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Gentle touch of tomato leaves enriches phyllosphere Pseudomonas
and suppresses gray mold disease
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Abstract: Plants have evolved adaptive responses to a wide range of mechanical stimuli, such as gentle
touch caused by light wind. Although touch-induced responses have been shown to share signaling
components with defense pathways, whether the phyllosphere microbiota contributes to touch-triggered
disease resistance remains unknown. Herein, we demonstrated that touch-induced resistance against
Botrytis cinerea in tomato leaves is partially dependent on the phyllosphere microbiome, as surface
sterilization significantly diminished the protective effect of touch. Using 16S ribosomal RNA (rRNA)
amplicon sequencing, we found that repeated gentle touch markedly restructures the phyllosphere
bacterial community. Screening against probiotic databases revealed that the majority of the enriched
beneficial taxa belonged to the genus Pseudomonas. We further conducted plate confrontation assays to
isolate seven Pseudomonas strains that exhibited antagonistic activity against B. cinerea. A synthetic
community reconstituted from these isolates significantly reduced lesion development when applied to
tomato leaves prior to B. cinerea inoculation. Our findings suggest that mechanical stimulation might
enrich beneficial Pseudomonas populations in the phyllosphere, revealing a previously unrecognized

link between mechanical stimuli and the plant microbiome.
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1 Introduction

Tomato (Solanum Ilycopersicum) is globally among the most widely cultivated vegetable crops, with
annual production exceeding 180 million tons (Mustafa et al., 2025). However, its growth and yield are
severely threatened by gray mold, a disease caused by the necrotrophic fungus Botrytis cinerea, causing
over $10 billion in economic losses worldwide each year (Hua et al., 2018). Treatment with chemical
fungicides remain a widely used approach for disease control, however, this is associated with
significant concerns, including environmental pollution, health risks and the development of fungicide
resistance (Zhu et al., 2024). Biocontrol via microorganisms has emerged as a promising alternative,
offering advantages such as high safety, environmental compatibility, and strong efficacy against plant

pathogens (Papadopoulou et al., 2025).

Microbiome as the “second genome of plants” interacts with their hosts throughout their entire growth
cycle, profoundly influencing plant health, stress resistance and productivity (Vorholt, 2012; Trivedi et
al., 2020; Bai, et al., 2022; Jiang Y et al., 2024). The phyllosphere microbiome represents the largest
biological surface on Earth and remains a largely untapped reservoir of microbial function, with sources
including soil, seeds and air (Hardoim et al., 2012; Brown et al., 2020; Xu et al., 2022). Accumulating
evidence suggests that plants can actively enrich specific beneficial microorganisms in response to
environmental pressures such as dense planting, salt stress or pathogen attack (Naylor et al., 2017; Wang
and Song, 2022; Zhang et al., 2025). For instance, under dense planting conditions, linalool volatiles
released by maize leaves accumulate in the canopy, triggering neighboring plants to secrete
benzoxazinoids into the soil, which in turn reshapes the soil microbial community and stimulates the
plants to synthesize salicylic acid and enhance their systemic defense capabilities (Guo et al., 2025).
Therefore, identifying and characterizing these plant-recruited beneficial microbes holds great promise

for the development of novel and effective biocontrol agents.

Plants are constantly exposed to diverse mechanical stimuli in their natural environment (Braam, 2005;
Hamant and Haswell, 2017; Hansen et al., 2025). Touch, arising from rain and wind, represents a
common example (Braam and Davis, 1990; Van Moerkercke et al., 2019; Kouhen et al., 2023). Such
mechanical cues can profoundly influence plant morphology, a phenomenon known as
thigmomorphogenesis, often resulting in reduced height, shorter internodes and sturdier stems (Jaffe,
1973; Chehab et al., 2008; Braam and Chehab, 2017). Beyond inducing morphological changes,
mechanical stimuli enhance leaf defenses against necrotrophic pathogens and pests (Chehab et al., 2012;
Brenya et al., 2020; Matsumura et al., 2022). A notable historical example of the agricultural application

of mechanical stimulation is the Japanese practice of “mugifumi,” in which a mechanical stimulus is

applied to wheat seedlings by rollers to optimize growth and increase defenses (lida, 2014). Although a
range of inter- and intracellular signaling components, including hormones and second messengers, have

been implicated in touch-induced responses (Telewski and Jaffe, 1986; Braam, 2005; Chehab et al.,
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2008), it remains unknown whether touch influences the composition of the phyllosphere microbiome.

