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Abstract
A nonpathogenic strain ARK-1 of Rhizobium vitis has an antagonistic activity toward tumorigenic (Ti)
strain of R. vitis, a causal agent of grapevine crown gall disease, and works as a biocontrol agent. We
have demonstrated that the gall formation was fully suppressed when ARK-1 was co-inoculated with Ti
into the grapevine stem at a 1:1 ratio. For practical use of ARK-1 in agriculture, understanding the
temporal dynamics of the bacterial habitat on host plants and the biocontrol property are needed in order
to develop proper application methods. Here we demonstrated that the gall incidence by Ti was reduced
to about 50% when ARK-1 was pre-inoculated at both upper and lower positions on the grapevine stem 3
cm away from the Ti-inoculation point 5 days before. The bacterial cell detection assay in the grapevine
tissue revealed that ARK-1 could migrate at least 3 cm in 5 days. Inoculations of ARK-1 or Ti induced
expression of marker genes for defense-related phytohormones such as salicylic acid, jasmonic acid, and
ethylene in grapevine within 3 days but they were diminished by 6 days. Inoculation of Ti 5 days after
ARK-1 pre-inoculation induced expression of the marker genes except for the LOX-9 gene in a basically
similar way to those without the pre-inoculation, suggesting that ARK-1 did not induce typical acquired
systemic resistance or induced systemic resistance in grapevine, while the transcript of LOX-9 was
detected at 24 and 48 hours after the Ti inoculation when ARK-1 was pre-inoculated, unlike the uninoculated condition. ARK-1 primed the induction of certain defense genes and it may take part in its
biocontrol activity.

Introduction
Grapevine (Vitis vinifera L.) crown gall is caused mainly by Rhizobium vitis (Ti) [syn. Agrobacterium vitis
(Ti), A. tumefaciens biovar 3], where “Ti” means “tumor-inducing” or “tumorigenic.” In this paper, we
follow the nomenclature for Rhizobium species adopted by Young et al.1 to avoid confusion. This
pathogen enters the grapevine through wounds due to a variety of causes, such as winter injury,
mechanical damage, and grafting2. R. vitis (Ti) causes crown gall by transferring the T-DNA region of the
tumor-inducing bacterial plasmid (Ti-plasmid) to the host cell, which subsequently integrates into the
plant host genome3-5. The inserted T-DNA contains genes for biosynthesis of plant growth hormones,
which induce hyperplastic and hypertrophic cell proliferation that results in galls6-7. Invasion of vascular
tissue by galls can result in vine death8-9.
The history of the search for viable biological control agents for crown gall goes back to the early
1970s10. Among potential biological agents against crown gall, two have been extensively studied.
Rhizobium rhizogenes (=A. rhizogenes, A. radiobacter biovar 2) strain K84 has been used since the early
1970s. It inhibits the growth of some Rhizobium species and reduces crown gall10-12. K84 produces an
antimicrobial molecule, agrocin 84, that is antagonistic to particular strains of Rhizobium13-14. K84 is
used today for the prevention of crown gall predominantly in stone fruit and apple but also other fruit and
nut trees. However, K84 is ineffective against crown gall disease in grapevine caused by R. vitis7, 15-16.
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Although several laboratories have attempted to develop biological measures to control grapevine crown
gall, there are no successful agents to control this disease, especially under field conditions17-20.
Previously, we reported that a nonpathogenic R. vitis strain, VAR03-1, which was isolated from grapevine
nursery stock in Japan, inhibited tumor formation in grapevine, rose, tomato, sunflower, and apple15, 21-24.
Moreover, we identified a nonpathogenic R. vitis strain ARK-1 as a new antagonistic strain16. ARK-1
neither carries the Ti-plasmid nor causes disease symptoms16. ARK-1 is endophytic in grapevine and
induces no necrosis in the host plant. It provided better control against grapevine crown gall than VAR031 in field trials25. ARK-1 is also effective at controlling crown gall in other plant species such as tomato,
pear, peach, apple, and rose26. Suppression of gall formation by ARK-1 was observed when it was coinoculated with Ti into a grapevine stem. The culture filtrate (CF) of ARK-1 (without cells) or heat-killed
culture was not able to inhibit tumor formation on grapevine16. These results indicate that ARK-1 must be
alive to effectively antagonize gall formation by Ti 27. ARK-1 has antibiotic activity against Ti strains of

