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Abstracts 27 
Grafting is an indispensable agricultural technology for propagating useful tree varieties and obtaining 28 
beneficial traits of two varieties/species—as stock and scion—at the same time. Recent studies of 29 
molecular events during grafting have revealed dynamic physiological and transcriptomic changes. 30 
Strategies focused on specific grafting steps are needed to further associate each physiological and 31 
molecular event with those steps. In this study, we developed a method to investigate the tissue 32 
adhesion event, an early grafting step, by improving an artificial in vitro grafting system in which two 33 
pieces of 1.5-mm thick Nicotiana benthamiana cut stem sections were combined and cultured on 34 
medium. We prepared a silicone sheet containing five special cutouts for adhesion of cut stem slices. 35 
We quantitatively measured the adhesive force at these grafting interfaces using a force gauge and 36 
found that graft adhesion started 2 days after grafting, with the adhesive force gradually increasing 37 
over time. After confirming the positive effect of auxin on grafting by this method, we tested the effect 38 
of cellulase treatment and observed significant enhancement of graft tissue adhesion. Compared with 39 
the addition of auxin or cellulase individually, the adhesive force was stronger when both auxin and 40 
cellulase were added simultaneously. The in vitro grafting method developed in this study is thus useful 41 
for examining the process of graft adhesion. 42 
 43 
Key words 44 
(Adhesive force, Auxin, Cellulase, Grafting, Nicotiana benthamiana)   45 
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Introduction 46 
Plant grafting has been used for thousands of years to improve crop traits and propagate fruit trees and 47 
vegetables. Wound healing at the graft junction allows two or more joined plants to grow as a single 48 
individual (Mudge et al. 2009; Melnyk 2016). Grafting confers various characteristics of roots (stocks), 49 
such as disease resistance and tolerance to adverse soil conditions, on shoots (scions) that also have 50 
desirable traits (Mudge et al. 2009). The degree of callus formation often observed on the grafted 51 
surface is believed to affect successful contact (Sass 1932). In the model plant Arabidopsis, the grafting 52 
process includes the following steps: necrotic layer development, graft callus growth, differentiation 53 
of new vascular tissue within the scion, and complete vascularization between the scion and the stock 54 
(Flaishman et al. 2008). 55 

In regard to molecular mechanisms, studies have revealed the activity of enzymes, such as 56 
peroxidase and catalase, during grafting (Fernández-garcía et al. 2004; Pina and Errea 2008; Irisarri et 57 
al. 2015). Molecular genetic studies of grafting have been conducted in fruit trees, vegetables, and 58 
model plants (Cookson et al. 2014; Wang et al. 2014; Liu et al. 2015; Melnyk et al. 2015; Irisarri et al. 59 
2015; Li et al. 2016; Matsuoka et al. 2016; Chen et al. 2017; Melnyk et al. 2016; Matsuoka et al. 2018; 60 
Wang et al. 2019; Xie et al. 2019; Kurotani et al. 2020; Notaguchi et al. 2020). Among the various 61 
findings, these studies have clearly shown that grafting is promoted by auxin action through the 62 
expression of genes related to auxin signaling. The phytohormone auxin is transported basipetally from 63 
synthetic tissues, such as leaves and buds, by polar transport and accumulates at the damaged site (Yin 64 
et al. 2012; Wang et al. 2014; Liu et al. 2015; Melnyk et al. 2015; Matsuoka et al. 2016; Chen et al. 65 
2017; Melnyk et al. 2016; Kurotani et al. 2020; Notaguchi et al. 2020). Auxin promotes the formation 66 
of vascular strands when applied exogenously to undifferentiated tissue (Parkinson and Yeoman 1982; 67 
Wang et al. 2014). Recently, the graft adhesion capability of Nicotiana benthamiana (Nb) to 68 
phylogenetically distant plant species has been reported, and tomato fruits were produced on non-69 
solanaceous plant families using a Nb stem as an interscion. This grafting ability is due to the GH9B3 70 
clade of β-1,4-glucanases secreted into the extracellular region (Notaguchi et al. 2020). Auxin and β-71 
1,4-glucanases are thus good candidates for enhancing grafting techniques. 72 

To measure the effect of the candidate compounds on graft promotion, the development of 73 
appropriate strategies to quantify their influence is desirable. In vitro micro grafting (IVG) is a 74 
