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Abstract 35 

Grafting is a means to connect tissues from two individual plants and grow a single chimeric plant 36 

through establishment of both apoplasmic and symplasmic connections. Recent molecular studies 37 

using RNA-sequencing data have provided genetic information on the processes involved in tissue 38 

reunion, including wound response, cell division, cell-cell adhesion, cell differentiation, and vascular 39 

formation. Thus, studies on grafting increase our understanding of various aspects of plant biology. 40 

Grafting has also been used to study systemic signaling and transport of micro- and macromolecules 41 

in the plant body. Given that graft viability and molecular transport across graft junctions largely 42 

depend on vascular formation, a major focus in grafting biology has been the mechanism of vascular 43 

development. In addition, it has been thought that symplasmic connections via plasmodesmata are 44 

fundamentally important to share cellular information among newly proliferated cells at the graft 45 

interface and to accomplish tissue differentiation correctly. Therefore, this review focuses on 46 

plasmodesmata formation during grafting. We take advantage of interfamily grafts for unambiguous 47 

identification of the graft interface and summarize morphological aspects of de novo formation of 48 

plasmodesmata. Important molecular events are addressed by re-examining the time-course 49 

transcriptome of interfamily grafts, from which we recently identified the cell-cell adhesion mechanism. 50 

Plasmodesmata-associated genes upregulated during graft healing that may provide a link to symplasm 51 

establishment are described. We also discuss future research directions. 52 

 53 

Keywords: cell-to-cell connection, grafting, plasmodesmata, symplasm, symplasmic transport, 54 

transcriptome 55 
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Introduction 57 

Grafting has been an important technique in agriculture for millennia to propagate tree species that 58 

have valuable traits and are mostly genetically heterogeneous. In recent years, certain vegetables have 59 

been propagated by grafting to increase disease resistance, regulate fruit quality, and improve yields 60 

(Lee and Oda, 2003). In plant biological research, grafting has been frequently used to generate genetic 61 

chimeras, and to study systemic signaling and interorgan transport of diverse endogenous molecules, 62 

including phytohormones, metabolites, small RNA species, mRNAs, secreted peptides, and proteins 63 

(Goldschmidt, 2014, Tsutsui and Notaguchi, 2017, Thomas and Frank, 2019). Given its agricultural 64 

and scientific importance, molecular analysis of the graft healing process has been initiated to 65 

determine the mechanism underlying tissue reunion at the graft wound surfaces. 66 

In practice, grafting is mostly performed by joining a stem from one plant (the scion) onto the 67 

root system of another plant (the stock). Vascular formation is required to establish graft reunion and 68 

viability of the grafts. During graft healing, the apoplasmic and symplasmic domains are gradually 69 

rebuilt within several days to weeks. For completion of vascular formation, a sequence of events, such 70 

as cell division, cell-cell adhesion, and cell differentiation, in appropriate positions occurs beforehand 71 

in the graft region to reconnect each tissue (Goldschmidt, 2014, Melnyk, 2017). Molecular analyses 72 

have been conducted whereby Arabidopsis thaliana micrografting has been mainly used as a model 73 

system. Auxin action is a primary step in grafting. Polar auxin transport is abolished when the stem is 74 

cut, resulting in accumulation of a high concentration of auxin at the base of the scion (Yin et al. 2012, 75 

Melnyk et al. 2015, Matsuoka et al. 2016, Melnyk et al. 2018). The graft efficiency of numerous 76 

mutants defective in auxin signaling has been examined and some mutants show reduced phloem 77 

transport (Melnyk et al. 2015). Similarly, sugar also accumulates in the scion part after grafting, thus 78 

the involvement of sugar in graft healing has been proposed (Marsch-Martínez et al. 2013, Melnyk et 79 

al. 2018, Tsutsui et al. 2020). Transcriptome analysis of Arabidopsis micrografting has revealed up- or 80 

downregulation of sugar-responsive genes, such as ADP-glucose pyrophosphorylase-encoding gene 81 
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(ApL3), DARK INDUCIBLE 6 (DIN6), GLUTAMATE DEHYDROGENASE 1 (GDH1) and SUGAR 82 

TRANSPORTER 1 (STP1) (Melnyk et al. 2018). In the early stages of grafting, elongated and expanded 83 

cells in the epidermis, cortex, and endodermis tissues fill the space at the graft boundary, followed by 84 

proliferation of cells from cambial and vascular tissues (Matsuoka et al. 2016). Auxin-induced NAC 85 

transcription factors, ANAC071 and ANAC096, promote the proliferation of vascular tissues in the 86 

graft region (Matsuoka et al. 2016). Cell-cell adhesion at the graft boundary occurs, especially in the 87 

cell division area. Genes that encode cell wall modification enzymes are highly upregulated after 88 

grafting (Cookson et al. 2013, Ren et al. 2018, Xie et al. 2019, Notaguchi et al. 2020). Elevated 89 

expression of β-1,4-glucanase, β-1,3-glucanase, xyloglucan hydrolase, and expansin is detectable by 1 90 

day after grafting (DAG) and thereafter the expression level increases gradually. Laser microdissection 91 