Rhizobium spp. and this direct antagonism would be an important mechanism for its biocontrol
activity28.
Pre-treatment of grapevine roots with ARK-1 cell suspension before planting in Ti-contaminated soil also
effectively suppressed gall formation in roots16, 25. ARK-1 slowed down the population growth of Ti at
inoculation sites28, 29 and suppressed the expression of virulence (vir) genes (virA, virD2, virD3, virE2, and

virG on Ti-plasmid) that are required for plant cell transformation by T-DNA29, 30. To develop a practical
application method of ARK-1 in agriculture, an understanding of colonization dynamics on host plants is
required. It is known that Ti strains can move inside grapevines through the vascular system and spread
widely, thereby developing galls not only on roots but also shoots7, 31-32. ARK-1 is also expected to
migrate through grapevine tissues but it has not yet been characterized.
Plants protect themselves from microorganisms by inducing a coordinated defense system triggered by
immunity-related phytohormones such as salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)33. To
counteract biotrophic pathogens, the SA-dependent signaling pathway plays an important role. In
contrast, plants induce defenses against necrotrophic pathogens, insect herbivores, and wounding using
JA and ET. In both cases, whole plant tissues become sensitive after an initial attack and respond quickly
and strongly to secondary challenges to confer a broad-spectrum resistance. These phenomena are
known as systemic acquired resistance (SAR) and wound-induced systemic resistance (WSR),
respectively34-36. Fluorescent pseudomonads, which are known as plant growth-promoting rhizobacteria
(PGPR), enhance plant immunity in above-ground parts by a mechanism called induced systemic
resistance (ISR)37, and this is dependent on JA and ET but not SA38. Interestingly, ARK-1 also suppressed
tumor formation in grapevine shoots when it was co-inoculated with a Ti strain whose growth was not
inhibited by ARK-1 in the antibiosis assay28. Based on this result, we expect that ARK-1 has another
mechanism other than antibiosis, such as immune priming or conflict of habitat, for the suppression of
crown gall. However, it remains unclear.
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In this study, we verified that ARK-1 can move along the grapevine stem and suppress gall formation by
Ti at places distant from the inoculation site. ARK-1 reached positions 3 cm away within 5 days and
reduced disease incidence by Ti to about 50% at that position. The inoculation of ARK-1 upregulated
defense-related genes 24–72 hours post-inoculation (hpi) in the same manner as Ti in grapevine, but the
upregulation was transient. Pre-inoculation of ARK-1 did not enhance expression of the defense-related
genes tested upon Ti inoculation except for LOX-9, suggesting the possibility of an atypical priming effect
of ARK-1 on particular genes.

Materials And Methods
Bacterial strains
The bacterial strains used in this study are listed in Table S1. Potato sucrose agar (PSA) medium was
used for culture of the bacteria. A streptomycin (St)- and copper sulfate (CuSO4)-resistant ARK-1 mutant
(ARK-1sc) was selected using PSA medium containing 500 μg/mL St and 250 μg/mL CuSO425. A
nalidixic acid (nal)-resistant VAT03-9 (Ti) mutant (VAT03-9n) was obtained using PSA medium
supplemented with 50 μg/mL nal 29. The growth rates of these mutants in PSA medium were comparable
to that of the wild-type29.