simplified method for analyzing grafting traits. IVG involves the assembly of two explanted stem 75 
pieces and culturing on medium using a special mold or similar device to stabilize the positions of the 76 
tissues. Using this method, grafted seedlings are cultivated in a specific environment, and the 77 
physiological bond between stock and scion is examined (Parkinson and Yeoman 1982; Richardson et 78 
al. 1996; Ramanayake and Kovoor 1999; Dobránszki et al. 2000; Estrada-Luna et al. 2002; Raharjo 79 
and Litz 2005). IVG experiments have been conducted using a variety of plants, such as solanaceous 80 
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species, apple, cacti, avocado, and prickly pear cactus, and the grafting efficiency has been evaluated 81 
by scoring success rates, measuring mechanical strengths, or observing the morphology of graft 82 
connections. IVG methods have also been used to examine the effects of phytohormones (Parkinson 83 
and Yeoman 1982; Dobránszki et al. 2000). In IVG experiments using solanaceous species, for 84 
example, two explanted internodes 7 mm long were inserted into a silicone tube and placed between 85 
two agar blocks. The addition of auxin to the agar medium resulted in the promotion of grafting 86 
(Parkinson and Yeoman 1982). In the described study, four IVG samples were tested per Petri dish. 87 
Thus, IVG methods are useful for examining the effect of chemical treatment on grafting in a small 88 
space without the use of entire plant individuals. 89 

In the present study, we modified an IVG method and increased its throughput. We used 90 
Nb as a plant material because of its high grafting capability and the wide availability of various 91 
methodological and molecular data related to grafting in this species. To compare the effects of 92 
different grafting conditions, we quantitatively measured the extent of graft adhesion with a force 93 
gauge. Using this new method, we also investigated the effects of temperature and treatment with auxin 94 
and cellulases.  95 
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Materials and Methods 96 
Plant materials 97 
Sterilized seeds of Nb were grown on half-strength Murashige–Skoog (MS) gellan gum medium and 98 
cultivated under light at 27 °C for a week. The seedlings were then transferred to soil (1:1 mixture of 99 
vermiculite and Hanachan culture soil [Hanagokoro, Japan]) and grown for 3 to 4 weeks at 27 °C 100 
under continuous light conditions. 101 
 102 
Production of in vitro grafting sheets 103 
Poly(dimethylsiloxane) (PDMS) sheets were created by mixing 30 g of SILPOT 184 W/C base (Dow 104 
Chemical, USA) with 1 g of catalyst in a 100-mL disposable cup (AS ONE, Japan). After 105 
depressurization in a desiccator for 20 min to remove air bubbles, the mixture was poured into a square 106 
Petri dish (100 × 100 × 15 mm; Simport Scientific, Canada), degassed in a desiccator for 20 min, and 107 
baked at 65 °C for 90 min. The resulting PDMS sheets (ca. 3-4 mm thickness) were cut into 2 × 8 cm 108 
portions. In the center of each sheet, five cutouts were created along the long axis at 1.3-cm intervals. 109 
To form each cutout, three adjacent, partially overlapping holes were punched into the sheet with a 110 
disposable biopsy punch (4.0 mm diameter; Kai Medical, Japan), which resulted in the creation of two 111 
pairs of protrusions (see also Figure 1A, B). The length of each cutout was approximately 9 mm. 112 
 113 
In vitro grafting 114 
Autoclaved filter papers cut into 7.5 × 1 cm portions were placed on medium containing half-strength 115 
MS (pH 5.7), 1 % agar, and 300 ng mL-1 cefotaxime sodium salt (CSS) (Tokyo Chemical, Japan) 116 
prepared in a square Petri dish (100 × 100 × 15 mm; Simport Scientific). The in vitro grafting sheets 117 
were placed over the filter papers. Next, stem tissues were prepared as follows. Approximately 10–15-118 
cm lengths of Nb stems were excised from the pot-grown plants, sterilized with 70 % EtOH for 30 s, 119 
and rinsed three times with sterile water. After removal of both ends of the stem (ca. 0.5–1 cm) on a 120 
sterile filter paper, the stems (3–6 mm diameter) were cut into five to six 3-mm-wide pieces. Each stem 121 
tissue was then cut horizontally again to form two 1.5-mm-wide tissue slices. Two sliced tissue sections 122 
were placed against each other while preserving the original polarity of the donor plant and inserted 123 
together into one the cutouts on the in vitro grafting sheet. The dish containing the in vitro grafting 124 