This study aimed to determine whether touch stimulation enhances tomato resistance against gray mold,
potentially via reshaping the phyllosphere microbiome, and to identify beneficial microbes that may be
recruited to suppress pathogen infection. The findings provide new insights into the mechanisms

underlying touch-induced plant defense.

2 Results

2.1 Gentle touch modulates tomato architecture

To mechanically stimulate tomato seedlings, we applied gentle physical touch and slow wind. Physical
touch was administered using a wooden stick, while slow wind (4 m/s) was generated with a fan.
Stimulations were performed on leaves twice daily for 30 sec each over a period of two weeks. After
treatment, both wind and physical touch induced dwarfism in tomato plants (Figs. 1a and b); however,
as physical touch had a more pronounced effect, subsequent studies focused primarily on this scenario.
Touch also resulted in a reduced leaf size and decreased shoot fresh weight (Figs. 1c—1e). Furthermore,
touched plants exhibited darker green leaves, along with significantly elevated chlorophyll and
anthocyanin content (Fig. S1). In contrast, touch treatment at the seedling stage did not significantly
alter reproductive traits, including flowering time, fruit weight, or fruit number (Figs. 1f-1i).
Collectively, these results indicate that gentle mechanical touch applied during the seedling stage can

modulate vegetative growth in tomato without compromising yield.
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Fig. 1 Gentle touch modulates tomato vegetative growth without compromising yield

(a) Representative images of tomato plants following two weeks of twice-daily wind or physical touch
treatment. Treatment was initiated at two weeks post-germination (n = 15 independent plants). Scale bars =
2 cm. (b—e) Quantification of plant height (b), leaf length (c), leaf size (d), and shoot fresh weight (e) after

touch. Data are shown as mean + standard deviation (SD) (» = 22 independent plants in b—e). P-values in (b)
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were determined by one-way ANOVA; others by unpaired t-tests. (f—i) Touch had no significant effect on
tomato reproduction. Representative images of tomato fruits are presented in (f). The following key
parameters were quantified: days to flowering (g), fruit weight per plant (h), and number of fruits per plant
(i). The scale bar in (f) is 2 cm. Data in (g—i) are shown as mean = SD (n = 32 independent plants). P-values
were determined by unpaired t-tests using Welch's correction. The results were consistent among three

independent replicates.
2.2 Gentle touch enhances tomato resistance to fungal gray mold

To determine whether mechanical stimulation enhances tomato resistance against fungal gray mold,
leaves were subjected to gentle touch treatment for two weeks, then detached and inoculated with
Botrytis cinerea. By 72 h post-inoculation (hpi), leaves from untouched plants had turned yellowish,
whereas those from touched plants remained green (Fig. 2a). Lesion areas caused by B. cinerea were
significantly smaller in touched leaves compared to untouched leaves at both 72 and 96 hpi (Fig. 2b).
Furthermore, the quantification of fungal biomass via quantitative PCR (qPCR) revealed significantly
reduced growth of B. cinerea in the touched leaves (Fig. 2c). These results suggest that gentle touch

treatment of tomato leaves enhances resistance against fungal gray mold.

We next assessed whether gentle leaf touch influenced tomato resistance to a root pathogen. After two
weeks of leaf touch treatment, plants were inoculated with Ralstonia solanacearum, a soil-borne
bacterium that infects through roots and spreads via the xylem, resulting in wilt disease (Shi et al., 2023).
Compared with untouched plants, touch-treated plants showed no significant differences in disease
index or survival rate (Figs. S2a—S2d). Consistently, gentle touch did not significantly affect root growth,
as measured by root length and fresh weight (Fig. S2f-2h). These results suggest that gentle touch of

tomato leaves reduces susceptibility to a foliar pathogen but does not alter resistance to a root pathogen.
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Fig. 2 Touch enhances tomato leaf defense against Botrytis cinerea

