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Abstract  36 

Grafting is a plant propagation technique widely used in agriculture. A recent discovery of the capability 37 

of interfamily grafting in Nicotiana has expanded the potential combinations of grafting. In this study, we 38 

showed that xylem connection is essential for the achievement of interfamily grafting and investigated the 39 

molecular basis of xylem formation at the graft junction. Transcriptome and gene network analyses 40 

revealed gene modules for tracheary element (TE) formation during grafting that include genes associated 41 

with xylem cell differentiation and immune response. The reliability of the drawn network was validated 42 

by examining the role of the Nicotiana benthamiana XYLEM CYSTEINE PROTEASE (NbXCP) genes in 43 

TE formation during interfamily grafting. Promoter activities of NbXCP1 and NbXCP2 genes were found 44 

in differentiating TE cells in the stem and callus tissues at the graft junction. Analysis of a Nbxcp1;Nbxcp2 45 

loss-of-function mutant indicated that NbXCPs control the timing of de novo TE formation at the graft 46 

junction. Moreover, grafts of the NbXCP1 overexpressor increased the scion growth rate as well as the 47 

fruit size. Thus, we identified gene modules for TE formation at the graft boundary and demonstrated 48 

potential ways to enhance Nicotiana interfamily grafting. 49 

  50 
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Introduction 51 

Grafting is a technique used to unite two plant segments, following tissue adhesion and vascular 52 

reconnection. It has been widely practiced in horticulture, applied to propagate ornamental and fruit trees 53 

from ancient times. Moreover, grafting has been used for cultivation of vegetables in recent decades 54 

(Yamakawa, 1983; Kurata, 1992; Mudge et al., 2009; Goldschmidt et al., 2014; Aloni, 2021). A graft 55 

establishment depends on the successful formation of graft union that includes wound response, cell-cell 56 

adhesion, callus proliferation, and vascular formation (Melnyk, 2017; Rasool et al., 2020). Although there 57 

is a range in the extent of graft viability and hardiness, successful grafts achieve subsequent scion growth 58 

and/or fruit setting eventually. Previous observations clearly showed that vascular connection between the 59 

scion and stock is a determinant of grafting success (Proebsting, 1928; Kawaguchi et al., 2008). In general, 60 

graft compatibility is observed between phylogenetically closed relatives, limiting the range of plant 61 

combinations available for grafting. However, recent studies have shown potential possibilities to expand 62 

graft capability even among interfamily relations in eudicots and monocots (Notaguchi et al., 2020; Reeves 63 

et al., 2020). Subsequent studies showed that a part of Solanaceae and a part of parasitic plants in 64 

Orobanchaceae and Convolvulaceae exhibit tissue adhesion ability with interfamily partner (Kurotani et 65 

al., 2020; 2022; Okayasu et al, 2021). In Nicotiana interfamily grafting, new xylem connections were 66 

observed at the graft junction, as xylem bridges were seen in parasitism between interfamily host-parasite 67 

combinations (Cui et al., 2016; Wakatake et al., 2020; Kokla et al., 2022). However, phloem connections 68 

are not achieved in many cases of parasitism and are rarely established in Nicotiana interfamily grafting, 69 

whereas symplastic connections, probably through plasmodesmata, are established in both cases. The 70 

grafted and parasitic plants can survive and complete their life cycle until seed setting, implying essential 71 

roles of xylem bridge/connection in parasitism/grafting through these tissue adhesive conditions. 72 

Tracheary elements (TEs), main components of xylem, are dead hollow cells with secondary cell 73 

walls that form vessels or tracheids (Fukuda, 1997; 2004; Fukuda and Ohashi-Ito, 2019). TEs are 74 

conducting tissues that transport water and dissolved minerals from the roots to shoots to maintain normal 75 

growth (Turner et al., 2007; Raven, 2013). In addition, proteins, hormones, and metabolites transported in 76 
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the xylem have been evidenced to achieve various roles in squash, cucumber, cabbage, and maize plants 77 

(Satoh et al., 2006; Alvarez et al., 2008; Ligat et al., 2011). The in vitro xylem vessel element formation 78 

system revealed that certain plant-specific NAC-domain (no apical meristem, NAM; Arabidopsis 79 

transcription activation factor, ATAF; up-shaped Cotyledon 2, CUC2) transcription factors were identified 80 

as VND (Vascular-related NAC-Domain) genes (Kubo et al., 2005). It has been suggested that in 81 

Arabidopsis VND6 and VND7 are the primary determinants of TE differentiation and VND1–VND5 are 82 

the weaker determinants (Kubo et al., 2005; Ohashi-Ito et al., 2010; Zhou et al., 2014; Endo et al., 2015). 83 

Moreover, VND7, a master switch in xylem vessel formation, has been demonstrated to regulate the 84 

expression of a broad range of genes in root and shoot (Yamaguchi et al., 2008; 2010; 2011). TEs undergo 85 

programmed cell death (PCD), removing the entire protoplast and forming a hollow vessel for substance 86 

transportation. Metacaspase 9 (AtMC9), XCP1, and XCP2 degrade cellular remnants within the cell lumen 87 

after vacuolar rupture and assist in the final process of PCD (Funk et al., 2002; Avci et al., 2008; Bollhöner 88 

et al., 2013).  89 

In this study, we investigated significance of xylem formation at the graft junction by two means; a 90 

comparison between successful and unsuccessful interfamily grafting and a comparison between with or 91 

without an auxin transport inhibitor, 2,3,5-triiodobenzonic acid (TIBA), that blocks xylem formation. 92 

Through the transcriptomic analysis, we have described the expression patterns of xylem-associated genes 93 

in successful and unsuccessful interfamily grafting. Using 36 transcriptome datasets and a super computer, 94 

a Bayesian network analysis was conducted to reveal the causal relationship between gene expression. 95 

Out of genes included in core modules for xylem formation, we focused on NbXCP genes to investigate 96 

how de novo TEs at the graft junction is important for the N. benthamiana interfamily grafting. 97 

 98 

Results 99 

Xylem reconnection is required for the scion growth  100 

Nicotiana benthamiana grafted onto the inflorescence stem of Arabidopsis (Nb/At) constituted a 101 

successful interfamily graft combination. However, Glycine max and Arabidopsis (Gm/At) form an 102 
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incompatible interfamily graft (Notaguchi et al., 2020). Xylem cells differentiated from N. benthamiana 103 

scions and attached to the cells in Arabidopsis stem tissues in Nb/At graft unions. We observed xylem 104 

bridges connecting the scion and stock at around 14 days after grafting (DAG). Fewer xylem cells 105 

differentiated from G. max scions in Gm/At graft unions. The xylem bridge was not formed even at 14 106 

DAG (Figure 1A). In addition, we observed the development of secondary xylem in N. benthamiana and 107 

G. max stems from neighboring graft boundaries. Secondary xylem tissues were developed in N. 108 

benthamiana scion stems but were rarely observed in G. max scion stems (Supplemental Figure S1). Scion 109 

growth and fruit setting were observed in Nb/At grafts but scions did not grow in Gm/At grafts (Figure 1, 110 

B and C). In Nb/At interfamily grafting, tracheary elements (TEs), which have spiral patterns on cell walls 111 

(Figure 1D), were differentiated in the callus of the N. benthamiana scion. The de novo TEs were 112 

differentiated in the callus at the graft boundary and eventually connected the xylem tissues originally 113 

located in the scion and stock plants and formed xylem bridges between the scion and stock. Next, TE 114 

formation in Nb/At interfamily grafting was blocked to examine the effect of de novo TE formation on 115 

scion growth by applying 2,3,5-triiodobenzonic acid (TIBA), an auxin transport inhibitor. TIBA inhibited 116 

TEs formation in a Zinnia elegans cell culture system (Yoshida et al., 2005). Similarly, TIBA inhibited de 117 

novo TE formation during N. benthamiana grafting (Figure 1, E and F). This inhibition was also reflected 118 

in scion growth after 14 DAG (Figure 1, G and H). These results suggested that scion growth relies on de 119 

novo TE formation and xylem reconnection. 120 

 121 

Xylem formation genes were expressed during graft establishment  122 

We analyzed the transcription of genes related to xylem formation to investigate the molecular mechanism 123 

of xylem formation during interfamily grafting. In previous research on Arabidopsis, VND1–VND7 were 124 

considered master transcription factors that initiate xylem formation processes, such as cell autolysis and 125 

cell wall synthesis, through the regulation of downstream genes (Figure 2A) (Kubo et al., 2005; Ohashi-126 

Ito et al., 2010; Endo et al., 2015; Yamaguchi et al., 2011). Before analyzing gene expression patterns, we 127 

examined the timing of xylem formation initiation. We conducted Nb/At grafting to test the establishment 128 
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of water transport by adding toluidine blue solution to Arabidopsis stock plants and observing dye 129 

transport to the scion part by making a section. At 14 DAG, all grafts exhibited xylem bridges, as shown 130 

in Figure 1A, and experiments were performed at 1, 2, 3, 7, and 10 DAG, in which 8–10 grafts were 131 

examined at each time point. Dye transport was first detected at 3 DAG, 20% (2 out of 10) of grafts. The 132 

detection frequency did not change at 7 DAG and increased to 62% (6 out of 8) of grafts at 10 DAG 133 

(Figure 2B), suggesting that xylem formation started around 3 DAG and kept developing with time. We 134 

examined the gene expression patterns at 0, 1, 3, and 7 DAG in successful Nb/At and unsuccessful Gm/At 135 

interfamily grafts (Figure 2, C and D) based on this observation. All four VND7 homologous genes in N. 136 

benthamiana (NbVND7s) were upregulated more than the other VND homologs in the Nb/At grafts, 137 

indicating that these genes are important for de novo xylem formation at the graft boundary in Nicotiana 138 

(Figure 2C). In the Gm/At grafts, one of the two VND7 homologous genes in G. max was upregulated but 139 

the other was not (Figure 2D). To examine the expression patterns of downstream genes of VND7s in these 140 

grafts, homologs of 19 genes known as VND7 downstream genes in Arabidopsis (Kubo et al., 2005; 141 