(LMD) analysis detected a high expression level of these genes in proliferated cells in the vascular 92 

region at the graft boundary compared with that of cells of other tissues (Notaguchi et al. 2020). Crucial 93 

roles of these enzymes in cell-cell adhesion have been demonstrated by analyses of the glycosyl 94 

hydrolase 9B3 clade of β-1,4-glucanases (Notaguchi et al. 2020, Kurotani et al. 2020). After sequential 95 

tissue-dependent cellular events, vascular tissues differentiate and connect the severed vasculature to 96 

restore the systemic transport system. Transcriptome analyses have identified cambial activity genes, 97 

such as WUSCHEL RELATED HOMEOBOX 4 (WOX4), PHLOEM INTERCALATED WITH XYLEM 98 

(PXY) and TARGET OF MONOPTEROS 6 (TMO6), master genes for xylem formation, such as 99 

VASCULAR RELATED NAC-DOMAIN PROTEIN 7 (VND7) and BIFUNCTIONAL NUCLEASE I 100 

(BFN1), and marker genes associated with phloem formation, such as NAC020, NAC086, and 101 

OCTOPUS (OPS) (Melnyk et al. 2018, Notaguchi et al. 2020, Kurotani et al. 2020). Thus, the process 102 

of vascular formation during grafting has been intensively studied and molecular knowledge of the 103 

process has increased dramatically in recent years. 104 

From a cellular perspective, the symplasmic domains are considered important for sharing 105 

cellular information among proliferated cells in the grafted region as found in normal plant growth and 106 
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development and probably for tissue differentiation in the correct positions. Plant cells construct cell-107 

to-cell symplasmic connections, termed plasmodesmata, between adjacent cells to facilitate the 108 

transport of low-molecular-weight nutrients and macromolecules, such as proteins, mRNAs, and small 109 

RNAs. Plasmodesmata, the membrane-lined channels that perforate the plant cell wall and exchange 110 

molecules between neighboring cells, are important in the formation of symplasmic domains to 111 

coordinate plant growth at all stages of development. Plasmodesmata are formed primarily on the cell 112 

plates during cell division, and increase in number secondarily and/or change their structure. To 113 

understand the molecular mechanism of nano-scale microchannel formation and factors that regulate 114 

plasmodesmata permeability, proteome analysis and genetic screening have indicated that many 115 

molecules are fundamentally associated with plasmodesmata function (Oparka, 2004, Brunkard et al. 116 

2015, Nicolas et al. 2017a, Sun et al. 2019, Pankratenko et al. 2020). In addition, ultrastructural 117 

observation of plasmodesmata using transmission electron microscopy (TEM) has provided insights 118 

into their detailed structure, molecular components, and functional aspects in time and space 119 

(Stonebloom et al. 2009, Xu et al. 2012, Nicolas et al. 2017b, Ross-Elliott et al. 2017). The dynamics 120 

of structural changes and the complex molecular regulation of plasmodesmata function remain largely 121 

unknown. For an improved understanding of the roles of plant symplasmic domains, it is preferable to 122 

monitor plasmodesmata behavior in plant cells using tracer molecules, and to identify genes associated 123 

with the development and function of plasmodesmata. In grafting, plasmodesmata are formed de novo 124 

at the graft interface and molecules are transported between grafted tissues through the plasmodesmata. 125 

Therefore, understanding the molecular mechanism of grafting will provide insights into the 126 

development and function of plasmodesmata. 127 

Practical observation of secondary plasmodesmata formation at the graft boundary has been 128 

conducted using interfamily graft combinations. In interfamily grafts, the boundary between two 129 

grafted plant species can be identified by observation of organelles characteristic of the scion and stock 130 

cells, whereas distinguishing the graft boundary has been a challenge in conventional grafts between 131 
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close relatives. Hence, we hereafter summarize previous observations of symplasmic reconstruction 132 

and describe plasmodesmata morphology in the interfamily graft interface. Upregulated genes 133 

potentially associated with symplasmic domain formation during interfamily grafting are listed to gain 134 

insights into the formation and function of cell-to-cell connections in plants. 135 

 136 

Functional Aspect – Symplasm in Interfamily Grafting 137 

In general, it has been thought that symplasmic connections are constructed in the graft interface, and 138 

traffic micro- and macromolecules between cells, tissues and, ultimately, distant organs. Typically, 139 

grafting is accomplished between closely related species within a family, but occasional interfamily 140 

graft combinations have been reported and the morphological and physiological features characterized. 141 

Funk (1929) and Simon (1930) performed grafting between Solanum melongena (Solanaceae) and 142 

Iresine lindenii (Amaranthaceae) and observed that one or two cells attached tightly between the two 143 

species at the graft boundary. Cell-cell attachment was observed only in a small partial region of the 144 

graft boundary, whereas the remaining region was lined with a necrotic layer and no tissue adhesion 145 

was noted. Nickell (1948) further demonstrated the potential for interfamily grafting. Grafting of 146 

Melilotus alba (Fabaceae) onto Helianthus annuus (Asteraceae) was performed, and the development 147 

of normal healthy plants and vascular differentiation in the pith parenchyma at 3 weeks after grafting 148 

was reported. An additional interfamily combination of Vicia faba (Fabaceae) and H. annuus was 149 

intensively analyzed by Kollmann and colleagues in the 1980s and 1990s. In this interfamily graft, 150 

cells that proliferated at the graft junction were well attached. The cell wall between adjacent cells of 151 

the two species was often structurally indistinguishable from division walls (Kollmann and Glockmann, 152 