(a) Representative images of tomato leaves following inoculation with B. cinerea (1 x 10° spores/mL),
captured at 72 and 96 h post-inoculation (hpi). Scale bar = 2 cm. (b) Quantified lesion area. Data are shown
as mean £ SD (n = 14 independent leaves). P-values were determined by two-way ANOVA. (c) Biomass of
B. cinerea. Fungal biomass was quantified via qPCR (targeting the Bc3) using DNA extracted at 96 hpi,
normalized to the tomato SIACTIN gene. Data are shown as mean + SD (n = 3 independent leaves). P-values
were determined by unpaired t-test with Welch's correction. The results were consistent among three

independent replicates.
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2.3 Gentle touch reshapes the phyllosphere microbial community

To investigate the potential involvement of phyllosphere microbes in touch-induced resistance, touch-
treated leaves were first surface-sterilized using 75% ethanol and then inoculated with B. cinerea (Figs.
3a and 3b). Although touch reduced lesion areas under both sterilized and non-sterilized conditions, the
level of reduction was significantly lower in sterilized leaves (45.45%) than in non-sterilized ones
(64.91%) (Fig. 3c). These results suggest that the phyllosphere microbial community may contribute to
touch-induced resistance. We subsequently compared the phyllosphere bacterial communities of
touched and untouched leaves using 16S ribosomal RNA (rRNA) amplicon sequencing. A total of 523
zero-radius operational taxonomic units (zOTUs) were identified using the USEARCH v11 algorithm.
While no significant difference was observed in Shannon diversity, the Simpson index indicated a
significant decrease in phyllosphere microbial diversity following touch treatment (Fig. 4a). Principal
coordinate analysis (PCoA) based on weighted UniFrac distances revealed distinct clustering between
touched and untouched leaves (Fig. 4b). Together, these findings indicate that gentle touch reshapes the

composition of the phyllosphere microbiota.
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Fig. 3 Microbes contribute to touch-induced leaf defense

(a) Schematic diagram of fungal inoculation after leaf surface sterilization. (b) Representative images of
leaves at 72 hpi with B. cinerea (1 x 10° spores/mL). Prior to inoculation, leaf surface sterilization was
performed using 75% ethanol. Scale bar = 2 cm. (c¢) Quantification of lesion area. Data are shown as mean +
SD (n = 15 independent leaves). P-values were determined by unpaired t-test. Different letters indicate
significant differences between treatments (P < 0.05, one-way ANOVA). The results were consistent among

three independent replicates.

Analysis at the phylum level revealed a clear shift in community composition. Although Proteobacteria
remained dominant in both the control and touch-treated leaves (accounting for 91.77% and 92.78%
relative abundance, respectively), touch treatment specifically enriched Actinobacteria while reducing
the abundance of Actinomycetes (Fig. 4c). At the genus level, the abundance of Pseudomonas,

Pseudonocardia, Stenotrophomonas, Brevundimonas, Streptomyces, and Actinoallomurus increased
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after touch treatment (Fig. 4d). Among the 523 zOTUs, 168 exhibited significant abundance changes
after touch treatment, with 121 showing significant increases (Fig. 4e). Nearly half (49.4%) of these
increased zOTUs belonged to the Proteobacteria phylum (Fig. S3). We subsequently performed BLAST
alignment of the 16S rRNA sequences from these 168 zOTUs to obtain their species-level taxonomic
assignments. Screening these species against probiotic databases (Winnenburg et al., 2007; Webster et
al., 2020) revealed that 22 zOTUs matched known plant-beneficial bacterial species (Table S1), with the
majority of those showing increased abundance belonging to the genus Pseudomonas (Fig. 4f).
Collectively, these findings suggest that gentle touch may promote the enrichment of specific beneficial

bacteria in the phyllosphere.
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Fig. 4 Touch modulates phyllosphere microbial communities

(a) Alpha-diversity analysis assessed by Shannon and Simpson indices. Data are shown as mean + SD (n =
6 independent biological replicates). Statistical significance was determined using unpaired t-tests with
Welch’s correction (NS, no significant difference; ***P < 0.001). (b) B-diversity analysis visualized by
unconstrained PCoA based on weighted UniFrac dissimilarity. Ellipses cover 69% of data for each group.
The community composition differed significantly between groups (PERMANOVA, P = 0.004, R? = 0.91).
Relative abundance of the (c) six most dominant bacterial phyla and (d) 12 most dominant bacterial genera
in the tomato phyllosphere. (e) Annotated species with differential abundance in touch samples relative to
controls. (f) Beneficial bacterial taxa that differ in abundance between touch and control samples. Color

intensity indicates relative abundance.
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2.4 Touch-enriched Pseudomonas isolates can antagonize B. cinerea