Gall inhibition assay in grapevine seedlings
Grapevine seedlings (Vitis vinifera cv. 'Neo Muscat') were grown from seed. One-year-old grapevine
shoots were inoculated using previously established methods (Kawaguchi et al. 2005, 2007). For the
preparation of cell suspensions of ARK-1 and Ti, bacterial cells collected from 48-h-old cultures on PSA
slant medium were suspended in distilled water and adjusted to OD600 = 0.1 (ca. 108 cells/mL) after
washing once. A 5-μL solution (containing approximately 5 × 105 cells) of them was dropped onto needleprick wounds on the stems of grapevine seedlings.
In this study, four inoculation patterns (treatments) with three different inoculation points were used
(Table 1, Fig. S1). Each grapevine seedling (at one plant per pot) had three inoculation sites (upper,
middle, and lower) with approximately 3.0 cm spacing. In treatment (i), Ti was inoculated into the middle
point, and at the same time sterile distilled water was inoculated into the upper and lower points. In
treatment (ii), Ti was inoculated into the middle point, and at the same time ARK-1 was inoculated into
the upper and lower points. In treatment (iii), sterile distilled water was pre-inoculated into the upper and
lower points, and 5 days later, Ti was inoculated into the middle point. In treatment (iv), ARK-1 was preinoculated into the upper and lower points and, inoculated into the middle point after 5 days. Ten plants
were used for each treatment. The experiments were performed independently 3 times. Grapevine
seedlings were grown in a greenhouse at 20–35°C with natural sunlight (photoperiod: 12 to 14 h light: 10
to 12 h dark). The inoculated seedlings were kept in the same environment for 5 months, and gall
formation rates and gall sizes (diameter) (mm) (the widest point measured with a digital caliper) were
recorded.
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Population measurement of ARK-1 and Ti
To monitor the populations of ARK-1 and Ti, treatments (i), (ii), (iii), and (iv) were performed by using the
antibiotic-resistant mutants ARK-1sc and VAT03-9n (Fig. S1, Table 1). In the ARK-1 migration assay in
grapevine seedlings, ARK-1sc was inoculated into the middle position. To determine the bacterial
population, stem parts (ca. 0.2 g fresh weight per plant, 1 sample per plant) were collected from five
plants (i.e., n = 5). Then each sample was scrubbed by hand under running tap water for 10 s, and the
water drops were wiped off with paper towels. The samples were crushed in 1 mL of sterile distilled water
using an autoclaved mortar and pestle. Ten-fold serial dilutions (100 μL) of each sample were prepared
and spread on PSA media containing antibiotics. The plates were incubated at 25°C for 6 d, and the
numbers of colony-forming units (CFU) were counted.

Gene expression analysis
For the gene induction assay shown in Fig. 3, ARK-1, Ti, or water (ca. 0.2 g) was inoculated into the
middle position of seedling stems and shoot parts 5 mm away from the inoculation site and collected
from three plants at 12, 24, 48, and 72 hpi. For the priming assay shown in Fig. 4, each bacterium was
inoculated as treatment (iii) or (iv) (Fig. S1, Table 1). Shoot samples were collected as mentioned above
at 24, 48, and 72 hpi. Total RNA was extracted from the frozen samples using the NucleoSpin RNA
(Macherey-Nagel, Düren, Germany). To remove the genomic DNA in the extracted RNA and synthesize
cDNA from 1.0 μg of total RNA, we used ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo,
Osaka, Japan). Quantitative real-time polymerase chain reaction (qPCR) was carried out using Brilliant III
Ultra-Fast SYBR Green QPCR Master Mix With Low ROX (Agilent, Santa Clara, CA, USA) and an AriaMx
Real-Time PCR System (Agilent) with specific primers for pathogenesis-related genes (PR-1 and PR-4),
plant defensin 1.2 (PDF1.2), lipooxygenase 9 (LOX-9), and ethylene-responsive transcription factor
ERF003 (ERF)39-42 (Table S2). PR genes were used as a marker of SA signaling. and PDF1.2 and LOX-9
were used as markers of jasmonic acid (JA) signaling. ERF was used as a marker of ethylene (ET)
signaling. The PCR conditions were 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for
1 min. Each sample was examined with three technical replicates, and dissociation curves were analyzed
to verify the specificity of each amplification reaction. Cycle threshold values were calculated using
AriaMx software version 1.5 (Agilent). The relative expression of each gene was obtained according to
the Pfaffl equation43 using actin as a reference gene44, 45. Relative expression rates were calculated in
comparison with values of the expression level of each gene at 12 or 24 hpi as 1.0 for Fig. 3 and Fig. 4,
respectively. The experiments were performed 3 times for each assay.
Data analysis
Tukey’s honestly significant difference (HSD, a= 0.05) test (after analysis of variance, ANOVA) was used
to compare the CFU/g of plant tissue, relative gene expression, and gall size in the various treatments.
Ryan’s multiple-comparison (a= 0.05) test was used to compare the frequency of tumor formation among
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treatments. All statistical analyses were performed using version 3.6.1 of the R software (http://www.rproject.org/).