Ohashi-Ito et al., 2010; Endo et al., 2015; Yamaguchi et al., 2011) were identified in N. benthamiana and 142 

G. max by phylogenetic analysis. Most genes involved in xylem formation were upregulated in the Nb/At 143 

grafts but downregulated in the Gm/At grafts (Figure 2, C and D). Thus, the morphological features of TE 144 

formation at the graft junction are consistent with the expression patterns of xylem formation-associated 145 

genes. 146 

 147 

Network analysis revealed a core module for xylem differentiation during grafting  148 

To investigate the genes involved in xylem formation during grafting, we performed gene network 149 

analysis. We first performed Weighted Gene Correlation Network Analysis (WGCNA) using 150 

transcriptome data from 3 replicates of intact N. benthamiana stems and Nb/At grafting sites at 2 hours 151 

after grafting, 1, 3, 5, and 7 DAG (Supplemental Figure S2). The iDEP 0.96 interface 152 

(http://bioinformatics.sdstate.edu/idep96/) was used to draw co-expression networks for 3,000 most 153 

variable genes (Supplemental Figure 2A). A “soft threshold” of “9” and a “minimum module size” of 154 
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“100” generated 6 well-defined modules consisting of 2,818 genes (Supplemental Figure S2B–D). These 155 

6 modules contained 11 genes related to canal formation as shown in Figure 2C (Supplemental Table S1). 156 

From the N. benthamiana VNDs were included in modules 2 and 6, we extracted 313 genes that were 157 

linked neighboring to the two respective VND7 within those modules (Supplemental Table S2). For those 158 

genes, gene ontology analysis was performed using Arabidopsis homolog annotation. We detected 159 

transcription factors in the molecular function category, cell wall-related genes in the cellular component 160 

category, and water deprivation and wound response genes in the biological process category 161 

(Supplemental Table S3). However, this analysis did not resolve the causal relationship of gene expression, 162 

so it is not possible to distinguish whether these co-expressed genes are regulated by VND7 or affect the 163 

expression of VND7.  164 

We next performed a Bayesian network analysis, which can reveal the causal relationship between 165 

gene expression, using the SiGN-BN NNSR program (Tamada et al., 2010; 2011) with 36 N. benthamiana 166 

grafting transcriptome data (Notaguchi et al., 2020). All data from the whole-genome transcriptome were 167 

used as initial inputs to draw the gene network (Figure 3A). In the network, 2,038 N. benthamiana genes 168 

were associated with four NbVND7s within the sixth level (a direct connection is the first level, a 169 

connection bypassing one other gene is the second, and so on) (marked in yellow in Figure 3A) including 170 

LBD15, LBD30, ATMC9, Myb83 VND2, XCP1, XCP2 and various unidentified genes (Supplemental 171 

Table S4). To further analyze the gene regulatory network of xylem differentiation, we attempted to apply 172 

the Bayesian network using the SiGN-BN HC+Bootstrap program (Tamada et al., 2010; 2011) that can 173 

describe upstream/downstream relation among genes. Since the upper limit of input in this program is 174 

about 1,000 genes, we narrowed down the genes to focus on through gene ontology (GO) analysis (see 175 

detail in Supplemental Text 1 and Supplemental Table S5). The Bayesian network for four NbVND7s and 176 

846 N. benthamiana genes categorized into four GO groups were drawn (Figure 3B, Supplemental Table 177 

S6). By narrowing down the genes associated with de novo xylem formation during grafting, we 178 

highlighted a core structure from NbVND7s to genes for xylem formation among the entire network linking 179 

to NbVND7s. We compared the 846 N. benthamiana genes with the 189 N. benthamiana graft-induced 180 
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genes at 1–3 DAG that were previously identified since xylem formation was initiated after 3 DAG (Figure 181 

2B) (Notaguchi et al., 2020). As nine genes overlapped in the comparison (Supplemental Table S7), we 182 

extracted the nodes and edges starting from NbVND7s and ending with the nine genes as a core network 183 

that potentially links to xylem formation (Figure 3C, Supplemental Table S8). In the center of the core 184 

network, the overlapping gene Niben101Scf01015g01002, a homolog of pathogenesis-related 4 185 

(Camargo-Ramírez et al., 2018) and named NbPR-4 is connected by several NbVND7 downstream genes. 186 

The other eight overlapping genes are at the bottom left of the network and have strong interactions among 187 

themselves. By ranking the top 100 edges based on relationship strength, two distinct clusters were 188 

identified, including all nine overlapping genes (Figure 3D). One cluster consisting of eight overlapping 189 

and eight additional genes included genes expected to be directly involved in tracheary element 190 

differentiation, such as all four Arabidopsis xylem cysteine peptidase 1 and xylem cysteine peptidase 2 191 

(XCP1 and XCP2) orthologs, named NbXCP1–4, a tracheary element differentiation-related 6 (TED6) 192 

ortholog, and a glycosyl hydrolase family 10 protein (ATXYN1) ortholog (Avci et al., 2008; Endo et al., 193 

2009; 2019), and the other cluster connecting to NbPR-4 consists of an additional six genes, whose roles 194 

in xylem formation are unknown (listed in Figure 3E and see also Supplemental Text 2). 195 

 196 

NbXCP genes are expressed to form de novo TE during grafting  197 

To validate the described gene regulatory network during grafting, as an example, we tested the role of 198 

NbXCP homologs that were supposed to degrade cellular contents through protease activity to accomplish 199 

mature TE formation (Avci et al., 2008) on xylem formation at the graft junction. NbXCP1 and NbXCP2 200 

were most similar (99% similarity in coding sequence region), followed by NbXCP3 (Figure 4A and 201 

Supplemental Figure S3A). NbXCP4 has a large C-terminal deletion and is likely to be a pseudogene that 202 

does not functin as a protein (Supplemental Figure S3A). NbXCP1–3 were upregulated after interfamily 203 

grafting, but NbXCP3 expression was lower (Figure 4B). NbXCP3 positively affected the expression of 204 

NbXCP1 and NbXCP2 (Figure 3D), suggesting that the control of NbXCP3 expression may be different 205 

from those of NbXCP1 and NbXCP2. Therefore, we focused on NbXCP1 and NbXCP2. We conducted a 206 
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heterogeneous yeast one-hybrid assay using the NbXCP1 promoter (as a representative) and Arabidopsis 207 

VNDs to verify the control of NbXCP gene expression by VND homolog transcription factors. Only VND7 208 

could bind to the NbXCP1 promoter (Supplemental Figure S4, Figure 4C). The target sequence of VND7 209 

(Tamura et al., 2019) was identified in the NbXCP1 promoter (Figure 4C). An equivalent sequence was 210 

present in the NbXCP2 promoter, although it contained a mismatch of one terminal nucleotide. 211 

To investigate NbXCP1 and NbXCP2 expression patterns in plant tissues, we generated promoter 212 

GUS transgenic lines (Supplemental Figure S5). In pNbXCP1::GUS and pNbXCP2::GUS lines, GUS 213 

expression was found in the xylem tissues of seedlings (Supplemental Figure S6) and the xylem and 214 

internal phloem of the stems of 4-week-old plants (Figure 4D, Supplemental Figure S7). GUS expression 215 

is restricted to TEs rather than to other xylematic cell types. We conducted a GUS expression analysis in 216 

Nb/At interfamily grafting. GUS expression was concentrated in the TEs newly generated in the callus at 217 

the graft junction (Figure 4, E and F, Supplemental Figure S7). To estimate protein function, we generated 218 

GFP fusion lines to examine the subcellular localization of NbXCP1 and NbXCP2 (Supplemental Figure 219 

S5). When NbXCP1-GFP and NbXCP2-GFP fusion proteins were expressed in the stem using their 220 

promoters, GFP fluorescence was detected in the cytoplasmic region of TE maturating cells (Figure 4G, 221 

Supplemental Figure S7). Except for the xylem cells, we detected the GUS stains and GFP expression in 222 

the mature pollen (Supplemental Figure S8), the autolysis of which has been reported in Arabidopsis, 223 

Lycopersicum peruvianum, Olea europaea, Lolium perenne (Yamamoto et al., 2003; Pacini et al., 2011). 224 

We performed particle bombardment to express GFP alone or NbXCP1 and GFP simultaneously in N. 225 

benthamiana leaf epidermal cells. For the GFP solely expressed, GFP fluorescence was detected in the 226 

cytoplasmic region and nucleus in all 116 cells observed. In contrast, for the NbXCP1 and GFP 227 

simultaneously expressed, ~10% (12/116) of cells exhibited a planar GFP fluorescence pattern with strong 228 

GFP dots, indicating cytoplasmic degradation in the cells (Figure 4H). Finally, we confirmed the function 229 

of NbXCP1 and NbXCP2 in TE maturation by analyzing a double knockout mutant of NbXCP1 and 230 

NbXCP2 generated using the CRISPR/Cas9 system (Supplemental Figure S9). Transmission electron 231 

microscopy revealed that the Nbxcp1;Nbxcp2 mutant showed a defect in cellular digestion in 232 
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differentiating TEs of the stem compared with the wild-type (WT) (Figure 4I), as observed in the 233 

Arabidopsis xcp1;xcp2 mutant (Avci et al., 2008). Overall, NbXCP1 and NbXCP2 play a conserved role 234 

in TE formation. 235 

 236 

De novo TE formation is essential for graft establishment and post-scion growth  237 

We investigated the function of NbXCP1 and NbXCP2 during grafting to determine whether xylem 238 

formation is important for the establishment of interfamily grafting. We conducted virus-induced gene 239 

silencing experiments as reported previously (Notaguchi et al., 2020). Cucumber mosaic virus (CMV) 240 

vectors containing a 295 bp sequence of NbXCP1 that is identical to that of NbXCP2 (CMV-NbXCP1/2) 241 

or a 292 bp sequence of GFP (CMV-GFP) were infected with N. benthamiana shoots and grafted onto the 242 