sheets, usually three sheets or fewer, was covered and sealed with surgical tape and incubated at 27 °C 125 
under continuous light conditions. For testing the effects of auxin and cellulases, culture media were 126 
prepared by adding suitable amounts of 2,4-dichlorophenoxyacetic acid (Wako, Japan) and/or 127 
Onozuka R-10 cellulase mixture (Yakult Pharmaceutical, Japan) stock solutions dissolved in sterile 128 
water on the surfaces of the media, which was followed by drying under a clean bench for more than 129 
30 min. 130 

.CC-BY-ND 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted August 24, 2020. ; https://doi.org/10.1101/2020.08.21.260562doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.21.260562
http://creativecommons.org/licenses/by-nd/4.0/


 7 

 131 
Evaluation of IVG using tracer dyes 132 
IVG stems were incubated for 7 days on a medium containing half-strength MS (pH 5.7), 2 % agar, 133 
and 300 ng mL-1 CSS. The symplasmic tracer 5(6)-carboxyfluorescein diacetate (CFDA; 50 mg mL-1 134 
in dimethyl sulfoxide [DMSO]; Sigma, USA) was diluted with sterile water to 500 µg mL-1 to generate 135 
a working solution. One side of each IVG stem tissue was partly cut with a scalpel whose tip had been 136 
previously dipped in the CFDA working solution. After incubation of the IVG stem tissues under dark 137 
conditions at room temperature for 1 h, the non-cut side of each stem was sectioned for observation. 138 
The carboxyfluorescein fluorescence images were captured using an on-axis zoom microscope (Axio 139 
Zoom.V16, Zeiss, Germany) equipped with a digital camera (Axiocam 506 color, Zeiss). As a control, 140 
the same experiment was performed with 1 % aqueous DMSO without CFDA. 141 
 142 
Adhesive force measurements with a force gauge 143 
As shown in Figure 2A–C, a looped string was attached with adhesive tape to the lid of a 35-mm Petri 144 
dish (Iwaki, Japan) prior to measurement. For easy displacement of samples from dish surfaces, a piece 145 
of adhesive tape (1 cm in diameter) was affixed to the center of each Petri dish. The Petri dish and its 146 
lid served as lower and upper parts, respectively, of the setup. Using instant glue (Aron Alpha; Toa 147 
Gosei, Japan), a set of IVG stem sections was then attached to the surface of the tape on the Petri dish 148 
and the lid. Approximately 30 s after glue attachment, the adhesive force of the IVG stem section was 149 
measured with a digital force gauge (ZTA-5N, Imada, Japan) set on a measuring stand (MX-500N, 150 
Imada). A looped string attached to the lid was connected to the force gauge, and the position of the 151 
Petri dish was fixed on the stage by hand. The force gauge was lifted up at a constant speed (5 mm s-1) 152 
until the set of IVG stem sections separated into two sections. Adhesive force was measured by 153 
subtracting the minimum value measured at the starting point. Stems that came apart on the in vitro 154 
grafting sheets during incubation were not measured. To test the correlation between graft area and 155 
adhesive force, photos of the graft interface of both upper and lower IVG stem tissues were taken after 156 
adhesive force measurements. The average value of the two stem areas was calculated as the adhesion 157 
surface area. A Mann–Whitney U test was used for comparisons of two data. Multiple comparisons of 158 
normally and non-normally distributed data were carried out using Tukey’s honestly different (HSD) 159 
and Steel–Dwass tests, respectively.  160 
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Results and Discussion 161 
Development of the IVG method using a silicone sheet 162 
IVG sheets made of PDMS silicone rubber were created to hold cut stem sections uniformly. Each 8 163 
× 2 cm sheet contained five evenly spaced cutouts (one graft tissue per one cutout) (Figure 1A, B). 164 
Each of the approximately 4 × 9 mm cutouts had two pairs of elastic protrusions to help support the 165 
plant tissue (Figure 1A, B). Extra space remaining in the cutout after insertion of plant tissues allowed 166 
sample size variation to be accommodated to some extent. Because the cut stem tissues used for IVG 167 
gradually expanded outwards during incubation and pressed against the edges, the cutouts were 168 
positioned to not interfere with each other. 169 

IVG was performed by combining two Nb stem slices, each with a thickness of 170 
approximately 1.5 mm (Figure 1A, B). The IVG samples were inserted into the cutouts on the silicone 171 