We next recovered 84 bacterial isolates from the phyllosphere of touch-treated leaves, of which 30
demonstrated antagonistic activity against B. cinerea in plate confrontation assays. Among these,
seven belonged to the genus Pseudomonas, while the remaining strains were classified into ten genera
including Bacillus, Priestia and Pantoea. Based on 16S rRNA gene phylogenetic analysis,
Pseudomonas isolates 1, 2 and 4 clustered with strain MG833380; meanwhile, isolates 3, 5, 6, and 7
clustered with strains OQ799019, PP259448, MK342492, and PP213434, respectively, whereas all
strains exhibited genetic differences (Fig. 5a). Plate confrontation assays demonstrated that these
seven Pseudomonas strains suppressed B. cinerea growth by 20% to 50% (Figs. 5b and 5c). To further
evaluate the biocontrol potential of these strains in vivo, a synthetic community (SynCom) comprising
all seven Pseudomonas strains was constructed and applied to tomato leaves prior to inoculation with
B. cinerea. Compared to the control, the lesion area induced by B. cinerea on the SynCom-treated
leaves was significantly reduced (Fig. 5d). These findings support the notion that touch treatment
enriches Pseudomonas strains with antagonistic activity against B. cinerea, leading to a reduction in

gray mold symptoms in tomato.
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Fig. 5 Touch-enriched Pseudomonas isolates antagonize B. cinerea

(a) Phylogenetic tree showing genus-level identification of the seven Pseudomonas isolates. (b)
Representative images of the inhibitory effect of Pseudomonas isolates against B. cinerea in a plate
confrontation assay. Scale bar= 2 cm. (¢) Mycelial diameter ratio, calculated as the B. cinerea mycelium
diameter in the presence of Pseudomonas relative to that in the bacteria-free control. A lower ratio indicates
a stronger inhibition by the Pseudomonas isolate. Data are presented as mean £ SD (n = 3 independent

biological replicates). Different letters indicate significant differences between treatments (P < 0.05, one-way
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ANOVA). (d) Leaf lesion area. The synthetic microbial community (SynComs) sprayed on the leaves
following B. cinerea inoculation and lesion area was measured at 72 and 96 hpi. Data are presented as mean

+ SD (n = 19 independent leaves). P-values were determined using two-way ANOVA.

3 Discussion

The plant phyllosphere microbiome is increasingly recognized as a key determinant of host health and
defense (Sohrabi et al., 2023); however, its potential role in touch-induced plant defense remains largely
unexplored. Herein, we not only showed that repetitive gentle touch reshapes the phyllosphere microbial
community but also identified seven Pseudomonas isolates capable of suppressing B. cinerea growth.
These findings uncover a new phenomenon whereby mechanical stimuli influence plant-associated

microbiomes to enhance plant resistance.

Although we observed significant reshaping of the phyllosphere microbial community in response to
touch, the underlying mechanisms were yet to be clarified. Mechanical stimulation is known to elevate
endogenous jasmonic acid (JA) levels in both tomato and Arabidopsis, a key hormone in defense against
necrotrophic pathogens such as B. cinerea (Luo et al., 2023; Li et al., 2025; Zhang, 2025). A plausible
model, therefore, is that gentle touch activates the JA pathway, which in turn modulates the leaf surface
microenvironment, potentially through alterations in secondary metabolites, leading to shifts in
phyllosphere microbial community. This hypothesis is supported by evidence that mutations in JA
signaling can substantially alter phyllosphere microbial composition (Kniskern et al., 2007). In addition,
touch induces changes in anthocyanins and the synthesis of lignin and callose (Porter et al., 2009;
Gladala-Kostarz et al., 2020), which may all contribute to alterations in the microbiota. Notably, surface
sterilization reduced touch-induced resistance by only about 20% (from 64.91% to 45.45%), suggesting
that while phyllosphere microbes contribute to this resistance, intrinsic plant defense mechanisms may
play a more dominant role. Nevertheless, our findings confirm a significant contribution of the
phyllosphere microbiota to touch-induced resistance. Further investigation is required to elucidate the

precise mechanisms by which touch remodels this community.