1985). Sieve element formation was initiated approximately 4–6 DAG and increased over 1 month in 153 

the interfamily graft, but the number of sieve elements was fewer than that of intrafamily grafts 154 

(Rachow-Brandt and Kollmann, 1992). Symplasmic transport was tested using radioactive carbon 155 

isotopes. In the interfamily graft, translocation into the stock across the graft junction comprised only 156 
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2% of the photosynthates in the leaves of the isotope-fed scion. Translocation in the corresponding 157 

homografts attained approximately 30%–40% of the photosynthates (Rachow-Brandt and Kollmann, 158 

1992). Thus, the limited graft formation in interfamily grafts leads to reduced detection of symplasmic 159 

connections. 160 

We recently demonstrated that certain plant groups, such as the Solanaceae genus Nicotiana 161 

and parasitic plants in the Orobanchaceae and Convolvulaceae families, show an exceptional capability 162 

for tissue connection by interfamily grafting (Notaguchi et al. 2020, Kurotani et al. 2020, Okayasu et 163 

al. 2021, Fig. 1A). As demonstrated previously, one characteristic of interfamily grafting involving 164 

Nicotiana and parasitic species is that scion viability is preserved by parenchymatous tissue in the graft 165 

interface. Therefore, the healing processes in interfamily grafting tend to be prolonged compared with 166 

those of conventional intrafamily grafting, thereby allowing description of the concomitant, sequential 167 

biological events that occur during tissue healing. Another characteristic is that the range of potential 168 

graft partners for these species is broadly expanded to angiosperms; interfamily grafting of Nicotiana 169 

has been successful with 73 species from 38 families. Thus, we further investigated the morphology of 170 

interfamily grafts and tested whether symplasmic connection is established in interfamily grafting 171 

using several methods. Our observations of interfamily grafts revealed that tissue union occurred less 172 

uniformly in the graft interface and was likely to be patchy compared with that of intrafamily graft 173 

combinations. Generally, when members of different families are grafted, a necrotic layer is formed in 174 

the graft interface, and the scion and stock tissues do not connect. However, in interfamily grafting 175 

with Nicotiana and parasitic species, partial tissue adhesion occurs at the graft boundary. Dye tracer 176 

experiments using carboxyfluorescein, a symplasmic tracer, provided evidence for establishment of 177 

symplasmic transport of micromolecules in interfamily grafting using Nicotiana (Notaguchi et al. 178 

2020) and an Orobanchaceae member, Phtheirospermum japonicum (Kurotani et al. 2020). Transport 179 

of mRNAs and green fluorescent proteins (GFP) across the graft junction was also detected in 180 

Nicotiana interfamily grafting, thus indicating that the established symplasmic connection can traffic 181 
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macromolecules (Notaguchi et al. 2015, Notaguchi et al. 2020). The timing of symplasmic 182 

reconstruction was estimated to be 3 DAG or later in time-course experiments using a tracer dye 183 

(Notaguchi et al. 2020). Although the transport of molecules across the graft interface was reduced 184 

compared with that of conventional intrafamily grafting, these observations indicate that reconstruction 185 

of symplasmic domains is accomplished in interfamily grafting. 186 

In nature, plants that parasitize species belonging to a different plant family have evolved a 187 

haustorium, a specialized organ that invades host plant tissues and absorbs nutrients following tissue 188 

adhesion (Westwood et al. 2010). Symplasmic domains are also constructed between parasitic plants 189 

and their host plants. Therefore, such plants potentially have the ability to establish symplasmic 190 

connections among members of different families. 191 

 192 

Morphological Aspect – De novo Formation of Plasmodesmata in the Graft Interface 193 

On the basis of the observation of symplasmic molecular transport, symplasmic domains are predicted 194 

to be constructed at the stock–scion interface in intrafamily grafting. However, morphological analysis 195 

has revealed that vascular connection is limited in previously identified and Nicotiana interfamily 196 

grafts (Kollmann and Glockmann, 1985, Notaguchi et al. 2020). In Nicotiana interfamily grafts, cell 197 

proliferation and thin xylem bridge formation is observed in the graft interface region, but phloem 198 

continuity has not been clearly observed. Similar phenomena are detected at the contact site of parasitic 199 

plant and host tissues. No clear phloem connection has been also observed in some cases of host–200 

parasite interaction, such as hemiparasites Striga and Triphysaria spp (Yoshida et al. 2016). 201 

Symplasmic transport of endogenous mRNAs, GFP proteins and carboxyfluorescein tracer between 202 

host and parasite plants have demonstrated that symplasmic domains are formed (e.g. David-Schwartz 203 

et al, 2008, Aly et al. 2011, Kim et al. 2014). 204 

The question then is whether plasmodesmata formation is achieved at the interface of 205 

interfamily grafts. At the tissue-connecting sites, newly formed plasmodesmata bridging cell walls in 206 
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interspecific graft unions have been detected with TEM. In the interfamily graft between V. faba and 207 