Results
ARK-1 suppressed Ti-induced gall formation in positions distant from the inoculated site
To evaluate the biocontrol performance of ARK-1 at a position distant from the inoculation site, we
inoculated grapevine stem at 3 inoculation sites (upper, middle, and lower) at 3 cm intervals (Fig. S1). We
inoculated cell suspensions of Ti and ARK-1 into grapevine seedling stems with different combinations of
timing, and then measured gall incidence (Fig. 1A) and gall size (Fig. 1B) at each point after 5 months.
When Ti was inoculated into the middle position and water was inoculated into both upper and lower
positions at the same time (treatment (i)) (Fig. S1), galls were formed at all inoculation sites with an
incidence of 100% (Fig. 1A). Each gall at the upper and lower positions was 2.58 and 2.89 mm,
respectively, and both sizes were significantly smaller than that at the middle position (3.83 mm) (Figs.
1B and 2A). This result indicated that Ti moved 3 cm and produced galls at the position if it was
wounded. Then, we inoculated Ti into the middle position and ARK-1 into both upper and lower positions
at the same time (treatment (ii)) (Fig. S1). In this case, galls were formed only at the middle positions with
100% incidence (Fig. 1A). Their sizes were similar to those in the middle position of treatment (i) (Fig. 1B).
In this case, almost no galls were observed at either upper or lower positions (average gall incidence was
3.33%) (Figs. 1A and 2B). This meant that ARK-1 suppressed the virulence of Ti at the upper and lower
positions but it had no effect on the distant positions when ARK-1 and Ti were inoculated together. Next,
we inoculated water into both upper and lower positions, and Ti was inoculated at the middle position 5
days later (treatment (iii)) (Fig. S1). The result was similar to that of the treatment (i). Finally, ARK-1 was
inoculated into both upper and lower positions, and Ti was inoculated into the middle position after 5
days (treatment (iv)) (Fig. S1). The gall formations were suppressed at the upper and lower positions (gall
incidences were 3.33% and 0.00%, respectively) as observed in treatment (ii) (Fig. 1A). Interestingly, the
gall incidence at the middle position was 60.00%, which was 40.00% lower than that in treatment (iii) and
its gall sizes were significantly smaller (Figs. 1A and 1B). These results implied that ARK-1 could move at
least 3 cm in 5 days and suppress the virulence of Ti. Note that no galls were found when water alone
was inoculated as the negative control (data not shown).
ARK-1 migrated in grapevine seedling stem
To further confirm the possibility that ARK-1 moves 3 cm in 5 days in grapevine stems, the population of
ARK-1 was measured in the region distant from the inoculation point. For this purpose, the spontaneously
emerged antibiotic-resistant ARK-1 mutant (ARK-1sc) was used. ARK-1sc is resistant to both streptomycin
and CuSO4. We inoculated a cell suspension of ARK-1sc into the middle position in grapevine seedling
stems, and the inoculation and the upper and lower sites 3 cm away from the inoculation were sampled.
The bacterial concentrations in the extracts of these plant tissues were measured by counting colonies
grown on a PSA medium containing the antibiotics. At the inoculation point, 5,623,413 CFU/g was
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detected (Table 2). On the other hand, 426,579 and 79,432 CFU/g were detected in the upper and lower
inoculation positions, respectively (Table 2). They corresponded to 7.5% and 1.4% of the population in the
inoculated point. This result showed that ARK-1 can migrate at least 3 cm to both upward and downward
directions in 5 days through grapevine stems after inoculation.