Arabidopsis stock. RT-PCR and qRT-PCR analyses demonstrated knockdown of NbXCP1 and NbXCP2 243 

(Supplemental Figure S10, Figure 5A). Compared with the non-infected (NI) and CMV-GFP-infected 244 

controls, CMV-NbXCP1/2-infected N. benthamiana scions showed significantly lower survival rates at 14 245 

DAG (Figure 5B). We next examined interfamily grafting using the Nbxcp1;Nbxcp2 knockout mutant and 246 

NbXCP1 translationally enhanced (NbXCP1-OX) lines that maintained endogenous expression patterns 247 

by using own promoter (Supplemental Figure S9). Although there was a slight decrease of the fresh weight 248 

only in the intact Nbxcp1;Nbxcp2 mutant seedlings, not in the NbXCP1-OX lines, the growth retardation 249 

was no longer observed in the grown plants (Supplemental Figure S9). The survival rate decreased in the 250 

Nbxcp1;Nbxcp2/At grafts, while the NbXCP1-OX/At grafts tended to increase (Figure 5C). The TE 251 

formation timing at the graft junction was measured for each graft combination. De novo TE formation 252 

began 3 DAG. The frequency of grafts that first formed TE at the graft junction was lower in the 253 

Nbxcp1;Nbxcp2 mutant and higher in the NbXCP1-OX line than in the WT at 3 and 4 DAG. All grafts 254 

formed TEs at 5 DAG or later in all graft combinations (Figure 5D). Consistent with this observation, 255 

transport of isotope-labeled phosphorus-32 (32P) to the N. benthamiana scions was lower in the 256 

Nbxcp1;Nbxcp2 mutant than in the WT and NbXCP1-OX plants at 7 DAG (Figure 5E). This finding 257 

revealed that NbXCP1 and NbXCP2 affect de novo TE formation from the early phase of graft union 258 
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formation and that the pace of de novo TE formation at graft junction affects the level of water transport 259 

from the rootstock to the scion and scion growth. We continued to grow the grafts and measured scion 260 

growth. The scion growth of the Nbxcp1;Nbxcp2 mutant was lower but the NbXCP1-OX scion grew more 261 

than the WT Nb scion (Figure 5F). The scion growth was also reflected in fruit production. The fresh 262 

weight of fruits was decreased in the scion of Nbxcp1;Nbxcp2 mutant compared to the wild-type N. 263 

benthamiana scion. In contrast, the fruit weight was increased in NbXCP1-OX scion (Figure 5H). However, 264 

we did not find the fruit weight has different in intact plants of WT, Nbxcp1;Nbxcp2 mutant and NbXCP1-265 

OX line. These findings indicate that the function of NbXCP1 and NbXCP2 is important for both scion 266 

survival and post-grafting growth. 267 

 268 

Discussion 269 

Water uptake from the soil through water-conducting tissues is essential for most land plants. 270 

Therefore, in grafting, new xylem formation at the graft junction is necessary for the survival of grafted 271 

plants. This study addressed this principle by comparing successful and unsuccessful interfamily grafting, 272 

where xylem formation was achieved and completely absent, respectively, and comparing mock and 273 

exogenous TIBA treatments to delay the timing of xylem formation. In Arabidopsis hypocotyl grafting, it 274 

was shown that TIBA suppresses the cell proliferation of vascular tissue during graft union formation 275 

(Matsuoka et al., 2016). Moreover, TIBA and the other auxin transport inhibitors, also blocked the 276 

formation of TEs and continuous vascular stands at the interface of the haustorium and the host tissues 277 

(Yoshida et al., 2005; Wakatake et al., 2020). The experiments in this study confirmed that xylem 278 

formation is essential for the N. benthamiana interfamily grafting. The timing of xylem connections after 279 

grafting determine the post-grafting growth of scion plants (Figure 1) and it was accelerated by the 280 

overexpression of NbXCP1, resulting in the enhancement of scion growth (Figure 5).  281 

Transcriptomic analysis demonstrated that previously known xylem-associated genes exhibited 282 

consistent expression patterns (Figure 2). Previous transcriptome analyses on graft junctions also 283 

identified gene expression controls of xylem-associated genes (Kurotani et al., 2022; Melnyk et al., 2015; 284 
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2018; Thomas et al., 2022). In this study, we estimated a gene network related to xylem formation, whose 285 

accuracy was evaluated by analyzing a significant gene, NbXCP (Figures 4 and 5), and described the 286 

features of the gene modules (Figure 3). In previous studies, two studies on gene network analysis for 287 

plant grafting have been reported. A co-expression network was used to identify genes involved in graft 288 

formation (Xie et al., 2019). A Bayesian network has been used to detect gene regulatory networks 289 

especially involved in upstream event of grafting and successfully identified SlWOX4 as a key 290 

transcription factor to trigger downstream gene expressions (Thomas et al., 2022). In this network analysis, 291 

DEG and GO analyses were first conducted to narrow down the target genes for network estimation in 292 

order to match the limit of the number of genes that can be used as the input of the network analysis 293 

method used. This limitation in gene numbers for input required cutting out a part of gene population. To 294 

overcome this number limitation, the SiGN-BN HC+Bootstrap program (Tamada et al., 2010; 2011) was 295 

applied to estimate Bayesian networks on a genome-wide scale. An entire network was successfully 296 

obtained where expression datasets of all genes of N. benthamiana were used as an initial input. However, 297 

since we could not solve the causal relationship on this scale, we reduced the number of genes to about 298 

1,000 by capturing our interested portion out of entire gene network, genes associated xylem formation in 299 

this study. To eliminate artificial bias as much as possible, the P value and population size were used as 300 

criterions in this study, rather than the contents of GOs, resulting in identification of an unexpected module 301 

(Figure 3). 302 

In this study, we proposed a model (Figure 5H) for TE formation pathways of Nicotiana interfamily 303 

grafting. There are two reliable relationship gene modules under the control of NbVND7s, the master 304 

transcriptional element genes; a module involved in xylem formation, including NbXCPs and a module 305 

involved in plant immunity, centering NbPR-4. In the module of xylem formation, we have revealed the 306 

orthologs of tracheary element differentiation-related6 (TED6) and endo-β-1,4-xylanase (XYN1). TED6 307 

was identified as secondary cell wall (SCW)-related membrane proteins, participating the formation of 308 

tracheary element. An interaction was found between the TED6 and a member of the SCW–Cellulose 309 

Synthase (CesA) complex (Endo et al., 2009; Rejab et al., 2015). XYN1 was verified expression on the 310 
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predominantly in xylem tissues and encodes xylanase. The xylem transport patterns were affected in 311 

AtXYN1 modified lines (Zeilinger et al., 1996; Suzuki et al., 2002; Endo et al., 2019). In the module of 312 

xylem formation, genes associated with the generation and scavenging of reactive oxygen species (ROS) 313 

were found (Figure 3, Supplemental Table S7). These genes are considered to be directly involved in the 314 

xylem formation process. In Arabidopsis, secondary cell wall formation consisting of cellulose, 315 

hemicellulose, and lignin has been observed during xylem development. It has been shown that 316 

lignification proceeds by polymerization of monolignols, in which peroxidase uses hydrogen peroxide as 317 

a substrate (Boerjan et al., 2003; Fagerstedt et al., 2010; Tobimatsu et al., 2019). Thus, this module can be 318 

highly associated with xylem cell differentiation. 319 

The module involving NbPR-4 contains the orthologs of cationic amino acid transporter 6 (CAT6) 320 

and transthyretin-like protein (TTL). In Arabidopsis, AtCAT6 was nematode-induced in roots during the 321 

infestation, mediating transportation of amino acids to prevent plant injury (Hammes et al., 2006). 322 

Research also reported that CAT6 and CAT7 involve in oxidative stress response in cassava plants (Wang 323 

et al., 2021). The TTL protein was found as scaffold proteins for a potential substrate of Brassinosteroid-324 

insensitive 1 (BRI1) in Arabidopsis, promoting brassinosteroid responses (Nam et al., 2004; Amorim-325 

Silva et al., 2019). Brassinosteroids play an important role in inhibiting pathogen infection, in which 326 

mediating growth directly antagonizes innate immune signaling (Albrecht et al., 2012). However, three of 327 

the four genes positively regulating NbPR-4 encode the uncharacterized protein kinase or the proteins of 328 

unknown function. Further investigation may provide us new insights on the components involved in the 329 

relation between xylem formation and immune system in plants. 330 

These findings may imply that there is an inevitable relationship between plant immunity and xylem 331 

formation at the graft boundary because it is reasonable that plants react after graft wounding to avoid 332 

pathogen infection. In fact, the tyloses from xylem parenchyma cells have been shown to give resistance 333 

against the pathogens (Grimault et al., 1994; Rahman et al., 1999; Clérivet et al., 2000; Fradin and 334 

Thomma, 2006). Recent studies on pathogenesis in Arabidopsis reported that XCP genes may assist plant 335 

immune-related gene expression and enhance resistance against xylem vessel pathogen (Zhang et al., 2014; 336 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 30, 2022. ; https://doi.org/10.1101/2022.12.28.522093doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.28.522093
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

Chen et al., 2021). Although XCP proteins did not directly act on plant pathogens (Zhang et al., 2014; 337 

Pérez-López et al., 2021), XCP1 activated the systemic immunity by proteolyzing Pathogenesis Related 338 