H. annuus, single and branched plasmodesmata were observed in areas where the cell wall was thinner 208 

than elsewhere (Kollmann and Glockmann, 1985). In addition to continuous plasmodesmata, 209 

incomplete half plasmodesmata were observed in the interfamily graft (Kollmann et al, 1985). In our 210 

recent studies, electron microscopic observation of the graft interface between N. benthamiana and A. 211 

thaliana 4 DAG showed that the cell walls were clearly digested resulting in cell-cell attachment 212 

(Notaguchi et al. 2020, describing the detailed method) and that, if we observed such adhesive region, 213 

structures considered to be plasmodesmata were newly formed between cells of N. benthamiana and 214 

A. thaliana (Fig. 1B, C), similar to those formed between cells of A. thaliana (Fig. 1D) and between 215 

cells of N. benthamiana (Fig. 1E). At 14 DAG, the cell walls of the two species were more closely 216 

adjacent at the interface (Fig. 1F, G). The graft boundary is identifiable by the chloroplast 217 

characteristics of each plant cell (Fig. 1H, I). De novo formation of plasmodesmata between cells of 218 

the two species was observed especially in a region where the cell walls were highly degraded. The de 219 

novo plasmodesmata may serve as symplasmic domains in interfamily grafting. The plasmodesmata 220 

observed in Fig. 1G appeared to extend from a N. benthamiana cell to the A. thaliana cell. The detection 221 

of entire plasmodesmata structure by TEM is sometimes difficult because the plane on which the 222 

section is made must be exactly aligned with the axis of the plasmodesmata to be observed in its entirety. 223 

Recently, Nicolas et al (2017b) used electron tomography to obtain 3-dimensional structure of 224 

plasmodesmata and showed that the plasmodesmata structure, including the contact sites of 225 

endoplasmic reticulum and plasma membrane, undergoes substantial remodeling during cell 226 

differentiation. This indicates that plasmodesmata ultrastructure dynamically changes to regulate their 227 

function as symplasmic pathways for molecular exchange between neighboring cells. In our 228 

observations of interfamily grafting, sequential sections were prepared from areas with signs of 229 

plasmodesmata penetration and observed by TEM (Fig. 1J, K). We observed slightly wavy structures 230 

between N. benthamiana and A. thaliana cells, which were not completely continuous in each section, 231 
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and were considered to be plasmodesmata formed between cells of the two species (Fig. 1L–N). Half 232 

plasmodesmata reaching to cell wall middle lamella were also observed to be formed from N. 233 

benthamiana and A. thaliana cells (Fig. 1O, P). Thus, plasmodesmata are newly formed at the graft 234 

boundary and structural variation is observed. 235 

 236 

Molecular Aspect – Grafting-induced Genes Associated with Plasmodesmata Biology 237 

Given that reconstruction of tissue connections seems to be prolonged in interfamily grafting, the 238 

transcriptional reaction is also considered to be dynamic and significant. Indeed, transcriptome 239 

analyses of interfamily grafting have enabled identification of a large suite of genes associated with 240 

cell-cell adhesion as well as tissue reconstruction (Notaguchi et al. 2020). Hence, such gene profiles in 241 

interfamily grafting may also provide meaningful information to understand symplasmic domain 242 

construction. Since cells are newly proliferated through cell division at graft boundary, genetic 243 

information related to both primary and secondary plasmodesmata formation should be included in 244 

transcriptome data. Given that we observed that the symplasm of interfamily-grafted Nicotiana began 245 

to be established gradually around 3 DAG in a previous study, we reanalyzed our transcriptome data 246 

sets from the stems of N. benthamiana grafted onto the inflorescence stem of A. thaliana with a focus 247 

on the 189 genes upregulated by 1 DAG and that continued to be upregulated at 3 and 7 DAG. 248 

Among the 189 upregulated genes, the gene ontology (GO) terms enriched in the cellular 249 

component category included “Extracellular region”, “Cell wall”, “Apoplast”, and “Plasmodesmata” 250 

(Notaguchi et al. 2020). Fourteen genes were annotated with the GO term “Plasmodesmata” (Table 1). 251 

These genes, further described below, encode proteins involved in binding to the plasma membrane, 252 

cell wall modification, transport of signals and substances, and response to abiotic stresses such as 253 

wounding. Their expression was confirmed in the connection boundary region of the graft by LMD. 254 

Seven of the 14 genes were expressed in the vasculature (Vas) and pith (Pith) areas near the graft 255 

surface, rather than inside tissue (In), which is farther from the graft surface (Table 1). Eight of the 14 256 
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genes encode proteins included in the 1341 proteins detected in the proteome analysis of 257 

plasmodesmata purified from the cell wall fraction of Arabidopsis suspension cells (Fernandez-Calvino 258 

et al. 2011, Table 1). In addition to the previously known plasmodesmata proteins such as 259 

plasmodesmata-located proteins1 (PDLP1), β-1-3 glucanase (AtBG_PPAP), calreticulin and remorin, 260 

this proteome data contains plasmodesmata-associated regulators, such as 261 

glycosylphosphatidylinositol (GPI)-anchored proteins, receptor-like kinases (RLKs) and 262 

transmembrane proteins. Another plasmodesmata proteome analysis reported 41 proteins, including 263 

plasmodesmata callose binding proteins (PDCBs) and callose synthases (CalSs). One of these genes, 264 

tetraspanin1 (TET1), was included in the 14 grafting-induced genes (Grison et al. 2015). It was noted 265 

that almost no direct association of these genes with plasmodesmata has been found, and hence no 266 

annotation has been provided in previous reports on the proteome, with the exception of tetraspanin 267 