Repetitive touch is known to induce visible morphological changes in a variety of plant species (Kouhen
et al., 2023). In this study, we found that repetitive gentle touch significantly altered tomato vegetative
phenotypes, leading to dwarfism, reduced leaf size, and darker green leaves. These morphological
changes are consistent with those previously reported in other plant species (Braam and Chehab, 2017).
However, we observed that touch treatment during the tomato seedling stage did not affect flowering
time. This contrasts with findings in Arabidopsis, where repetitive gentle touch has been shown to delay
flowering (Wang et al., 2024). This discrepancy may be attributed to differences in species, touch
intensity, or developmental stage at the time of treatment. Alternatively, given the longer growth cycle

of tomato, it is plausible that touch-induced responses occur primarily during vegetative growth, with
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limited impact on reproductive stages. Furthermore, touch treatment applied to leaves did not enhance
resistance against the root pathogen R. solanacearum, possibly due to either the non-broad-spectrum
nature of the resistance or the weak systemic acquired resistance induced by touch. Alternatively, as
xylem lignification serves as the primary defense mechanism against R. solanacearum infection (Li et
al., 2023), it is possible that mechanical stimulation of the leaves failed to induce an increase in root
lignification. This specificity highlights the potential of touch or its associated signaling pathways as a
targeted green management strategy in agriculture, pointing to the capability of inducing leaf disease

resistance without compromising yield or root growth.

Biocontrol holds great promise as a strategy for managing fungal diseases, with the isolation of new
strains being an ongoing endeavor (Zhou et al., 2022; Fan et al., 2024). In this study, seven Pseudomonas
strains were isolated from leaves subjected to touch treatment, six of which exhibited strong inhibitory
activity against B. cinerea. 16S rRNA gene sequencing revealed that these isolates clustered with known
Pseudomonas species; however, isolates 3, 5, 6, and 7 appeared to be potentially novel strains, as they
showed sequence divergence from previously characterized strains. Further genome sequencing is
required to confirm their taxonomic status as novel species. Among the 30 antagonistic bacterial strains
obtained in this study, Bacillus was the second most abundant genus. Although 16S rRNA gene
sequencing showed a decrease in the total abundance of Bacillus, it remains possible that beneficial
lineages within this genus did not decline, warranting further investigation. Moreover, although the
antifungal mechanisms of Pseudomonas and Bacillus spp. have been studied extensively, including
competition for nutrients and the production of various secondary metabolites such as antibiotics,
siderophores, and volatile organic compounds (Ko6hl J, 2019), these potentially novel strains may

possess yet undiscovered mechanisms of action that need further elucidation.

In summary, our study reveals that mechanical stimulation can reshape the phyllosphere microbiota to
enrich beneficial Pseudomonas populations, thereby enhancing plant resistance to gray mold. Future
research should clarify the mechanisms by which touch reshapes the phyllosphere microbiota,
particularly the role of JA and other hormone pathways in mediating the recruitment of beneficial
microbes. Overall, our findings suggest new possibilities for developing crop disease management

strategies based on mechanical stimulation or mimicking its signaling pathways.
Materials and methods

Detailed descriptions of the materials and methods used in this study are provided in the supplementary

materials.
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Sequence Read Archive (SRA) under accession number PRINA1436826
(https://www.ncbi.nlm.nih.gov/sra/PRINA1436826).

Acknowledgments

We thank Xiao-xiao Feng from the agricultural experiment station of Zhejiang University for her
assistance with plant growth. This work was supported by the National Key Research and Development
Program of China (2023YFD1902903), the Natural Science Foundation of Zhejiang Province, China
(Z25C140005), and the National Natural Science Foundation of China (32470284).

Author contributions

Yan LIANG conceived and designed the research. Ying PENG and Xijie GUO performed the majority
of the experiments and analyzed the data. Yaxing SU assisted with disease assays. Qinghong LI
contributed to tomato growth and maintenance. Chaozheng WANG, Hongkai WANG, and Qianli AN
helped with bacterial isolation. Huiquan WANG assisted with the mechanical stimulation treatment. All

authors read and approved the final manuscript.
Compliance with ethics guidelines

The authors declare that they have no conflicts of interest.