Protein 1 (Chen et al., 2021). Thus, xylem formation, an enlargement of the apoplastic region inside of 339 

the plant body, may enhance the plant immune system since it gains potential risks for the exposure to 340 

endophytes and pathogenic bacteria transmitted through the xylem tissue. However, further elucidation is 341 

required for this hypothesis. The spatiotemporal gene expression patters of potential immune-related genes 342 

will be important to understand the mechanism.  343 

Thus, the gene network described in this study may include a set of cellular aspects of xylem formation 344 

and plant immune mechanism during grafting. In the future, it would be interesting to investigate newly 345 

identified genes during grafting and/or xylem formation in the development of other organs. In addition, 346 

the similarity of the network of TE formation between interfamily and intrafamily grafting using 347 

accumulated transcriptome data from other species is interesting. Moreover, network analysis of other 348 

biological processes during grafting would help to investigate the molecular events of grafting and identify 349 

crucial gene modules. This strategy will enhance our understanding of how plants achieve tissue reunion 350 

at graft wound sites. 351 

 352 

Materials and Methods 353 

Plant materials and growth conditions  354 

Seeds of N. benthamiana and Arabidopsis were sterilized with 5% (ｗ/v) sodium hypochlorite (NaClO) 355 

solution for 5 min, washed six times with sterile water, and incubated at 4 °C in the dark for three days. 356 

Seeds of N. benthamiana were sown on half-strength Murashige and Skoog medium supplemented with 357 

0.5% (w/v) sucrose and 1% (w/v) agar. The pH was adjusted to 5.8 with 1 M KOH. Seedlings were 358 

cultured on medium for seven days in growth chambers and transplanted into the soil in a growth room. 359 

Arabidopsis seeds (ecotype Col-0) were directly surface-sown on the soil. Seedlings of N. benthamiana 360 

and Arabidopsis were grown at 27 °C and 23 °C with 70% and 30% relative humidity, respectively, and 361 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 30, 2022. ; https://doi.org/10.1101/2022.12.28.522093doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.28.522093
http://creativecommons.org/licenses/by-nc-nd/4.0/


 16 

100 μmol m−2 s−1 continuous illumination. G. max seeds were directly sown in the soil in a 23 °C growth 362 

room. Plants in the growth room were watered thrice per week. 363 

 364 

Interfamily grafting  365 

Wedge grafting was performed on the stems of 3-week-old G. max, 4-week-old N. benthamiana, and 5-366 

week-old Arabidopsis plants, as described previously (Notaguchi et al., 2020). N. benthamiana and G. 367 

max stems were cut and trimmed to a V-shape. The inflorescence stems of Arabidopsis were cut and split 368 

from the stem middle at the graft site. The V-shaped stem was inserted into a middle-split stem and fixed 369 

using wrapping film (Bemis Parafilm M) or clip to form a graft union. The scions were covered with 370 

water-sprayed plastic bags and grown in an incubator at 27 °C under continuous light (30 μmol m-2 s-1) 371 

for 10 d. Afterward, plastic bags were removed from the scions, the grafts were transferred to a 23 °C 372 

growth room with 30% relative humidity, and 100 μmol m−2 s−1 continuous illumination. CMV-infected 373 

grafts were grown in a 23 °C incubator for 10 days. The other experimental conditions were the same as 374 

those mentioned above. The scion outgrowth length was measured from the scion top node to the bottom 375 

node of the scion outgrow part (Figure 1, B and C) and recorded every week from 7 DAG (days after 376 

grafting) to the next several weeks. 377 

 378 

Construction of plasmid vectors  379 

Genomic DNA was extracted from plant tissues using the DNeasy Plant Mini Kit (Qiagen, Hilden, 380 

Germany). Target DNA was amplified by PCR using TaKaRa Ex Taq DNA Polymerase (TaKaRa Bio, 381 

Tokyo, Japan). DNA segments were purified using MonoFas DNA Purification Kit I (ANIMOS, Saitama, 382 

Japan). Total RNA was isolated from plant tissues using the RNeasy Plant Mini Kit (Qiagen). cDNA was 383 

synthesized using SuperScript III First-Strand Synthesis SuperMix (Thermo Fisher Scientific, Waltham, 384 

USA). DNA fragments were inserted into plasmid vectors using NEBuilder HiFi DNA Assembly Cloning 385 

Kit (New England Biolabs, Massachusetts, USA). The primers used in this study are listed in the 386 

Supplemental Table S9. For the GUS-fusion construction (Supplemental Figure S5), the putative promoter 387 
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sequence amplified from the N. benthamiana genome was fused upstream of the GUS (𝛽-glucuronidase)	388 

reporter gene in pENTR vector (pENTR ⁄ D-TOPO Cloning Kit, Thermo Fisher Scientific, Waltham, USA) 389 

and transferred into the binary vector pGWB1 (Nakagawa et al., 2007) based on LR recombination reaction. 390 

For the GFP-fusion construction (Supplemental Figure S5), the promoter sequences and the coding 391 

sequences (CDS) were fused upstream of GFP (green fluorescence protein) reporter gene in pENTR vector 392 

and transferred into the binary vector pGWB1 (Nakagawa et al., 2007). For the NbXCP1 translationally 393 

enhanced (NbXCP1-OX) construction (Supplemental Figure S5), pNbXCP1::Ω-NbXCP1, an artificially 394 

synthesized Ω (omega) fragment was inserted between the promoter sequence and CDS. To the 395 

CRISPR/Cas9 vector, fragments of NbXCP1/2 were as single guide RNA (sgRNA) added to pKI1.1R 396 

(Tsutsui et al., 2017), according to the above-described methods. 397 

 398 

Production of transgenic plants 399 

The relevant plasmid vectors (pGWB1 and pKI1.1R) were transferred into N. benthamiana by the 400 

Agrobacterium-mediated transformation method (Krügel et al., 2002; Weigel et al., 2006) for generating 401 

transformants. Transgenic plants of GUS-fusion lines, GFP-fusion lines and NbXCP1 translationally 402 

enhanced (NbXCP1-OX) lines were screened by antibiotic resistance in seedlings. CRISPR/Cas9-induced 403 

mutants were confirmed by sequencing (Dehairs et al., 2016). Homozygous lines of NbXCP1-OX lines 404 

and mutants were harvested in T2 or T3 generation, which were used in this study. 405 

 406 

Chemical staining and microscopy  407 

Phloroglucinol-HCl stain solution were composed of one volume of 1% (w/v) phloroglucinol dissolved in 408 

70% ethanol and five volumes of 5 M HCl. The toluidine blue stain solution was 0.01% (w/v) dissolved 409 

in 0.1 M NaOAC at pH 4. The safranin-O stain solution was 2.5% (w/v) dissolved in 99% ethanol. Fresh 410 

tissue sections were directly cut by hand with a blade. Resin-embedded tissue sections were prepared with 411 

Technovit 7100 Kits (Kulzer, Wehrheim, Germany) and cut with a rotary microtome (RX-860, Yamato 412 

Kohki, Saitama, Japan). Tissue sections were soaked in stain solution for 5 min and observed using a 413 
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microscope (BX53, Olympus, Tokyo, Japan) equipped with a digital camera (DP73, Olympus) for high-414 

magnification images. 415 

The GUS staining solution consisted of 10 mM PBS at pH 7, 0.1 % Triton X-100, 10 mM EDTA, 0.5 416 

mg/mL X-Gluc, 0.5 mM potassium ferricyanide, and 0.5 mM potassium ferrocyanide. Plant tissues were 417 

placed in a 90% acetone solution for 5 min, rinsed in 1 mM PBS, transferred to GUS stain solution, and 418 

incubated at 37 °C for 6–12 hours. Plant tissues were soaked in 70% ethanol to stop GUS staining and 419 

microscopically observed or prepared in resin-embedded sections. GUS-stained seedlings were observed 420 

using a zoom stereomicroscope (SZX10, Olympus) equipped with a digital camera (DP22, Olympus) for 421 

photography. 422 

For cellular GFP observation, tissue sections were treated with ClearSee (FUJIFILM Wako Chemicals, 423 

Miyazaki, Japan) solution using a fixative solution. A confocal laser scanning microscope (FV3000, 424 

Olympus; LSM5 Pascal, Zeiss, Jena, Germany) was set at 488 nm excitation wavelength. For tracheary 425 

element observation, the tissue sections were soaked in advance with a mixed solution composed of 20 426 

μg/mL BF-170 (FUJIFILM Wako Chemicals) solution and 2 μg/mL propidium iodide (P1304MP, Thermo 427 

Fisher Scientific) solution. The excitation wavelength of the confocal laser scanning microscope (FV3000, 428 

Olympus; LSM5 Pascal, Zeiss) was set to 488 nm for BF-170 and 543 nm for propidium iodide. For 429 

transmission electron microscopy (TEM) observations, the plant samples were prepared in pieces and sent 430 

to Tokai Electron Microscopy, Inc. for photographs. 431 

 432 

Gene expression analysis  433 

RNA-seq data collected in a previous study (Notaguchi et al., 2020) were used in this study. The RNA-434 

Seq data are available from the DNA Data Bank of Japan (DDBJ; http://www.ddbj.nig.ac.jp/) under 435 

accession number DRA009936. qRT-PCR reactions were performed using the KAPA SYBR FAST qPCR 436 

Master Mix (2X) Kit (KAPA Biosystems, Wilmington, USA) on the QuantStudio 3 Real-Time PCR 437 

System (Thermo Fisher Scientific) with standard protocol. The primers used for PCR amplification are 438 

listed in the Supplemental Table S6. 439 
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 440 

Network analysis  441 

Whole genome Bayesian network analysis in the normalized datasets of RNA-seq experiment in 24 Nb/At 442 

interfamily grafting, nine Nb/Nb self-grafting, and three intact N. benthamiana stems were performed 443 

using a Bayesian network estimation program, SiGN-BN (http://sign.hgc.jp/signbn/index.html) 444 

implemented on the supercomputer system at the Human Genome Center of the University of Tokyo 445 

(https://supcom.hgc.jp/english) (Tamada et al., 2010; 2011). The estimated gene network was analyzed 446 

using the gene network analysis software Cytoscape. GO enrichment analysis was performed with DAVID 447 