(Fernandez-Calvino et al. 2011, Grison et al. 2015). Therefore, these genes are expected to provide 268 

insights to understanding the hidden aspects of plasmodesmata biology. 269 

Niben101Scf15391g05004 is an ortholog of Arabidopsis TET1. TETRASPANINs encode 270 

conserved transmembrane proteins that function in intracellular communication in animals. In plants, 271 

tornado, a mutant of TET1, participates in root morphogenesis (Cnops et al. 2000, Wang et al. 2015). 272 

It was suggested that tetraspanin recruits specific proteins to plasmodesmata and forms tetraspanin-273 

enriched microdomains in plasmodesmata in plants (Fernandez-Calvino et al. 2011), similar to lipid 274 

rafts in animal cells, which play roles in the membrane compartmentalization of biological processes 275 

such as cell-cell adhesion, signal transduction, and intracellular trafficking (Stipp et al. 2003, Yunta 276 

and Lazo, 2003). 277 

Niben101Scf04102g03015 and Niben101Scf11091g00001 are orthologs of AT4G28250 and 278 

encode expansin B3, an enzyme that binds to the plasma membrane and loosens the cell wall (Cosgrove, 279 

2000, Lee et al. 2001). The expression of these genes was particularly enriched in Vas rather than In 280 

(Table 1). The plasmodesmata observed on the interfamily graft surface are located at sites where the 281 
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cell wall is highly degraded and the distance between adjacent cells is reduced (Fig. 1F, G). Hence, 282 

loosening of the cell wall may precede de novo formation of plasmodesmata. In addition, we showed 283 

in our previous report that a clade of the large glycosyl hydrolase family, designated GH9B3, which 284 

degrades cellulose in the cell wall, is important for graft establishment (Notaguchi et al. 2020). 285 

Niben101Scf03226g01002 and Niben101Scf06743g00014 are orthologs of AT4G00430 and 286 

are considered to encode PLASMA MEMBRANE INTRINSIC PROTEIN 1;4 (PIP1;4). This protein, 287 

also termed aquaporin, is involved in the formation of water channels (Jang et al. 2007). Activation of 288 

this gene is logical because ensuring water communication between cells is vital where the xylem is 289 

severed. A related gene, Niben101Scf21986g00008, is also activated. This gene encodes a MIZU-290 

KUSSEI-like protein, which is involved in root hydrotropism (Kobayashi et al. 2007, Yamazaki et al. 291 

2012), and may be induced by insufficient water supply during grafting to inquire water location. The 292 

genes Niben101Scf02914g02043, Niben101Scf02145g09006, Niben101Scf03483g00002, and 293 

Niben101Scf06017g00002 encode GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 2 294 

(GAPC-2), ASPARTIC PROTEASE A1 (APA1), L-ascorbate oxidase, and PHOSPHATE 295 

TRANSPORTER 1;4 (PHT1;4), respectively. These proteins may also be involved in the response to 296 

disruption of water and inorganic nutrient supply immediately after grafting (Cruz de Carvalho et al. 297 

2001, Yamamoto et al. 2005, Arnaud et al. 2014, Han et al. 2015, Kim et al. 2020, Sebastián et al. 298 

2020). 299 

Another gene for which the molecular function in grafting has not been examined is 300 

Niben101Scf00207g02007, which encodes MULTIPLE C2 DOMAIN AND TRANSMEMBRANE 301 

REGION PROTEIN 16 (MCTP16). Arabidopsis MCTP16 is phylogenetically most closely related to 302 

QUIRKY (MCTP15), which is a well-characterized member of the MCTP gene family. QUIRKY, 303 

together with the receptor-like kinase STRUBBELIG, co-localizes in plasmodesmata and is considered 304 

to regulate root morphogenesis (Vaddepalli et al. 2014). The aforementioned genes are considered to 305 
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cooperatively regulate morphogenesis by sharing information between cells, but more detailed analyses 306 

of their functions are required. 307 

Glycine max is a plant species that cannot be successfully grafted in interfamily combinations. 308 

Among the 189 genes upregulated in Nicotiana interfamily grafts, 79 genes were not clearly 309 

upregulated in the interfamily grafts of G. max (Notaguchi et al. 2020). Thus, these 79 genes are 310 

characteristically upregulated in N. benthamiana and are likely to be essential for establishment of 311 

interfamily graft unions. Two of the 14 plasmodesmata-associated genes were among the genes that 312 

show N. benthamiana-characteristic expression patterns. These genes, Niben101Scf06483g00007 and 313 

Niben101Scf06628g01013, are orthologs of A. thaliana AT2G34790 and AT4G15800, which encode 314 

a FAD-binding Berberine family protein and a RAPID ALKALINIZATION FACTOR (RALF) protein, 315 

respectively. In A. thaliana, AT2G34790 has been identified as ATBBE-LIKE 15, and the protein X-316 

ray crystallography and activity as a monolignol oxidoreductase have been reported (Daniel et al. 2015). 317 