This article does not contain any studies involving human or animal subjects.
Declaration on the use of generative Al tools

During the preparation of this manuscript, the authors used ChatGPT (OpenAl) to improve the
readability and linguistic clarity of the text. The authors reviewed and revised the content as necessary

and take full responsibility for the final manuscript.

10


https://www.ncbi.nlm.nih.gov/sra/PRJNA1436826

285

286
287

288
289

290
291

292
293

294
295
296

297
298
299

300
301

302
303
304

305
306
307

308
309
310

311
312

313
314

315
316
317

318
319

320
321
322

323
324

References

Bai B, Liu W, Qiu X, et al., 2022. The root microbiome: community assembly and its contributions to plant
fitness. J Integr Plant Biol, 64:230-243. https://doi.org/10.1111/jipb.13226

Braam J, 2005. In touch: plant responses to mechanical stimuli. New Phytol, 165:373-389.
https://doi.org/10.1111/j.1469-8137.2004.01263.x

Braam J, Chehab EW, 2017. Thigmomorphogenesis. @ Curr  Biol,  27:R863-R864.
https://doi.org/10.1016/j.cub.2017.07.008

Braam J, Davis RW, 1990. Rain-, wind-, and touch-induced expression of calmodulin and calmodulin-related
genes in Arabidopsis. Cell, 60:357-364. https://doi.org/10.1016/0092-8674(90)90587-5

Brenya E, Chen Z-H, Tissue D, et al., 2020. Prior exposure of Arabidopsis seedlings to mechanical stress
heightens jasmonic acid-mediated defense against necrotrophic pathogens. BMC Plant Biol, 20:548.
https://doi.org/10.1186/s12870-020-02759-9

Brown SP, Grillo MA, Podowski JC, Heath KD, 2020. Soil origin and plant genotype structure distinct
microbiome compartments in the model legume Medicago truncatula. Microbiome, 8:139.
https://doi.org/10.1186/s40168-020-00915-9

Chehab EW, Eich E, Braam J, 2008. Thigmomorphogenesis: a complex plant response to mechano-
stimulation. J Exp Bot, 60:43-56. https://doi.org/10.1093/jxb/ern315

Chehab EW, Yao C, Henderson Z, et al., 2012. Arabidopsis touch-induced morphogenesis is jasmonate
mediated and protects against pests. Curr Biol, 22:701-706.
https://doi.org/10.1016/j.cub.2012.02.061

Fan X, Matsumoto H, Xu H, et al., 2024. Aspergillus cvjetkovicii protects against phytopathogens through
interspecies chemical signalling in the phyllosphere. Nat Microbiol, 9:2862-2876.
https://doi.org/10.1038/s41564-024-01781-z

Gladala-Kostarz A, Doonan JH, Bosch M, 2020. Mechanical stimulation in Brachypodium distachyon :
Implications for fitness, productivity, and cell wall properties. Plant Cell Environ, 43:1314—1330.
https://doi.org/10.1111/pce.13724

Guo D, Liu Z, Raaijmakers JM, et al., 2025. Linalool-triggered plant-soil feedback drives defense adaptation
in dense maize plantings. Science, 389:eadv6675. https://doi.org/10.1126/science.adv6675

Hamant O, Haswell ES, 2017. Life behind the wall: sensing mechanical cues in plants. BMC Biol, 15:59.
https://doi.org/10.1186/s12915-017-0403-5

Hansen A, Gladala-Kostarz A, Hindhaugh R, et al., 2025. Mechanical stimulation in plants: molecular
insights, morphological adaptations, and agricultural applications in monocots. BMC Biol, 23:58.
https://doi.org/10.1186/s12915-025-02157-3

Hardoim PR, Hardoim CCP, Van Overbeek LS, Van Elsas JD., 2012. Dynamics of seed-borne rice endophytes
on early plant growth stages. PLoS One, 7:¢30438. https://doi.org/10.1371/journal.pone.0030438