Defense-related genes were induced 2–3 days after inoculation of ARK-1 and Ti
Anand et al.46 reported that SA and SAR play major roles in the resistance of Nicotiana benthamiana to R.

radiobacter (Ti) (= A. tumefaciens (Ti)). Hao et al.47 reported that R. radiobacter (Ti) induced the PR-1
gene in peach. Based on these findings, we speculated that increased defense such as SAR or ISR in host
plants is part of the biocontrol activity of ARK-1. To verify this possibility, expressions of defense-related
marker genes in grapevine were monitored after the inoculation of ARK-1 or Ti. In this study, we used PR-1
and PR-4 for SA, PDF1.2 and LOX-9 for JA, and ERF for ET as marker genes for defense-related
phytohormones40-42. Each bacterial strain was inoculated into stems of grapevine seedlings and plant
tissues 5 mm from the inoculation points and sampled at 12, 24, 48, and 72 hpi. As a result, an increase
(6–100 fold) of the expressions of PR-1, PR-4, LOX-9, and ERF was detected at 72 hpi upon the
inoculation of both bacterial strains compared with the water control (Fig. 3). The expressions of PDF1.2
seemed to be slightly increased from 24 hpi, but the increases were small and unclear (Fig. 3). These
results indicated that R. vitis could upregulate some kinds of defense responses possibly related to SA,
JA, and ET in the surrounding area of the inoculation site in grapevine at 72 hpi regardless of its
virulence.
Pre-inoculation of ARK-1 enhanced LOX-9 gene expression upon Ti inoculation
We examined whether the pre-inoculation of ARK-1 can make the plants more sensitive to subsequent
pathogen infection during defense induction. We inoculated ARK-1 or water into both upper and lower
positions on stems of grapevine seedlings as treatment (iv), and Ti was inoculated to the middle position
after 5 days. Plant tissues 5 mm away from the Ti-inoculation point were sampled at 24, 48, and 72 hpi
for further analysis of gene expression. PR-1, PR-4, PDF1.2, and ERF were upregulated at 72 hpi in
response to the inoculation of Ti when water was pre-inoculated to the upper and lower positions. This
was basically consistent with the results obtained without the pre-inoculation, as demonstrated in Fig. 3,
although PDF1.2 expression was relatively higher (Fig. 4). In contrast, the expression levels of PR-4 and
ERF at 72 hpi and PDF1.2 at 36 and 72 hpi after the Ti inoculation in the ARK-1-pretreated condition were
decreased compared with those of the water-pretreated experiment. These results showed that ARK-1
seemed not to induce typical SAR or ISR, unlike the previously characterized bacterial biocontrol agents
such as Pseudomonas fluorescens. However, LOX-9 gene was induced by Ti at 24 and 48 hpi only when
ARK-1 had been pre-inoculated into the distant position 5 days before. The expression of a particular
range of defense genes may be primed by ARK-1.
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Discussion
Our inoculation system with separate inoculation sites in the grapevine shoot revealed the migration
capacities of ARK-1 and Ti. Ti could move at least 3 cm within 5 days and produced galls at that position
if the site had been injured. Because the recognition of phenolic molecules such as acetosyringone is
required for triggering of the virulence program in Rhizobium/Agrobacterium, such compounds should
still remain at the wound site even after 5 days. This is basically consistent with the previous report
showing that R. vitis (Ti) moved to 30 cm away from the entry point within 24 hpi31. On the other hand, Ti
did not produce galls when it translocated to the site where ARK-1 was pre-inoculated. As we have already
reported25, this result supports the usefulness of the pretreatment method of grapevine roots with the
ARK-1 cell suspension before transplantation to control crown gall disease. In this study, the migration of
ARK-1 along with the grapevine seedling stem was demonstrated in a manner similar to that of Ti. The
ARK-1 cell density at the upper position 3 cm away from the inoculation point was higher than that of the
lower position when ARK-1 had been inoculated into the middle position 5 days before. It may be easier to
move upward than downward. ARK-1 translocated at least 3 cm within 5 days as well as Ti, and the gall
incidence dropped by 60% at the site. This means that ARK-1 could exert its protective effect at the
distant position, but it was still insufficient for full suppression. This would be due to the cell density. The
ARK-1 populations at both upper and lower positions 3 cm away from the inoculation site at 5 dpi were
7.5 and 1.4% of that at the inoculation point, respectively. In other words, even small numbers of ARK-1
could work to a certain extent. We previously demonstrated that ARK-1 was effective in preventing gall
formation on grapevine shoots when it was co-inoculated with Ti strains at a 1:1 cell ratio16, 27. Although
the effective concentration of ARK-1 is now being investigated, in the case of R. vitis VAR03-1 gall
formation was suppressed when it was inoculated with the pathogen at a 1:1 ratio, but its control activity
was decreased at 1:3 or 1:9 ratios15. Given the results obtained so far, in terms of practical usage of ARK1 as a biocontrol agent for the management of crown gall disease in grapevine, we should allow a
sufficient period of time after pretreatment of grapevine shoots with ARK-1 in a non-contaminated place
before transplanting them to the field to wait for the bacterial density to be high enough. In addition to
this pre-inoculation method, our results also showed the potential of ARK-1 treatment of growing
grapevine trees in the field. Although there is currently no practical way to save grapevine trees from
crown gall disease in a pathogen-contaminated field, inoculated ARK-1 may spread throughout whole
plants gradually and protect them. Further investigation is needed to clarify if ARK-1 can translocate over
long distances and suppress Ti-induced galls at places distant from the entry point in mature grapevine
trees.
In this study, we tried to confirm the possibility of the involvement of increased defense in the biocontrol
activity of ARK-1. The selected defense marker genes, PR-1, PR-4, LOX-9, PDF1.2, and ERF, for SA, JA, and
ET were increased over 3 days after the inoculation of ARK-1 or Ti near the inoculation point (Fig. 3). This
result indicates that grapevine induced defense responses to these bacteria. However, such defense
responses were not detected at the ARK-1 inoculation point on the sixth day (Fig. 4). Therefore, the
response to these bacteria would be diminished after 6 days. These results indicate that the direct
Page 8/23