The locus AT4G15800 encodes RALF-LIKE 33, a secreted small-peptide signal that is widely 318 

conserved in plants and has the ability to alkalinize extracellular media. The physiological roles of 319 

RALF-LIKE 33 are activation of a MAP kinase, mobilization of calcium, inhibition of root growth, 320 

and cell expansion (Campbell and Turner, 2017). In addition, the ANJEA-FERONIA receptor kinase 321 

complex functions as a stamen gatekeeper by binding to RALF23 and 33 to induce production of 322 

reactive oxygen species in the papillae of stamens (Liu et al. 2021). These two genes may play roles in 323 

the establishment of interfamily grafts through the reconstruction of cell walls, but the association with 324 

plasmodesmata is unclear. Further studies on their molecular functions are required to understand the 325 

mechanism of wound healing in interfamily grafting. 326 

Of the 189 upregulated genes, in addition to the 14 genes annotated with the “Plasmodesmata” 327 

GO term, we identified other genes that may be involved in the formation and functional regulation of 328 

plasmodesmata. For example, Niben101Scf14799g01012 encodes a member of the glycosyl hydrolase 329 

superfamily, a relatively closely related to AtBG_PPAP in phylogenetic tree. AtBG_PPAP is a crucial 330 
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regulator of callose turnover in plasmodesmata and may be involved in the formation of plasmodesmata 331 

and/or regulation of plasmodesmata permeability (Benitez-Alfonso et al. 2013, Storme and Geelen, 332 

2014). Niben101Scf02069g00018 encodes expansin A24. Expansin has been described above for 333 

EXPB3, but there have been reports of Nicotiana benthamiana α-expansin (NbEXPA1) in relation to 334 

plasmodesmata (Park et al. 2017). NbEXPA1, a protein that loosens the cell wall, was shown to localize 335 

to plasmodesmata in response to viral infection and to promote virus migration. This suggests that the 336 

regulation of plasmodesmata permeability correlates with the defense response. However, the EXPA 337 

genes form a very large superfamily, and Niben101Scf02069g00018 and Niben101Scf20887g00008 338 

(NbEXPA1) are not very close in the phylogenetic tree. 339 

Parasitic plants, which survive by forming a vascular union with the host plant to absorb water 340 

and nutrients, also show capabilities for interfamily grafting (Kurotani et al. 2020, Okayasu et al. 2021). 341 

Symplasmic connection in parasitism has been observed through detection of the transport of 342 

macromolecules, such as GFP and RNAs (Aly et al. 2011, Tomilov et al. 2008, Roney et al. 2007). In 343 

interfamily grafting with P. japonicum, symplasmic connection was observed using a tracer dye 344 

(Kurotani et al. 2020). In P. japonicum, 1699 genes showed overlapping temporal expression patterns 345 

between parasitism and grafting (Kurotani et al. 2020). The GO analysis of these 1699 genes revealed 346 

that the most enriched GO terms in the cellular component category were “Nucleolus”, “Ribosome”, 347 

and “Cytosol”, but “Plasmodesmata” also showed significant enrichment (p < 0.01). Ninety 348 

plasmodesmata-associated genes were detected in P. japonicum. Although no direct overlap in 349 

annotation with the 14 plasmodesmata-associated genes detected in N. benthamiana interfamily 350 

grafting was observed, some functional similarities, such as water stress response, signal peptides, 351 

modification of cell wall components, and cell elongation, were apparent. Therefore, elucidation of the 352 

potential relationships of these identified biological processes will facilitate an improved understanding 353 

of plasmodesmata development and regulation. These functionally similar 13 genes found in P. 354 
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japonicum interfamily grafting are also listed in Table 1. It should be noted that seven of the 13 genes 355 

listed here also encode proteins included in the plasmodesmata proteome (Fernandez-Calvino et al. 356 

2011, Table 1). 357 

Thus, although many of the genes extracted by transcriptome analysis of grafted plants have 358 

not been shown to be directly related to plasmodeamata, their predicted functions, phenotypes of the 359 

mutants, and sequence homology suggest that they may be involved in the structure formation and 360 

functionality of plasmodesmata. In the future, localization analysis of these genes and evaluation of the 361 

effects of deletion and overexpression of these genes on the permeability of plasmodesmata will be 362 

required. 363 

 364 

Future Perspectives 365 

Grafting is achieved through a series of biological processes occurring sequentially, such as cell 366 

proliferation, cell-cell attachment at the interface, and tissue reunion accompanied with apoplasmic 367 

and symplasmic transports. In addition to moving water, phytohormones, sugars and nutrients, the 368 

vascular tissues transport many macromolecules. In grafts, it has been shown that proteins with 369 

organelle targeting sequences, such as peroxisomes, actin and nucleus, are transported over graft 370 

junction (Paultre et al. 2016). Molecular transports over grafted junction can sometime change 371 

physiology and morphology as represented by flowering time control (Goldschmidt, 2014, Tsutsui and 372 