(https://david.ncifcrf.gov) using Arabidopsis gene IDs. 448 

 449 

Yeast one-hybrid assay  450 

A 1238 bp upstream sequence from the first nucleotide of the start codon was selected for the NbXCP1 451 

putative promoter. This sequence was ligated to the pHISi vector. The CDS sequences of VND1–VND7 452 

were also ligated to the pDEST-GADT7 vector. The two plasmid vectors were co-transformed into yeast 453 

cells. Transformants were grown on SD (synthetic defined) medium lacking leucine or histidine as 454 

reported previously (Hossain et al., 2010; Bass et al., 2016). 455 

 456 

Virus-induced gene-silencing (VIGS) experiments  457 

The plasmid vectors CY1, CMV-Al, and CY3 contained tripartite components of cucumber mosaic virus 458 

(CMV) genomic RNA (RNA1, RNA2, and RNA3, respectively). CMV-Al-NbXCP1/2 and CMV-Al-GFP 459 

(Supplemental Figure S10A) are genetically modified vectors for generating mutated RNA2. Plasmid 460 

vectors were linearized to generate templates for viral RNA in vitro transcription (T7 RNA Polymerase 461 

System, Takara Bio, Shiga, Japan). RNA1 to RNA3 were equally mixed to infect 3-week-old N. 462 

benthamiana plants using the mechanical inoculation method (Mochizuki et al., 2009). One week later, 463 

newly grown leaves with a mosaic phenotype were used to detect viral infection through RT-PCR (Tanase 464 

et al., 2019). The primers used for PCR amplification are listed in the Supplemental Table S9. Virus-465 
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infected leaves were ground homogeneously and used for sub-inoculation on 3-week-old plants following 466 

the above experiment steps. These infected plants were then used for interfamily grafting after one week 467 

of growth. 468 

 469 

Measurement of toluidine blue transport 470 

Interfamily grafts of Nb/At were used to detect toluidine blue appearing on xylem at 1, 2, 3, 7 and 10 DAG. 471 

The bottom of Arabidopsis inflorescence stems was cut and soaked into 0.5% (w/v) toluidine blue solution 472 

for 12 hours. Cross sections of scion stems were directly cut by hand with a blade and observed using a 473 

microscope (BX53, Olympus, Tokyo, Japan) equipped with a digital camera (DP73, Olympus) for high-474 

magnification images. 475 

 476 

Measurement of radioisotope phosphorus-32 (32P) transport  477 

Interfamily grafts of Nb/At were used to detect 32P absorption 7 DAG. The bottom of Arabidopsis 478 

inflorescence stems was injected with 2 mL of 0.1µM Pi solution (H332PO4, 10 kBq/mL), followed by 479 

plant absorption for 6 h. Plants were transferred to an imaging plate for 2–3 hours of exposure. The 480 

radioactivity of 32P was detected. Photo-stimulated luminescence (PSL) divided by area (PSL/area) 481 

indicates the numerical value of the 32P luminescent signal. The final scion radioactivity value was 482 

calculated using the following formula: scion (PSL/area) / rootstock (PSL/area). 483 
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 703 

Figure legends 704 

Figure 1 Formation of de novo tracheary elements (TEs) at the graft junction. A, Graft union in the Nb/At 705 

and Gm/At interfamily grafting. Cross sections were made at the middle area of the grafted part (white 706 

frame on left) and observed after phloroglucinol-HCl staining to color xylem cells in red, 7 and 14 days 707 

after grafting (DAG). Arrows indicate newly generated de novo xylem cells. Black arrowheads indicate 708 

necrotic layers. Scale bars, 1 cm in the left panels and 100 µm in the middle and right panels. B, 709 

Photographs of the interfamily grafts at 42 DAG. Scale bars, 5 cm. White arrows indicate grafted positions. 710 

Yellow arrowheads indicate the original apical positions of the scions. C, Length of scion outgrown parts 711 

in the interfamily grafts. Elongation of the stem of 36 plants for each graft combination was measured 712 

from 7–42 DAG. D, De novo TEs formed in the Nb calli of the Nb/At grafts. Scale bar, 20 µm. E, Graft 713 

union in self-grafting of N. benthamiana in 0.1% DMSO with or without 100 µM of 2,3,5-triiodobenzoic 714 

acid (TIBA), an auxin transport inhibitor. Cross sections were made and observed as done for A. Sc, scion; 715 

St, stock. Scale bars, 1 cm in the left panel and 200 µm in the middle and right panels. F, The number of 716 

de novo TEs was counted at 7 and 14 DAG for the samples in E. Four to five cross-sectional slices per 717 

graft union were made at region represented by white frame in E. Twelve grafts were measured for each 718 

sample fraction. G, H, Post-scion growth for the samples in E was observed (G) and measured (H). 719 

Controls in E–H indicate 0.1% DMSO. At, Arabidopsis; Nb, N. benthamiana. Gm, G. max. Error bars 720 

indicate the means ± SE. Asterisks present significant differences determined by Student’s T-test results 721 

(*P < 0.05; **P < 0.01). 722 

 723 

Figure 2 Expression profiles of VNDs-initiated xylem formation genes. A, Proposed VNDs-initiated 724 

processes in xylem formation. VND1–VND7 are master transcription factors that regulate various 725 
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processes of xylem formation, according to Arabidopsis research (Kubo et al., 2005; Ohashi-Ito et al., 726 

2010; Yamaguchi et al., 2011; Endo et al., 2015). B, Measurement of the vascular tissue reconnection in 727 

the Nb/At interfamily grafts. The frequency of toluidine-blue detection in the scion was measured at 1, 3, 728 

5, 7, and 10 DAG. Eight to ten grafts were examined for each time point. C, D, Expression profiles of 729 

xylem formation-related genes in N. benthamiana and G. max. The transcription levels of genes in Nb/At 730 

or Gm/At interfamily grafting were estimated by RNA-seq. Colors in the heat map represent the fold 731 

changes (log10) in the transcription level at 1, 3, and 7 DAG relative to the intact stem (0 DAG). Xylem 732 

formation-related genes in Arabidopsis were listed from previous study (Yamaguchi et al., 2011; 733 

Bollhöner et al., 2013; Ohashi-Ito et al., 2018). Corresponding genes in N. benthamiana and G. max were 734 

orthologous genes of Arabidopsis estimated by the tblastn program. At, Arabidopsis; Nb, N. benthamiana; 735 

Gm, G. max. 736 

 737 

Figure 3 Bayesian network analysis of gene clusters under the control of NbVND7 transcription factors. 738 

A, Bayesian network of all genes in N. benthamiana estimated using the SiGN-BN NNSR program. 739 

Yellow dots indicate the candidate genes of NbVND7 downstream to the fifth level. B, Bayesian network 740 

of NbVND7 and genes belonging to the four GOs (Integral component of membrane, Plasma membrane, 741 

Extracellular region, and Membrane) included in the downstream genes of NbVND7 estimated using the 742 

SiGN-BN HC+Bootstrap program. C, Network diagram with only the edges and nodes containing graft-743 

related genes extracted. Red and magenta circles indicate homolog genes for VND7 and XCP1 in N. 744 

benthamiana, respectively. Purple circles indicate other graft-related genes. D, Network diagram drawn 745 

with the two most significant edges. E, Gene list for network analysis. Nb, Nicotiana benthamiana. Red 746 

arrows indicate gene up-regulation. Blue T-lines indicate gene down-regulation. Gray lines indicate 747 

uncertain gene regulation. Line thickness indicates significance in gene regulation (B–D). 748 

  749 

Figure 4 Expression of NbXCPs during the graft union formation. A, Phylogenetic tree for XCP1 750 

homologs from Arabidopsis and N. benthamiana. B, Expression of NbXCPs during graft union formation. 751 
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The transcription levels of genes in Nb/At interfamily grafting were estimated by RNA-seq at 0, 1, 3, and 752 

7 DAG. 0 DAG was an intact plant without grafting. Error bars indicate the means ± SE. C, Yeast one-753 

hybrid assay for VND7 binding to NbXCP1 promoter. The sequence for VND7 binding in the NbXCP1 754 

putative promoter area are shown. Base pairs with underlines indicate a conserved structure ideal for 755 

binding by VND7 protein. Dilution analysis of the yeast transformants harboring pHISi-NbXCP1 pro and 756 

empty pDEST-GADT7 vectors or pHISi-NbXCP1 pro and pDEST-GADT7-VND7 vectors on Synthetic 757 

Defined (SD) medium. –L: SD medium lacking Leu; –HUL: SD medium lacking His, Ura, and Leu; 3-758 

AT: 3-amino-1,2,4-triazole for reducing HIS leaky expression. D, NbXCP1 promoter directs GUS 759 

expression at 4-week-old intact plant stems. Xylem cells were stained in pink and other tissue cells in 760 

orange by Safranin-O. Scale bars, 50 µm. Ph: phloem; Ca: cambium; Xy, xylem; Ip: internal phloem. E, 761 

NbXCP1 promoter directs GUS expression during Nb/At interfamily graft union formation at 3, 7, and 14 762 

DAG. The dotted lines indicate the contact surface of N. benthamiana and Arabidopsis. Scale bars, 100 763 

µm. F, GUS expression in de novo TEs. The putative promoters of NbXCP1 directed GUS expression at 764 

14 DAG. Scale bars, 50 µm. G, GFP expression in the xylem vessel. The putative promoters of NbXCP1 765 

directed NbXCP1-GFP fusion proteins (pNbXCP1::NbXCP1-GFP) expression at 4-week-old plant stems. 766 

Scale bars, 100 µm. H, Ectopic expression of NbXCP1. Nb epidermal cells were particle-bombarded with 767 

the plasmid vectors and observed after one day. MDY-64 stained vacuole membrane. Arrows indicate the 768 

anomalous membranes within epidermal cells. “The number of cells with GFP localization pattens 769 

represented in each image / total number of the observed cells” are indicated in images. Scale bars, 50 µm. 770 

I, Transmission electron microscopic (TEM) observations of tracheary elements (TEs). Observation of 771 