induction of defense responses in host plants would not be the major factor in the ARK-1 biocontrol
activity. The induction patterns of defense genes, PR-1, PR-4, EFF, and PDF1.2, upon Ti inoculation at the
ARK-1 pre-inoculation points were similar to those to ARK-1 or Ti inoculation without pre-inoculation
(Figs. 3 and 4). This also supports the idea that the defense responses have already decreased by the
initial inoculation. The expressions of these genes were not accelerated and enhanced, suggesting that at
least typical SAR and ISR may not be mounted by ARK-1. However, an unexpected response was detected
in LOX-9. The LOX-9 gene was induced at 24 and 48 h after Ti inoculation only in the ARK-1 pre-treated
plants. This result suggested that ARK-1 might facilitate the expression of a particular gene(s). LOX is
known to be involved in the production of oxidized fatty acids in plants that can be the precursor of
antibiotic compounds or signal molecules such as oxylipins41,48,49 . The activation of systemic resistance
by nonpathogenic rhizobacteria, Bacillus spp. and Pseudomonas putida, has been associated with the
induction of LOX activity in bean and tomato50. Although the biological role of LOX-9 gene used in this
study is unknown, it may somehow contribute to the ARK-1 biocontrol activity. Further transcriptome
analysis could help clarify the role of this unique priming activity in its suppressive activity for crown gall
disease.
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Tables
Table 1. Summary of inoculation method (treatments) used in this study
Treatments
Inoculation positions on grapevine seedling stem