Notaguchi, 2017, Thomas and Frank, 2019). Horizontal transfer of entire plastid, mitochondrial, or 373 

nuclear genomes have been also found at the graft boundary region which could be a future application 374 

to generate new hybrids, especially providing advantage for plants which cannot be crossed through 375 

pollination (Stegemann and Bock, 2009, Thyssen et al. 2012, Fuentes et al. 2014, Gurdon et al. 2016). , 376 

The mechanism of genome transfer has been studied and recently reported that plastid movement into 377 

neighboring cells at the graft boundary has been captured using organelle marker lines. Intercellular 378 

connections newly emerge by partial cell wall disintegration, forming connective pores through which 379 
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plastids move between cells (Hertle et al. 2021). Thus, in addition to new plasmodesmata formation, it 380 

seems that grafting can induce symplasmic domains in other typical manner. It is possible that high 381 

activity of cell wall modifications enzymes found in grafting may localize in the cell wall and trigger 382 

the disintegration of cell wall in part (Cookson et al, 2013, Ren et al, 2018, Xie et al, 2019, Notaguchi 383 

et al. 2020). In addition, it is interesting to ask the relation between the emergence of such intercellular 384 

connections and factors involved in plasmodesmata formation. How much graft formation relies on 385 

each symplasmic domain/pathway is remained to be clarified. 386 

 Observations of tissue/cellular events occurring in inner tissues at graft junction help us to 387 

understand the complex reunion process. Micro-Computed Tomography (Micro-CT) imaging and 388 

magnetic resonance imaging (MRI) are powerful tools to scan tissues in time course without invasion, 389 

although further improvement in their spatial resolution is demanded specially to aim at observing 390 

specific tissue/cellular domains such as symplasmic pathways. Combining genetical approach would 391 

be a powerful way to investigate these questions. This article summarizes information accumulated 392 

from interfamily grafting together with the gene information. Genes associated with plasmodesmata 393 

formation and regulation have been screened from the transcriptome of graft unions, tissue healing 394 

after wounding, and tissue parasitized by parasitic plants. The other data sets for grafting (Chen et al. 395 

2017, Melnyk et al. 2018, Assunção et al. 2019, Xie et al. 2019) will be helpful to detect candidate 396 

genes crucial for plasmodesmata biology. To determine the roles of each gene, investigation of the 397 

effects of gene mutation or overexpression on plasmodesmata formation and function is required. 398 

Electron microscopic analysis is an ideal method with which to observe plasmodesmata ultrastructure. 399 

Moreover, super-resolution imaging using fluorescent markers has been developed and applied for 400 

plasmodesmata observation (Fitzgibbon et al. 2010, Bell and Oparka, 2015, Bell et al. 2016). Cell-to-401 

cell molecular transport also must be tested to assess plasmodesmata permeability. We recently 402 

established a system to trap plant cultured cells in a microfluidic device for stable observation without 403 

moving the sample and examined plasmodesmata permeability (Shimizu et al. 2021). Use of such a 404 
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sample fixing system in combination with genetic tools and markers is well suited to quantify 405 

plasmodesmata permeability. Insights from transcriptome analyses of grafting will further enhance 406 

knowledge of the molecular mechanism of primary and secondary plasmodesmata formation, 407 

molecular components that regulate plasmodesmata structure, and modification of the transport 408 

capacities of plasmodesmata. 409 
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 634 

Figure legends 635 

Figure 1. Plasmodesmata are formed between interfamily grafted tissues. (A) Interfamily graft 636 

between Nicotiana benthamiana and Arabidopsis thaliana. Arrow indicates the sampling area for the 637 

transcriptome analysis. (B) to (P) Transmission electron micrographs (TEMs) of near the graft interface 638 

between N. benthamiana (Nb) and A. thaliana (At). (B) Near the graft interface at 4 days after grafting 639 

(DAG). (C) and (D) High-magnification TEMs of plasmodesmata formed in the cell wall between N. 640 

benthamiana and A. thaliana (C), and between two A. thaliana cells (D) (regions in B enclosed by 641 

solid and dashed rectangles, respectively). (E) Plasmodesmata between N. benthamiana cells. (F) Near 642 

the graft interface at 14 DAG. The area indicated by red arrows is a region where the cell wall is 643 

digested and the distance between cells of the two plant species is reduced. CW, cell wall. Arrowheads 644 
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indicate plastids. (G) High-magnification TEM of the plasmodesmata in the dashed rectangle in (F). 645 

Arrowheads indicate plasmodesmata formed between N. benthamiana and A. thaliana cells. (H) and 646 

(I) TEMs of plastids of N. benthamiana (H) and A. thaliana (I). (J) to (N) TEMs of plasmodesmata 647 

formed between N. benthamiana and A. thaliana cells at 4 DAG. Light blue arrowheads indicate 648 

plasmodesmata in A. thaliana cells, and magenta arrowheads indicate those in N. benthamiana cells. 649 

(K) Schematic diagram of TEMs overlaid as sequential sections. (L) to (N) Sequential TEMs of the 650 

area enclosed in the dashed rectangle in (J). (O) and (P) Half plasmodesmata formed between N. 651 

benthamiana and A. thaliana cells. Arrowheads indicate plasmodesmata formed from a N. 652 

benthamiana cell (O) and an A. thaliana cell (P). All samples were prepared according to the methods 653 

described by Notaguchi et al (2020). Scale bars, (A) 1 cm, (B) and (F) 10 µm, (C) to (E), (G) to (P) 1 654 