sheets, which were placed on a filter paper laid on incubation medium (Figure 1C). The Nb cut stem 172 
sections formed callus at both cut surfaces and also accomplish adhesion to each other 7 days after 173 
incubation (Figure 1D). Tissue adhesion was confirmed by symplasmic dye tracer experiments. When 174 
one side of an IVG stem tissue was treated with CFDA, fluorescence was detected on the other side 175 
(Figure 1E). 176 
 177 
Adhesive force measurements using a force gauge 178 
The adhesive force of Nb IVG stem tissues was measured using a force gauge (see Materials and 179 
Methods for details). Both sides of IVG stem tissues were tightly fixed to the surfaces of plastic Petri 180 
dishes with instant adhesive glue (Figure 2A, B). A string already attached to the Petri dish lid was set 181 
on the hook of the force gauge, and the dish was manually positioned on the base (Figure 2C). The 182 
string was then pulled upward by the force gauge at a constant speed of 5 mm s-1. The change in the 183 
force value was recorded in real time (Figure 2D). The absolute value of the difference between the 184 
final value and that at the starting point was defined as the adhesive force of the IVG sample (Figure 185 
2D). The accuracy of this method was also confirmed by testing the magnetic force. Repeated 186 
measurements using three different-strength magnets resulted in a significant change in the magnetic 187 
force (Supplementary Figure 1). 188 
 189 
Measurement of the adhesive force of IVG stems under different cultivation conditions 190 
Using the above method, the adhesive strength of Nb IVG stems was measured 1 to 9 days after 191 
grafting (DAG). Adhesion between Nb IVG stem pieces was detected starting at 2 DAG (Figure 3A, 192 
Supplementary Table 1). The average adhesive force continued to increase through 9 DAG and did not 193 
reach a plateau within this period (Figure 3A, Supplementary Table 1). These results are consistent 194 
with a previous observation that the mechanical strength of IVG stems reached a maximum by 14 195 
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DAG (Parkinson and Yeoman 1982). Because high temperature often increases endogenous auxin 196 
synthesis and enhances graft efficiency (Gray et al. 1998; Turnbull et al. 2002; Tsutsui et al. 2020), we 197 
also examined the effect of temperature (22 °C vs. 27 °C) on Nb IVG. The adhesive force of Nb IVG 198 
stems was 0.25 ± 0.22 N (average ± standard deviation [SD], n = 23) at 22 °C and 0.26 ± 0.29 N (n = 199 
26) at 27 °C (Figure 3B), which was not significantly different according to a Mann–Whitney U test 200 
(P = 0.49). This result appears to be reasonable, as major sites of auxin synthesis, such as the shoot 201 
apical region and leaves, are removed from tissue samples in IVG. We next examined the effect of 202 
exogenously applied auxin on IVG tissues. Compared with non-treated samples, adhesive force was 203 
significantly increased when Nb IVG stems were incubated on medium containing 0.5 µM auxin: 0.78 204 
± 0.39 N (n = 17) vs. 0.49 N ± 0.39 N (n = 19) in treated vs. untreated samples, respectively (Figure 205 
3C). The promoting effects of auxin treatment in IVG have also been observed in previous grafting 206 
studies (Parkinson and Yeoman 1982). 207 
 208 
Relationship between adhesive force and grafting surface area 209 
We next examined the relationship between adhesive force and grafting surface area, the latter 210 
calculated as the average of the areas of top and bottom stem surfaces attached to each other before 211 
force measurements (Figure 4A). In the case of both auxin-treated and untreated samples (same data 212 
as in Figure 3C), no correlation was identified between adhesive force and area (Figure 4B). When we 213 
divided the value of the adhesive force by the adhesive area (Figure 4C), we detected the same 214 
significant effect of auxin treatment shown in Figure 3C. Because tissue connection at the grafting 215 
junction is believed to take place in a region of the cambial tissues in the stem, a good fit between the 216 
cambial tissues of the stock and scion is crucial for grafting success (Mudge et al. 2009; Melnyk 2015). 217 
In our study, accordingly, the area of the graft interface did not exactly correspond to the area where 218 
the tissues were actually bonded. Because we were able to detect a significant effect of auxin treatment 219 
using the value of the adhesive force alone, we evaluated the extent of IVG adhesion using this value 220 
