are typically performed in a targeted and minimalistic manner. Traditionally, these studies involve the application of a specific hormone, for example salicylic acid, to a plant and then the change in cellular behavior is assessed using various experiments. While informative, like most minimalistic approaches to explaining biological processes, these experiments are not typically representative of the full picture. SA is typically considered to be the primary hormone involved in defense, but in reality, defense responses involve the coordination of many hormone signaling pathways including jasmonic acid, ethylene, and auxin [376];[377];[378];[379]. Non-hormone signaling pathways, such as calcium waves and ROS-mediate responses are also typically triggered during defense [380];[381];[382];[383];[384]. In order to study cellular processes in their real context, it will be important to move away from the minimalistic approaches commonly utilized and move towards more complex, but accurate, systems. 
[bookmark: _Toc69772714]Concluding Statements

Recent years have brought about many exciting discoveries regarding PD structure, function, and regulation. The results presented here push our understanding of to distinct, but connected, aspects of PD regulation forward and provide novel insights into the complex mechanisms of virus-induced gating of PD and secondary PD formation. These results will serve as a starting point for the future characterization of host factors involved in PD formation. They will also force a revisitation of our interpretations of callose metabolism and PD regulation. Keeping with tradition, viruses have again proven to be powerful tools for studying basic cell biological processes.  
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showing increased detail in structure compared with the previous
samples (Figs 1, 2). Large starch granules can be seen in the
chloroplasts and details of the thylakoids are also discernible
(Video $3). The vacuolar contents present as darkly stained
reticulate networks (Fig. 4), and it is not clear if this is a
unique feature of the vacuoles of this sample due to their
particular contents or if this is a consequence of the sample
preparation protocol.

Close packing of a chloroplast, mitochondsion, Golgi stack,
‘and plasmodesma was observed in this sample (Fig. 5a; Videos
$3, S4). These close associations may be a consequence of the
limited eytosolic space available due to the presence of the large
vacuole. In the 3D reconstruction of one of these sample
it appears that there is contact between the mitochondrion,
chloroplast, and Golgi (Fig. 5b). From the images and the 3D
reconstructions, it appears that these organelles could form
membrane contacts o even continuities with cach other
(Fig. 5). Indeed, there were places where the membranes of
one organelle could not be discemed from that of another
resulting in missing details or holes in our 3D reconstruction
(Video S4). Such membrane continuities have been described
extensively (Cran and Dyer 1973; Crotty and Ledbetter 1973),
but their existence has remained controversial. Nonetheless, the
close juxtaposition of these organelles could provide routes for
the rapid and efficient movement of metabolites and signalling
‘molecules between organelles

Chemical fixation of root nodule

To extend our studies to a different plant tissue and different
fixation protocol, we examined soybean (G. max) root nodules
that had been fixed by conventional chemical protocols. The
images have very good contrastand very lttle curtaining, making
tomographic reconstruction relatively straightforward (Fig. 6).
‘Tomographic images of this tissue reveal large numbers of
bacteroids tightly packed into the cylosol of infected cells
(One and Two) but contained within the symbiosome (Fig. 6).
‘These tomographic images also contain many of the characteristic
features of oot nodules including a large intercellular air space
(AS) and an adjacent, uninfected cell (Fig. 7a; Videos S5, S6).
Structural features of the nodule can be identified including
the host-derived symbiosome (peribacteroid) membrane (SM)
Consistent with earlier studies, infected cells appear to be largely
devoid of large vacuoles while the uninfected cell at the
botiom of the field of view has a large vacuole (Figs 6, 7a).
Discontinuous stretches of ER are seen scattered throughout
the infected cells (Fig. 7). These images also revealed diverse
shapes of the individual bacteroids (Fig. 75). Further analysis of
the 3D structure of these bacteroid clusters revealed elaborate
interconnectedness of the symbiosomes, and the bacteroids

Pit fikds of plasmodesmata in leaf tissue prepared in | seem to_be located inside one continuous SM forming an
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