µm. 655 

 656 

Table 1 Upregulated genes annotated with the GO term “Plasmodesmata” detected in the transcriptome 657 

of Nicotiana benthamiana and Phtheirospermum japonicum under interfamily grafting. 658 

Nb or Pj gene ID 
(At gene ID) Gene description Keywords Expression 

patterns References 

Niben101Scf04102g03015, 
Niben101Scf11091g00001 
(AT4G28250 *) 

EXPB3, expansin B3 cell wall Vas 
Vas 

Cosgrove, 2000, 
Lee et al. 2001 

Niben101Scf02145g09006 
(AT1G11910 *) 

APA1, aspartic proteinase A1 drought tolerance In Cruz de Carvalho et al. 2001, 
Sebastián et al. 2020  

Niben101Scf21986g00008 
(AT3G25640) 

MIZU-KUSSEI-like protein hydrotropism Pith,Vas Kobayashi et al. 2007, 
Yamazaki et al. 2012 

Niben101Scf06483g00007 
(AT2G34790) 

ATBBE-LIKE 15, FAD-binding 
Berberine family protein 

lignin In Daniel et al. 2015 

Niben101Scf00207g02007 
(AT5G17980 *) 

MCTP16, C2 calcium/lipid-binding 
plant phosphoribosyltransferase family 
protein 

non-cell-
autonomous tissue 
morphogenesis 

Vas Vaddepalli et al. 2014 

Niben101Scf06628g01013 
(AT4G15800 *) 

RALF-LIKE 33 peptide signal In Campbell and Turner, 2017, 
Liu et al. 2021 

Niben101Scf06017g00002 
(AT2G38940 *) 

PHT1,4, phosphate transporter 1;4 Pi starvation In,Vas Arnaud et al. 2014 

Niben101Scf15391g05004 
(AT5G46700 *†) 

TET1, Tetraspanin family protein root development Vas Cnops et al. 2000, 
Wang et al. 2015 

Niben101Scf03483g00002 
(AT5G21105) 

Plant L-ascorbate oxidase salt tolerance Vas Yamamoto et al. 2005 



 
29 

Niben101Scf03226g01002, 
Niben101Scf06743g00014 
(AT4G00430) 

PIP1;4, plasma membrane intrinsic 
protein 1;4 

water cannel In 
In 

Jang et al. 2007 

Niben101Scf02914g02043 
(AT1G13440 *) 

GAPC-2, glyceraldehyde-3-phosphate 
dehydrogenase C2 

water loss In Han et al. 2015, 
kim et al. 2020 

Niben101Scf01241g02002 
(AT2G37870) 

Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin 
superfamily protein 

 
In 

 

Pjv1_00006974-RA 
(AT3G13750 *) 

BGAL1, Beta galactosidase 1 cell wall  Moneo-Sánchez et al. 2018 
 

Pjv1_00020551-RA 
(AT4G38400) 

EXLA2, Expansin-like A2 cell wall  Abuqamar et al. 2013 

Pjv1_00010594-RA 
(AT5G20950 *) 

BGLC1, Glycosyl hydrolase family 
protein 

cell wall  Sampedro et al. 2016 

Pjv1_00001160-RA 
(AT1G64760 *) 

ZERZAUST, O-Glycosyl hydrolases 
family 17 protein 

cell wall  Vaddepalli et al. 2017 
 

Pjv1_00006904-RA 
(AT3G16570) 

RALF23, Rapid alkalinization factor 23 peptide signal  Liu et al. 2021, 
Kim et al. 2021 

Pjv1_00010337-RA 
(AT4G35000) 

APX3, Ascorbate peroxidase 3 antioxidation  Narendra 

Pjv1_00008376-RA 
(AT5G65010 *) 

ASN2, Asparagine synthetase 2 salt tolerance  Maaroufi-Dguimi et al. 2011 

Pjv1_00010056-RA 
(AT3G57530 *) 

CPK32, Calcium-dependent protein 
kinase 32 

nutrient signalling  Liu et al. 2017 

Pjv1_00012706-RA 
(AT3G60190 *) 

DL1E, DYNAMIN-like 1E freezing tolerance  Minami et al. 2015 

Pjv1_00012393-RA 
(AT3G20290) 

EHD1, EPS15 homology domain 1 salt tolerance  Bar et al. 2013 

Pjv1_00022953-RA 
(AT5G03870 *) 

Glutaredoxin family protein stress response   

Pjv1_00012821-RA 
(AT2G38720) 

MAP65-5, Microtubule-associated 
protein 65-5 

salt response  Zhang et al. 2012 

Pjv1_00018162-RA 
(AT1G80410) 

NAA15, Tetratricopeptide repeat 
(TPR)-containing protein 

drought response  Linster et al. 2015 

Asterisks and dagger indicate whose proteins have been detected in plasmodesmata proteome 659 

previously reported, respectively (Fernandez-Calvino et al. 2011, Grison et al. 2015). Expression 660 

patterns: In, inside tissue; Vas, vasculature; Pith, pith. 661 

 662 
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