TEs in the primary xylem of the stems. TEs were observed in 4-week-old plants. Rectangles indicate the 772 

magnified area for continuous observation. Arrowheads indicate remnants attaching cell wall (CW). Scale 773 

bars: red, 100 µm; blue, 10 µm; black, 1 µm. At, Arabidopsis; Nb, N. benthamiana. 774 

 775 

Figure 5 NbXCP1 and NbXCP2 promote graft union formation and scion growth. A, Suppression of 776 

NbXCP1 and NbXCP2 transcripts in interfamily grafting by virus-induced gene silencing (VIGS). CMV-777 
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GFP and CMV-NbXCP1/2 indicate infected Nb plants with cucumber mosaic virus (CMV) containing 778 

GFP and NbXCP1/2 fragments, respectively (See also Supplemental Figure S10). The related gene 779 

transcription in graft junctions was verified at 3 DAG by qRT-PCR. NbEF1𝛼 was used as a reference. 780 

Error bars indicate the means ± SE (n = 3–4). B, Effect of NbXCP1 and NbXCP2 suppression on graft 781 

establishment. Representative Nb/At grafts at 14 DAG in VIGS experiment. Arrowhead indicates the dead 782 

scion. The survival rates were measured with 46–48 grafts for each at 14 DAG based on whether the Nb 783 

scion was alive. Asterisks present significant differences determined by the Chi-square test (*P < 0.05). 784 

Scale bars, 2 cm. Nb, N. benthamiana; At, Arabidopsis. C, Grafts of Nbxcp1:Nbxcp2 knockout mutant 785 

(KO) and NbXCP1 translationally enhanced (OX) line as a scion on the stems of Arabidopsis at 14 DAG. 786 

Survival rates were estimated with 45–48 plants for each at 14 DAG. The arrowhead indicates the dead 787 

scion. Scale bars, 2 cm. Asterisks present significant differences determined by the Chi-square test (*P < 788 

0.05). D, De novo TE differentiation in the calli of graft union at 2 DAG. Propidium iodide (PI) and BF-789 

170 were used for staining dead cells and xylem cells, respectively. The occurrence of de novo TEs in calli 790 

was estimated with 16 plants for each at 2, 3, 4, and 5 DAG. Asterisks represent significant differences 791 

determined by the Chi-square test (*P < 0.05). White asterisks indicate de novo TEs in calli. Scale bars, 792 

50 µm. E, Radioisotope transport assays in N. benthamiana scions. All plantlets incorporated inorganic 793 

phosphate (Pi) labeled with 32P from the cut stems. The signal amount is shown as a heat map. The gradient 794 

from white to blue corresponds to higher to lower signals. Pi transport was quantified with 26–30 scions 795 

for each by imaging plates at 7 DAG. Error bars indicate the means ± SE. Asterisks present significant 796 

differences determined by Tukey’s HSD test result (*P < 0.05). Scale bars, 1 cm. F, Measurement of scion 797 

growth of Nbxcp1;Nbxcp2 knockout mutant and NbXCP1 translationally enhanced line grafted on 798 

Arabidopsis grafts at 42 DAG. Scale bars, 4 cm. Outgrow-part of Nb scions with 33–36 plants for each 799 

were measured at 7, 14, 21, 28, 35, and 42 DAG and plotted. Error bars indicate the means ± SE. Asterisks 800 

present significant differences determined by Tukey’s HSD test result (*P < 0.05). G, Measurement of 801 

fruit weight of Nbxcp1;Nbxcp2 knockout mutant and NbXCP1 translationally enhanced line grafted on 802 

Arabidopsis grafts at 49 DAG. Scale bars, 5 mm. The fresh fruits were harvested from 20–24 plants graft 803 
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combination. The measurement with each single fruit. Error bars indicate mean ± SE (n = 36–69 for each). 804 

Asterisks present significant differences determined by Tukey’s HSD test result (*P < 0.05). H, A model 805 

for de novo TE formation in Nicotiana interfamily grafting. NbVND7 transcriptional factors regulate the 806 

downstream genes including xylem formation genes and plant immunity genes during the TE 807 

differentiation. Bayesian network analysis reveals the candidate genes in graft union formation. Among 808 

them, the function of NbXCP1 and NbXCP2 on de novo TE formation has been verified in this study. 809 
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Figure 1 Formation of de novo tracheary elements (TEs) at the graft junction. A, Graft union in the Nb/At and Gm/At interfamily grafting.
Cross sections were made at the middle area of the grafted part (white frame on left) and observed after phloroglucinol-HCl staining to color
xylem cells in red, 7 and 14 days after grafting (DAG). Arrows indicate newly generated de novo xylem cells. Black arrowheads indicate
necrotic layers. Scale bars, 1 cm in the left panels and 100 µm in the middle and right panels. B, Photographs of the interfamily grafts at 42
DAG. Scale bars, 5 cm. White arrows indicate grafted positions. Yellow arrowheads indicate the original apical positions of the scions. C,
Length of scion outgrown parts in the interfamily grafts. Elongation of the stem of 36 plants for each graft combination was measured from 7–
42 DAG. D, De novo TEs formed in the Nb calli of the Nb/At grafts. Scale bar, 20 µm. E, Graft union in self-grafting of N. benthamiana in
0.1% DMSO with or without 100 µM of 2,3,5-triiodobenzoic acid (TIBA), an auxin transport inhibitor. Cross sections were made and observed
as done for A. Sc, scion; St, stock. Scale bars, 1 cm in the left panel and 200 µm in the middle and right panels. F, The number of de novo
TEs was counted at 7 and 14 DAG for the samples in E. Four to five cross-sectional slices per graft union were made at region represented
by white frame in E. Twelve grafts were measured for each sample fraction. G, H, Post-scion growth for the samples in E was observed (G)
and measured (H). Controls in E–H indicate 0.1% DMSO. At, Arabidopsis; Nb, N. benthamiana. Gm, G. max. Error bars indicate the means
± SE. Asterisks present significant differences determined by Student’s T-test results (*P < 0.05; **P < 0.01).
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AT2G18060 (VND1) 
AT4G36160 (VND2) 
AT5G66300 (VND3)

Glyma02g05620 0.0 0.0 0.0 -0.2 
Glyma16g24200 0.0 -0.1 0.1 -0.2 
Glyma01g37310 0.0 -0.2 -0.5 -0.8 
Glyma11g07990 0.0 -0.1 -0.1 -0.3 

AT1G12260 (VND4) 
AT1G62700 (VND5) 
AT5G62380 (VND6)

Glyma05g04250 0.0 0.2 0.2 -0.3 
Glyma09g36600 0.0 0.1 0.1 -0.3 
Glyma04g13660 0.0 0.0 0.0 -0.3 
Glyma12g00760 0.0 0.1 0.0 -0.2 
Glyma06g47680 0.0 0.1 0.0 -0.6 
Glyma11g03340 0.0 -0.3 -0.2 -0.4 
Glyma17g14700 0.0 0.0 0.0 -0.3 

AT1G71930 (VND7) Glyma10g36050 0.0 0.5 0.6 0.5 
Glyma20g31551 0.0 0.0 0.0 0.0 

AT2G40470 (LBD15)

Glyma14g07260 0.0 0.0 0.1 0.0 
Glyma02g41710 0.0 0.0 0.0 0.0 
Glyma04g39830 0.0 -1.1 -0.8 -0.9 
Glyma06g15050 0.0 -0.5 -0.7 -0.9 
Glyma14g38280 0.0 -0.3 0.6 -0.2 
Glyma02g40080 0.0 0.3 0.3 0.2 

AT4G00220 (LBD30)

Glyma03g02620 0.0 0.0 0.0 -1.0 
Glyma18g45320 0.0 -0.3 0.1 -0.5 
Glyma01g34540 0.0 0.1 0.0 -0.7 
Glyma09g40500 0.0 -0.1 0.3 -0.3 

AT5G12870 (MYB46)

Glyma13g41470 0.0 -0.6 -0.5 -0.7 
Glyma15g03920 0.0 -0.5 -0.4 -0.3 
Glyma11g14200 0.0 -0.9 -0.8 -0.9 
Glyma12g06180 0.0 -0.7 -0.6 -0.5 

AT3G11440 (MYB65)
Glyma15g35860 0.0 -0.3 0.1 -0.3 
Glyma06g47000 0.0 -0.1 0.1 0.0 
Glyma04g15150 0.0 0.2 0.3 0.5 

AT3G08500 (MYB83)

Glyma12g36630 0.0 -0.9 -0.9 -1.0 
Glyma13g27310 0.0 -0.5 -0.6 -0.9 
Glyma19g05080 0.0 -0.6 -0.4 -0.7 
Glyma13g07020 0.0 -0.4 -0.6 -0.9 

AT4G22680 (MYB85)
Glyma01g42050 0.0 -0.4 -0.1 -0.2 
Glyma05g03780 0.0 -0.8 -0.7 -0.7 
Glyma11g03300 0.0 -0.5 -0.4 -0.6 

AT1G63910 (MYB103)

Glyma08g02080 0.0 -1.2 -1.0 -1.1 
Glyma11g02400 0.0 -1.3 -1.1 -1.1 
Glyma01g43120 0.0 -1.2 -1.0 -1.1 
Glyma05g37460 0.0 -0.9 -1.0 -0.8 

AT5G04200 (ATMC9)

Glyma19g30180 0.0 0.0 0.1 -0.3 
Glyma08g25150 0.0 0.0 0.2 0.2 
Glyma08g25170 0.0 0.0 0.0 0.1 
Glyma15g31750 0.0 -0.1 -0.1 0.0 
Glyma08g17320 0.0 0.0 0.0 0.0 

AT1G11190 (BFN1)
Glyma13g31890 0.0 0.0 0.1 0.0 
Glyma15g07430 0.0 0.1 0.2 -0.1 

AT4G35350 (XCP1) 
AT1G20850 (XCP2)

Glyma04g01640 0.0 -0.2 -0.1 -0.6 
Glyma04g01630 0.0 -0.2 -0.1 -0.6 
Glyma06g01710 0.0 -0.1 -0.2 -1.0 
Glyma06g01730 0.0 -0.3 -0.2 -0.6 
Glyma06g43170 0.0 -0.3 0.0 0.0 