without considering area. 221 
 222 
Effect of cellulases on the adhesion of Nb IVG 223 
We recently uncovered a key role of the GH9B3 clade of β-1,4-glucanases in cell–cell adhesion at the 224 
graft junction (Notaguchi et al. 2020; Kurotani et al. 2020). β-1,4-glucanases probably target cellulose 225 
in cell walls, and the overexpression of the β-1,4-glucanase gene promotes graft efficiency in 226 
Arabidopsis (Notaguchi et al. 2020). In this study, we therefore tested whether exogenous application 227 
of cellulases facilitates graft adhesion using the Nb IVG system. We used a commercial, 228 
microorganism-produced cellulase mixture, henceforth referred to simply as cellulases. Nb IVG stems 229 
were incubated on medium containing cellulases at concentrations of 0.02 % and 0.2 %. Compared 230 
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with non-treated samples, an increase in adhesive force was detected under both concentrations, with 231 
the stronger effects observed with 0.2 % cellulases (Figure 5A, Supplementary Table 2). Further effects 232 
were observed with 2.0 % cellulase application (Figure 5B). The measured adhesive force under 233 
normal medium and 2.0 % cellulase conditions was 0.24 ± 0.24 N (n = 23) and 0.82 ± 0.40 N (n = 27), 234 
respectively (Figure 5B). These results indicate that exogenous application of cellulases to tissues can 235 
promote grafting. As in the case of the auxin treatment shown in Figure 4, no correlation was found 236 
between adhesive force and adhesive area (Figure 5C). A significant effect due to cellulase treatment 237 
was also detected when the value of the adhesive force was divided by the adhesive area (Figure 5D). 238 

Finally, we tested whether the graft adhesion effects of auxin and cellulases were additive. 239 
We compared the results of no treatment, treatment with either 5 µM auxin or 0.2 % cellulase alone, 240 
and combined auxin–cellulase treatment. Compared with non-treated samples, an increase in adhesive 241 
force was observed in both auxin and cellulase individual treatments (Figure 6A, Supplementary Table 242 
3). Combined treatment with auxin and cellulases resulted in a greater increase in adhesive force 243 
compared with either individual treatment (Figure 6A, Supplementary Table 3). Because the ranges of 244 
the generated data tended to vary, we plotted all the datasets on a logarithmic scale (Figure 6B). The 245 
data exhibited normal distributions; we therefore conducted a Tukey’s HSD test and confirmed the 246 
same tendency (Figure 6B). Overall, these results indicate that the promotion of grafting by auxin and 247 
cellulase takes place through two different mechanisms: auxin promotes cell division and callus 248 
formation at the graft junction, which enhances graft healing, whereas cellulases digest cellulose in 249 
cell walls and promote cell–cell adhesion at the graft interface. Auxin and cellulases can thus be 250 
applied together to achieve a synergic effect on graft enhancement. 251 

In this study, we developed a system for quantification of graft adhesion based on the IVG 252 
method. The modified IVG system has several advantages, such as high throughput, small space 253 
requirements and the ability to quantify adhesive force, which is critical for successful graft 254 
establishment. Using this system, we first showed that exogenous treatment with cellulases promotes 255 
graft adhesion. Given that numerous candidate genes related to grafting have been identified through 256 
recent transcriptome analyses (Cookson et al. 2014; Liu et al. 2015; Melnyk et al. 2015; Li et al. 2016; 257 
Chen et al. 2017; Wang et al. 2019; Xie et al. 2019; Kurotani et al. 2020; Notaguchi et al. 2020), 258 
methods for evaluating graft efficiency are required to test the roles of such genes. The IVG system 259 
can be applied to test the effect of genetic lines, environmental factors, and chemical treatments. The 260 
improvement of grafting techniques may increase opportunities for use of a variety of plant resources. 261 

262 
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Figure Legends 349 
Figure 1. In vitro grafting (IVG) using a silicone sheet. (A) Design of an IVG grafting sheet. (B) Images 350 
of a sheet; an empty cutout is displayed in the upper right-hand corner, beneath which is shown a cutout 351 
holding a pair of IVG stem tissues. (C) Image of IVG culture in a dish. (D) Illustrations and photos 352 
taken 7 days after incubation of a piece of cut stem and a pair of IVG stems in which the original 353 