(i)

(ii)

(iii)

(iv)

Upper

Water

ARK-1

Water

ARK-1

Middle

Ti

Ti

Ti at 5 dpi

Ti at 5 dpi

Lower

Water

ARK-1

Water

ARK-1

Rhizobium vitis strain VAR03-9 was used as Ti. In treatments (i) and (ii), all positions were inoculated at
the same time. In treatments (iii) and (iv), Ti was inoculated 5 days post-inoculation (dpi) of water or ARK1 at both upper and lower positions. For population assays, the antibiotic-resistant mutants ARK-1sc and
VAT03-9n were used.
Table 2. Population of ARK-1sc in regions distant from the inoculated or un-inoculated point of grapevine
seedling stem
Sampled positions in grapevine seedling stem
Inoculant

Upper

Middle

Lower

（Inoculated）
ARK-1sc

5.63 ± 0.18 a

6.75 ± 0.09 b

4.90 ± 0.14 c

Water

N.D.

N.D.

N.D.

ARK-1sc or water was inoculated at the middle position of grapevine seedling stems, and bacterial
populations at each position were measured after 5 days. Data represented as mean (log10 CFU/g (plant
tissue)) ± SEM (n = 5). Different letters represent significant differences according to Tukey’s HSD (P ≤
0.05). N.D.; not detected.

Figures
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Figure 1
The protective effect of ARK-1 at a distant position. The gall incidence (A) and gall diameter (B) in
grapevine stems were measured by 4 different inoculation methods with 3 inoculation positions 3 cm
apart. In treatments (i) and (ii), sterile distilled water or ARK-1 was inoculated into both upper and lower
positions and Ti was inoculated into the middle position. In treatments (iii) and (iv), sterile distilled water
or ARK-1 was inoculated into both upper and lower positions and Ti was inoculated into the middle
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position after 5 days. Gall formations were evaluated at 5 months after Ti inoculation. (A) Data are
represented as means of gall incidence (proportion) with SEM (n = 30). Different letters represent
significant differences according to Ryan’s multiple-comparison test (P ≤ 0.05). (B) Distributions of gall
sizes are represented by whisker plots (n = 30). The horizontal centerline is the median, and the upper and
lower parts of the box represent the 75th and 25th percentiles. The points outside the box are outliers.
Different letters represent significant differences according to Tukey’s HSD (P ≤ 0.05). Inoculation sites
that did not form galls were given a gall size value of 0.00 mm. W, water. U, upper. M, middle. L, lower.
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Figure 1
The protective effect of ARK-1 at a distant position. The gall incidence (A) and gall diameter (B) in
grapevine stems were measured by 4 different inoculation methods with 3 inoculation positions 3 cm
apart. In treatments (i) and (ii), sterile distilled water or ARK-1 was inoculated into both upper and lower
positions and Ti was inoculated into the middle position. In treatments (iii) and (iv), sterile distilled water
or ARK-1 was inoculated into both upper and lower positions and Ti was inoculated into the middle
position after 5 days. Gall formations were evaluated at 5 months after Ti inoculation. (A) Data are
represented as means of gall incidence (proportion) with SEM (n = 30). Different letters represent
significant differences according to Ryan’s multiple-comparison test (P ≤ 0.05). (B) Distributions of gall
sizes are represented by whisker plots (n = 30). The horizontal centerline is the median, and the upper and
lower parts of the box represent the 75th and 25th percentiles. The points outside the box are outliers.
Different letters represent significant differences according to Tukey’s HSD (P ≤ 0.05). Inoculation sites
that did not form galls were given a gall size value of 0.00 mm. W, water. U, upper. M, middle. L, lower.