AT4G18780 (IRX1)

Glyma06g06870 0.0 -1.0 -0.9 -1.1 
Glyma04g06780 0.0 -1.0 -1.0 -1.2 
Glyma08g12400 0.0 -2.4 -0.9 -0.6 
Glyma05g29240 0.0 -2.2 -1.1 -0.8 

AT5G17420 (IRX3)

Glyma04g23530 0.0 -1.2 -1.1 -1.3 
Glyma06g30860 0.0 -1.1 -1.0 -1.2 
Glyma17g08000 0.0 -1.1 -0.8 -1.0 
Glyma02g36720 0.0 -1.1 -0.9 -1.1 

AT5G44030 (IRX5)

Glyma08g09350 0.0 -0.8 -0.7 -1.1 
Glyma09g05630 0.0 -1.0 -0.8 -0.9 
Glyma15g16900 0.0 -1.1 -0.9 -1.1 
Glyma13g18780 0.0 -2.5 -1.0 -0.7 

AT5G54690 (IRX8)

Glyma06g41630 0.0 -1.0 -1.0 -1.4 
Glyma12g16550 0.0 -1.1 -1.1 -1.4 
Glyma13g36280 0.0 -0.9 -0.8 -1.0 
Glyma12g34280 0.0 -1.0 -0.9 -1.1 

AT1G27440 (IRX10) 
AT5G61840 (IRX10-L)

Glyma06g17140 0.0 -0.8 -0.8 -0.9 
Glyma04g37920 0.0 -0.8 -0.7 -0.8 
Glyma05g33420 0.0 -1.2 -1.0 -1.2 

AT2G38080 (IRX12)
Glyma01g27710 0.0 -1.2 -1.1 -1.4 
Glyma03g14450 0.0 -1.2 -1.2 -1.4 
Glyma18g42520 0.0 -1.7 -1.3 -1.7 

AT2G18060 (VND1) 
AT4G36160 (VND2) 
AT5G66300 (VND3)

Niben101Scf02862g01006 0.0 0.5 0.5 0.6 
Niben101Scf02864g06007 0.0 1.1 1.1 1.3 
Niben101Scf03735g07020 0.0 0.0 0.0 0.0 
Niben101Scf13103g00009 0.0 0.6 -0.4 -0.2 

AT1G12260 (VND4) 
AT1G62700 (VND5) 
AT5G62380 (VND6)

Niben101Scf03853g00002 0.0 0.5 0.7 0.3 
Niben101Scf04217g02012 0.0 0.1 0.3 0.2 
Niben101Scf05030g04002 0.0 -0.1 0.0 -0.5 

AT1G71930 (VND7)

Niben101Scf01166g16008 0.0 1.7 1.5 1.6 
Niben101Scf02423g00006 0.0 0.3 0.6 0.4 
Niben101Scf02664g01004 0.0 1.6 1.5 1.5 
Niben101Scf04216g06004 0.0 0.2 0.6 0.7 

AT2G40470 (LBD15)

Niben101Scf01124g04009 0.0 0.4 0.5 0.1 
Niben101Scf17819g00005 0.0 0.2 0.7 0.2 
Niben101Scf03156g01010 0.0 0.0 0.0 0.0 
Niben101Scf02017g03004 0.0 0.0 0.0 0.0 

AT4G00220 (LBD30)

Niben101Scf08508g01007 0.0 0.8 1.2 0.7 
Niben101Scf03518g00007 0.0 0.4 0.9 0.2 
Niben101Scf05917g01016 0.0 0.3 0.4 0.2 
Niben101Scf03951g02012 0.0 0.0 0.5 1.0 

AT5G12870 (MYB46) Niben101Scf00629g02006 0.0 0.7 0.4 0.2 
AT1G79180 (MYB63) Niben101Scf02724g05004 0.0 2.6 2.5 2.1 

AT3G11440 (MYB65)

Niben101Scf11569g00002 0.0 0.0 0.0 0.0 
Niben101Scf07937g03012 0.0 0.2 0.3 0.2 
Niben101Scf00862g01016 0.0 0.1 0.1 0.2 
Niben101Scf05078g08009 0.0 0.0 0.2 0.3 
Niben101Scf01383g07027 0.0 0.1 0.2 0.4 

AT3G08500 (MYB83)
Niben101Scf03005g00005 0.0 0.6 0.3 0.0 
Niben101Scf02509g03007 0.0 0.7 0.2 0.1 

AT4G22680 (MYB85)
Niben101Scf15721g00003 0.0 0.4 1.0 0.8 
Niben101Scf01732g02016 0.0 0.3 0.5 0.2 

AT1G63910 (MYB103) Niben101Scf00254g01002 0.0 1.0 0.9 0.5 

AT5G04200 (ATMC9)
Niben101Scf01938g06013 0.0 0.2 0.4 0.0 
Niben101Scf03018g05011 0.0 0.4 0.8 0.4 

AT1G11190 (BFN1) Niben101Scf00180g00004 0.0 0.4 0.9 0.5 

AT4G35350 (XCP1) 
AT1G20850 (XCP2)

Niben101Scf00712g02010 0.0 0.3 0.5 0.2 
Niben101Scf01369g00024 0.0 0.3 0.5 0.2 
Niben101Scf05047g04012 0.0 0.7 0.8 0.5 

AT4G18780 (IRX1)
Niben101Scf00581g00002 0.0 0.6 0.4 0.0 
Niben101Scf02531g02003 0.0 0.7 0.4 0.1 

AT5G17420 (IRX3)
Niben101Scf14566g01008 0.0 0.7 0.4 0.1 
Niben101Scf01382g03003 0.0 0.7 0.5 0.1 
Niben101Scf17858g00013 0.0 0.0 0.0 0.0 

AT5G44030 (IRX5)
Niben101Scf03365g05021 0.0 0.6 0.4 0.1 
Niben101Scf05516g00010 0.0 0.6 0.4 0.1 

AT5G54690 (IRX8)

Niben101Scf13644g00002 0.0 0.7 0.4 0.0 
Niben101Scf02270g00005 0.0 0.6 0.4 0.0 
Niben101Scf02262g02012 0.0 0.6 0.5 0.1 
Niben101Scf04339g00006 0.0 0.7 0.5 0.1 

AT1G27440 (IRX10) 
AT5G61840 (IRX10-L)

Niben101Scf07579g02009 0.0 0.3 0.2 0.2 
Niben101Scf01596g08003 0.0 0.5 0.1 -0.1 
Niben101Scf03924g00012 0.0 0.2 0.1 -0.2 
Niben101Scf03461g05003 0.0 -0.6 -0.7 -0.5 
Niben101Scf13229g04003 0.0 0.8 0.6 0.3 
Niben101Scf01697g02001 0.0 0.8 0.5 0.2 

AT2G38080 (IRX12)