polarity, indicated by arrows, is preserved. (E) Tracer experiment for examining tissue connection 7 354 
DAG. The results of treatment of one side of IVG tissues with CFDA or DMSO (mock) is shown. Thin 355 
slices sectioned from the other side of the tissues were examined for dye fluorescence. White 356 
arrowheads indicate the positions of applied CFDA and mock treatments. Scale bars: 1 cm (B and C), 357 
1 mm (D and F). 358 
 359 
Figure 2. Measurement of the adhesive force of IVG stems using a force gauge. (A) Illustration of IVG 360 
sample preparation for force gauge measurement. (B) Image of IVG stems attached to a 35-mm dish 361 
as shown in A. (C) Image of attachment of Nb IVG stems to the force gauge. (D) Example of adhesive 362 
force measurement with the force gauge using an IVG sample at 7 DAG. The force value increased as 363 
the tension was increased until the Nb IVG stems separated (illustrated in upper panel). The absolute 364 
value of the difference between maximum and minimum values was defined as the adhesive force. 365 
 366 
Figure 3. Tissue adhesion development in IVG. (A) Increase in adhesive force of Nb IVG stems 1 to 9 367 
DAG. Error bars indicate SD. Adhesion was observed starting 2 DAG (arrow). (B) Adhesive force of 368 
Nb IVG stems incubated at 22 °C and 27 °C. (C) Adhesive force of Nb IVG stems incubated with or 369 
without auxin in the medium. An asterisk indicates statistical significance (P < 0.05, Mann–Whitney 370 
U test). 371 
 372 
Figure 4. Relationship between graft interface area and adhesive force. (A) Measurement of the area 373 
of the grafted interface of Nb IVG stems. The graft area was calculated as the average of upper and 374 
lower tissue areas (dotted line). Scale bars, 5 mm. (B) Analysis of the correlation between the graft 375 
area and adhesive force of auxin-treated and untreated Nb IVG stems (the same stems represented in 376 
Figure 3C). In both cases, no correlation was observed between adhesive force and graft area. R2 is the 377 
coefficient of determination. (C) Box plot of adhesive force divided by each corresponding graft area 378 
(cm2) for the dataset in B. An asterisk indicates statistical significance (P < 0.05, Mann–Whitney U 379 
test). 380 
 381 
Figure 5. Effect of cellulase treatment on tissue adhesion in Nb IVG. (A, B) Adhesive force of Nb IVG 382 
stems incubated on cellulase-containing medium. (C) Analysis of the correlation between graft area 383 
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and adhesive force of the Nb IVG stem datasets in B. In both cases, no correlation was observed 384 
between adhesive force and graft area. R2 is the coefficient of determination. (D) Box plot of adhesive 385 
force divided by each corresponding graft area (cm2) for the dataset in C. Asterisks indicate statistical 386 
significances (*P < 0.05, **P < 0.005, Mann–Whitney U test). 387 
 388 
Figure 6. Additive effect of auxin and cellulase treatments on Nb IVG. (A) Adhesive force of Nb IVG 389 
stems incubated with either auxin or cellulase or both. The letters above boxes indicate statistical 390 
significance (P < 0.05, Steel–Dwass test). (B) Reevaluation of the data presented in A as plotted on a 391 
logarithmic scale. Normal distributions were observed. Promotion of grafting by auxin and cellulases 392 
was significant according to a Tukey’s HSD test (P < 0.05).  393 
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Supplementary Files 394 
Supplementary Table 1. Adhesive force of Nb IVG stems at 1 to 9 DAGs.  395 
Supplementary Table 2. Effect of cellulase treatment on adhesive force in Nb IVG. 396 
Supplementary Table 3. Effect of auxin and cellulase treatments on adhesive force in Nb IVG. 397 
Supplementary Table 4. Statistics of log2 values of the adhesive force in Nb IVG presented in Figure 398 
6B. 399 
 400 
Supplementary Figure 1. Measurement of magnetic adhesive force with a force gauge. (A) A 401 
representative waveform obtained by force measurement. The vertical axis represents adhesive force, 402 
and the horizontal axis represents time. Three consecutive states are shown: “tensioned,” “detached, 403 
but still reflected by the magnetic force,” and “fully released.” (B) Adhesive force measurement with 404 
three different-strength magnets. Measurements were performed three times for each magnet. The 405 
statistical significance of comparisons of each other data was detected by a Mann–Whitney U test 406 
(P < 0.005). 407 
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