Figure 2
Photographs of the grapevine shoot 5 months after inoculation by two different methods: treatment (i)
(sterile distilled water was inoculated into both upper and lower positions and Ti was inoculated into the
middle position) (A) and treatment (ii) (ARK-1 was inoculated into both upper and lower positions and Ti
was inoculated into the middle position) (B). Arrows indicate inoculation sites.
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Figure 2
Photographs of the grapevine shoot 5 months after inoculation by two different methods: treatment (i)
(sterile distilled water was inoculated into both upper and lower positions and Ti was inoculated into the
middle position) (A) and treatment (ii) (ARK-1 was inoculated into both upper and lower positions and Ti
was inoculated into the middle position) (B). Arrows indicate inoculation sites.
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Figure 3
Induction of defense-related genes by ARK-1 and Ti during 3 days post-inoculation in grapevine
seedlings. ARK-1, Ti, or sterile distilled water was inoculated into the middle position, and tissues 5 mm
away from the inoculation sites were collected at the indicated time points. The relative expression rates
of defense-related genes PR-1 (A), PR-4 (B), LOX-9 (C), PDF1.2 (D), and ERF (E) were measured using
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) with specific primers. Data are
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means ±SEM of relative expression rates to each value with water at 12 hours post-inoculation (hpi),
which had a value of 1.0 (n = 3). Different letters represent significant differences according to Tukey’s
HSD (P ≤ 0.05). The experiments were repeated 3 times with similar results.

Figure 3
Induction of defense-related genes by ARK-1 and Ti during 3 days post-inoculation in grapevine
seedlings. ARK-1, Ti, or sterile distilled water was inoculated into the middle position, and tissues 5 mm
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away from the inoculation sites were collected at the indicated time points. The relative expression rates
of defense-related genes PR-1 (A), PR-4 (B), LOX-9 (C), PDF1.2 (D), and ERF (E) were measured using
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) with specific primers. Data are
means ±SEM of relative expression rates to each value with water at 12 hours post-inoculation (hpi),
which had a value of 1.0 (n = 3). Different letters represent significant differences according to Tukey’s
HSD (P ≤ 0.05). The experiments were repeated 3 times with similar results.

Figure 4
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Priming effect of pre-inoculation of ARK-1 on the induction of defense-related genes induced by Ti. ARK-1
or sterile distilled water was inoculated into both upper and lower positions in grapevine seedlings, and Ti
was inoculated into the middle position after 5 days. Tissues 5 mm away from the inoculation sites were
collected at the indicated time points. The relative expressions of defense-related genes PR-1 (A), PR-4
(B), LOX-9 (C), PDF1.2 (D), and ERF (E) were measured using reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) with specific primers. Data are means ±SEM of relative expression
rates to each value with water at 12 hours post-inoculation (hpi), which had a value of 1.0 (n = 3).
Different letters represent significant differences according to Tukey’s HSD (P ≤ 0.05). The experiments
were repeated 3 times with similar results.
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Figure 4
Priming effect of pre-inoculation of ARK-1 on the induction of defense-related genes induced by Ti. ARK-1
or sterile distilled water was inoculated into both upper and lower positions in grapevine seedlings, and Ti
was inoculated into the middle position after 5 days. Tissues 5 mm away from the inoculation sites were
collected at the indicated time points. The relative expressions of defense-related genes PR-1 (A), PR-4
(B), LOX-9 (C), PDF1.2 (D), and ERF (E) were measured using reverse transcriptase quantitative
Page 22/23

polymerase chain reaction (RT-qPCR) with specific primers. Data are means ±SEM of relative expression
rates to each value with water at 12 hours post-inoculation (hpi), which had a value of 1.0 (n = 3).
Different letters represent significant differences according to Tukey’s HSD (P ≤ 0.05). The experiments
were repeated 3 times with similar results.
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