Niben101Scf03860g05002 0.0 0.6 0.2 0.0 
Niben101Scf00348g06006 0.0 0.9 0.0 -0.2 
Niben101Scf03325g00011 0.0 0.7 0.5 0.2 
Niben101Scf01738g06007 0.0 0.8 0.3 0.1 
Niben101Scf02479g01017 0.0 1.0 1.1 0.8 
Niben101Scf03329g02001 0.0 0.7 0.5 0.2 
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Figure 2 Expression profiles of VNDs-initiated xylem formation genes. A, Proposed VNDs-initiated processes in xylem formation. VND1–
VND7 are master transcription factors that regulate various processes of xylem formation, according to Arabidopsis research (Kubo et al.,
2005; Ohashi-Ito et al., 2010; Yamaguchi et al., 2011; Endo et al., 2015). B, Measurement of the vascular tissue reconnection in the Nb/At
interfamily grafts. The frequency of toluidine-blue detection in the scion was measured at 1, 3, 5, 7, and 10 DAG. Eight to ten grafts were
examined for each time point. C, D, Expression profiles of xylem formation-related genes in N. benthamiana and G. max. The transcription
levels of genes in Nb/At or Gm/At interfamily grafting were estimated by RNA-seq. Colors in the heat map represent the fold changes (log10)
in the transcription level at 1, 3, and 7 DAG relative to the intact stem (0 DAG). Xylem formation-related genes in Arabidopsis were listed from
previous study (Yamaguchi et al., 2011; Bollhöner et al., 2013; Ohashi-Ito et al., 2018). Corresponding genes in N. benthamiana and G. max
were orthologous genes of Arabidopsis estimated by the tblastn program. At, Arabidopsis; Nb, N. benthamiana; Gm, G. max.
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N. benthamiana gene ID Gene annotation References
Niben101Scf05820g00008 amine oxidase 1 (AO1) Ghuge et al., 2015 
Niben101Scf12159g06005 Bax inhibitor-1 family protein (LFG4) Weis et al., 2013 
Niben101Scf03679g03009 Fe superoxide dismutase 1 (FSD1) Melicher et al., 2022 
Niben101Scf02375g03009 glycosyl hydrolase family 10 protein (ATXYN1) Endo et al., 2019 
Niben101Scf07323g00006 Pectin lyase-like superfamily protein
Niben101Ctg16055g00003 Peroxidase superfamily protein (PRX66) Sato et al., 2006 
Niben101Scf00375g02004 purple acid phosphatase 22 (PAP22) Yamaguchi et al., 2010 
Niben101Scf01917g13024 Rhamnogalacturonate lyase family protein
Niben101Scf02615g01006 Rhamnogalacturonate lyase family protein
Niben101Scf05682g00014 Riboflavin synthase-like superfamily protein (RBOHE) Chapman et al., 2019 
Niben101Scf06385g01007 Riboflavin synthase-like superfamily protein (RBOHE) Chapman et al., 2019 
Niben101Scf06358g00004 tracheary element differentiation-related 6 (TED6) Endo et al., 2009 
Niben101Scf00712g02010 xylem cysteine peptidase 1 (NbXCP1) Avci et al., 2008 
Niben101Scf01369g00024 xylem cysteine peptidase 1 (NbXCP2) Avci et al., 2008 
Niben101Scf05047g04012 xylem cysteine peptidase 1 (NbXCP3) Avci et al., 2008 
Niben101Scf05226g05016 xylem cysteine peptidase 1 (NbXCP4) Avci et al., 2008 
Niben101Scf01015g01002 Pathogenesis-related 4 (PR-4) Camargo-Ramírez et al., 2022 
Niben101Scf11337g00010 cation/H+ exchanger 3 (CHX3) Chanroj et al., 2012 
Niben101Scf01124g27027 cationic amino acid transporter 6 (CAT6) Hammes et al., 2006 
Niben101Scf02909g04002 transthyretin-like protein (TTL) Nam & Li, 2004 
Niben101Scf15678g00013 unknown protein
Niben101Scf01978g00017 Protein kinase superfamily protein
Niben101Scf02014g00023 Protein of unknown function
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Figure 3 Bayesian network analysis of gene clusters under the control of NbVND7 transcription factors. A, Bayesian network of all genes in N.
benthamiana estimated using the SiGN-BN NNSR program. Yellow dots indicate the candidate genes of NbVND7 downstream to the fifth
level. B, Bayesian network of NbVND7 and genes belonging to the four GOs (Integral component of membrane, Plasma membrane,
Extracellular region, and Membrane) included in the downstream genes of NbVND7 estimated using the SiGN-BN HC+Bootstrap program. C,
Network diagram with only the edges and nodes containing graft-related genes extracted. Red and magenta circles indicate homolog genes
for VND7 and XCP1 in N. benthamiana, respectively. Purple circles indicate other graft-related genes. D, Network diagram drawn with the two
most significant edges. E, Gene list for network analysis. Nb, Nicotiana benthamiana. Red arrows indicate gene up-regulation. Blue T-lines
indicate gene down-regulation. Gray lines indicate uncertain gene regulation. Line thickness indicates significance in gene regulation (B–D).
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Figure 4 Expression of NbXCPs during the graft union formation. A, Phylogenetic tree for XCP1 homologs from Arabidopsis and N.
benthamiana. B, Expression of NbXCPs during graft union formation. The transcription levels of genes in Nb/At interfamily grafting were
estimated by RNA-seq at 0, 1, 3, and 7 DAG. 0 DAG was an intact plant without grafting. Error bars indicate the means ± SE. C, Yeast one-
hybrid assay for VND7 binding to NbXCP1 promoter. The sequence for VND7 binding in the NbXCP1 putative promoter area are shown.
Base pairs with underlines indicate a conserved structure ideal for binding by VND7 protein. Dilution analysis of the yeast transformants
harboring pHISi-NbXCP1 pro and empty pDEST-GADT7 vectors or pHISi-NbXCP1 pro and pDEST-GADT7-VND7 vectors on Synthetic
Defined (SD) medium. –L: SD medium lacking Leu; –HUL: SD medium lacking His, Ura, and Leu; 3-AT: 3-amino-1,2,4-triazole for reducing
HIS leaky expression. D, NbXCP1 promoter directs GUS expression at 4-week-old intact plant stems. Xylem cells were stained in pink and
other tissue cells in orange by Safranin-O. Scale bars, 50 µm. Ph: phloem; Ca: cambium; Xy, xylem; Ip: internal phloem. E, NbXCP1
promoter directs GUS expression during Nb/At interfamily graft union formation at 3, 7, and 14 DAG. The dotted lines indicate the contact
surface of N. benthamiana and Arabidopsis. Scale bars, 100 µm. F, GUS expression in de novo TEs. The putative promoters of NbXCP1
directed GUS expression at 14 DAG. Scale bars, 50 µm. G, GFP expression in the xylem vessel. The putative promoters of NbXCP1 directed
NbXCP1-GFP fusion proteins (pNbXCP1::NbXCP1-GFP) expression at 4-week-old plant stems. Scale bars, 100 µm. H, Ectopic expression of
NbXCP1. Nb epidermal cells were particle-bombarded with the plasmid vectors and observed after one day. MDY-64 stained vacuole
membrane. Arrows indicate the anomalous membranes within epidermal cells. “The number of cells with GFP localization pattens
represented in each image / total number of the observed cells” are indicated in images. Scale bars, 50 µm. I, Transmission electron
microscopic (TEM) observations of tracheary elements (TEs). Observation of TEs in the primary xylem of the stems. TEs were observed in 4-
week-old plants. Rectangles indicate the magnified area for continuous observation. Arrowheads indicate remnants attaching cell wall (CW).
Scale bars: red, 100 µm; blue, 10 µm; black, 1 µm. At, Arabidopsis; Nb, N. benthamiana.

E
Nb

At De novo TEs

At

Nb

At

Nb

At

Nb

3 DAG 7 DAG 14 DAG



C

A B

E

*
*

*
*

*
*

0 

40 

80 

120 

160 

S
ci

on
 o

ut
gr

ow
n 

le
ng

th
 (m

m
)

7 14 21 28 35 42
DAG

WT
KO
OX

0 

20 

40 

60 

80 

100 

*

66%
45%

21%S
ci

on
 s

ur
vi

va
l r

at
e 

(%
)

NI GFP XCP

F

0 

20 

40 

60 

80 

100 

S
ci

on
 s

ur
vi

va
lr

at
e 

(%
)

*

65%

45%

79%

WT KO OX

*

*

0

20

40

60

80

100

2 DAG 3 DAG 4 DAG 5 DAG
O

cc
ur

re
nc

e 
of

 fi
rs

t f
or

m
ed

 T
E

 
at

 th
e 

gr
af

t u
ni

on
s 

(%
)

R
el

at
iv

e
tra

ns
cr

ip
tio

n 
le

ve
ls

 
of

 N
bX

C
P

1/
2 

(/N
bE

F1
𝛼)

 

0.0 

0.4 

0.8 

1.2 

1.6 

Int NI GFP XCP

Int: Intact
NI: No infected
GFP: CMV-GFP
XCP: CMV-NbXCP1/2

NI GFP XCP

WT KO OX

WT KO OX

0
1
2
3
4
5
6
7

S
ci

on
 is

ot
op

e 
P

S
L 

(x
10

-3
)

*

WT KO OX

WT KO OX

*
Nb

At

Nb
At

*

Nb

At

*

Figure 5 NbXCP1 and NbXCP2 promote graft union formation and scion growth. A, Suppression of NbXCP1 and NbXCP2 transcripts in
interfamily grafting by virus-induced gene silencing (VIGS). CMV-GFP and CMV-NbXCP1/2 indicate infected Nb plants with cucumber mosaic
virus (CMV) containing GFP and NbXCP1/2 fragments, respectively (See also Supplemental Figure S10). The related gene transcription in
graft junctions was verified at 3 DAG by qRT-PCR. NbEF1𝛼 was used as a reference. Error bars indicate the means ± SE (n = 3–4). B,
Effect of NbXCP1 and NbXCP2 suppression on graft establishment. Representative Nb/At grafts at 14 DAG in VIGS experiment. Arrowhead
indicates the dead scion. The survival rates were measured with 46–48 grafts for each at 14 DAG based on whether the Nb scion was alive.
Asterisks present significant differences determined by the Chi-square test (*P < 0.05). Scale bars, 2 cm. Nb, N. benthamiana; At,
Arabidopsis. C, Grafts of Nbxcp1:Nbxcp2 knockout mutant (KO) and NbXCP1 translationally enhanced (OX) line as a scion on the stems of
Arabidopsis at 14 DAG. Survival rates were estimated with 45–48 plants for each at 14 DAG. The arrowhead indicates the dead scion. Scale
bars, 2 cm. Asterisks present significant differences determined by the Chi-square test (*P < 0.05). D, De novo TE differentiation in the calli of
graft union at 2 DAG. Propidium iodide (PI) and BF-170 were used for staining dead cells and xylem cells, respectively. The occurrence of de
novo TEs in calli was estimated with 16 plants for each at 2, 3, 4, and 5 DAG. Asterisks represent significant differences determined by the
Chi-square test (*P < 0.05). White asterisks indicate de novo TEs in calli. Scale bars, 50 µm. E, Radioisotope transport assays in N.
benthamiana scions. All plantlets incorporated inorganic phosphate (Pi) labeled with 32P from the cut stems. The signal amount is shown as a
heat map. The gradient from white to blue corresponds to higher to lower signals. Pi transport was quantified with 26–30 scions for each by
imaging plates at 7 DAG. Error bars indicate the means ± SE. Asterisks present significant differences determined by Tukey’s HSD test
result (*P < 0.05). Scale bars, 1 cm. F, Measurement of scion growth of Nbxcp1;Nbxcp2 knockout mutant and NbXCP1 translationally
enhanced line grafted on Arabidopsis grafts at 42 DAG. Scale bars, 4 cm. Outgrow-part of Nb scions with 33–36 plants for each were
measured at 7, 14, 21, 28, 35, and 42 DAG and plotted. Error bars indicate the means ± SE. Asterisks present significant differences
determined by Tukey’s HSD test result (*P < 0.05). G, Measurement of fruit weight of Nbxcp1;Nbxcp2 knockout mutant and NbXCP1
translationally enhanced line grafted on Arabidopsis grafts at 49 DAG. Scale bars, 5 mm. The fresh fruits were harvested from 20–24 plants
graft combination. The measurement with each single fruit. Error bars indicate mean ± SE (n = 36–69 for each). Asterisks present significant
differences determined by Tukey’s HSD test result (*P < 0.05). H, A model for de novo TE formation in Nicotiana interfamily grafting. NbVND7
transcriptional factors regulate the downstream genes including xylem formation genes and plant immunity genes during the TE differentiation.
Bayesian network analysis reveals the candidate genes in graft union formation. Among them, the function of NbXCP1 and NbXCP2 on de
novo TE formation has been verified in this study.
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