Hua L, Yong C, Zhanquan Z, et al., 2018. Pathogenic mechanisms and control strategies of Botrytis cinerea
causing post-harvest decay in fruits and vegetables. Food Qual Saf, 2:111-119.
https://doi.org/10.1093/fqsafe/fyy016

Iida H, 2014. Mugifumi, a beneficial farm work of adding mechanical stress by treading to wheat and barley

seedlings. Front Plant Sci, 5: 453. https://doi.org/10.3389/fpls.2014.00453

11



325
326
327

328
329
330

331
332
333

334
335
336

337
338

339
340
341

342
343
344

345
346
347

348
349
350

351
352
353

354
355
356

357
358
359

360
361
362

363
364

365
366

367

Jaffe MJ, 1973. Thigmomorphogenesis: the response of plant growth and development to mechanical
stimulation: ~ with  special reference to  Bryonia dioica. Planta, 114:143-157.
https://doi.org/10.1007/BF00387472

Jiang Y, Luo JP, Qiao YB, 2024. Effects of soil types on phyllosphere microbial community structure and
function of hyperaccumulator Sedum alfredii. J Zhejiang Univ Agric Life Sci, 50(5): 758-770.
https://doi.org/10.3785/;.issn.1008-9209.2023.03.292

Kniskern JM, Traw MB, Bergelson J, 2007. Salicylic acid and jasmonic acid signaling defense pathways
reduce natural bacterial diversity on Arabidopsis thaliana. Mol Plant-Microbe Interact, 20:1512—
1522. https://doi.org/10.1094/MPMI-20-12-1512

Kohl J, Kolnaar R and Ravensberg WJ, 2019. Mode of Action of Microbial Biological Control Agents
Against Plant Diseases: Relevance Beyond Efficacy. Front Plant Sci 10:845. doi:
10.3389/1pls.2019.00845

Kouhen M, Dimitrova A, Scippa GS, Trupiano D, 2023. The course of mechanical stress: types, perception,
and plant response. Biology, 12:217. https://doi.org/10.3390/biology 12020217

Li CY, Wang R, Liang Y, 2023. Research progress on the regulation of vascular lignification on defense
against bacterial wilt of plants. J Zhejiang Univ Agric Life Sci, 49(5): 633-643.
https://doi.org/10.3785/1.issn.1008-9209.2023.06.171

Li S, Huang Y, Zhao Y, et al., 2025. Ripening-induced defence signalling in Botrytis cinerea-infected tomato
fruits involves activation of ERF. F4 by a MYC2 - NOR / RIN protein complex. Plant Biotechnol.
J., 23:4126—4139. https://doi.org/10.1111/pbi.70221

Luo D, Sun W, Cai J, et al., 2023. SIBBX20 attenuates JA signalling and regulates resistance to Botrytis
cinerea by inhibiting SIMED25 in tomato. Plant Biotechnol J, 21:792-805.
https://doi.org/10.1111/pbi.13997

Matsumura M, Nomoto M, Itaya T, et al., 2022. Mechanosensory trichome cells evoke a mechanical stimuli—
induced immune response in = Arabidopsis  thaliana. Nat  Commun, 13:1216.
https://doi.org/10.1038/s41467-022-28813-8

Mustafa M, Mwangi RW, Szalai Z, et al., 2025. Sustainable responses to open field tomato (Solanum
lycopersicum L) stress impacts. J Agric Food Res, 21:101825.
https://doi.org/10.1016/;.jafr.2025.101825

Naylor D, DeGraaf S, Purdom E, Coleman-Derr D., 2017. Drought and host selection influence bacterial
community dynamics in the grass root microbiome. ISME J, 11:2691-2704.
https://doi.org/10.1038/ismej.2017.118

Papadopoulou KK, Chatzinotas A, Diaz-Otero BG, et al., 2025. Benefits and challenges of upcoming
microbial plant protection applications sustaining planetary health. iScience, 28:113557.
https://doi.org/10.1016/5.isc1.2025.113557

Porter BW, Zhu YJ, Webb DT, Christopher DA., 2009. Novel thigmomorphogenetic responses in Carica
papaya: Touch decreases anthocyanin levels and stimulates petiole cork outgrowths. Ann Bot,

103:847-858. https://doi.org/10.1093/a0b/mcp009

Shi H, LiuY, Ding A, et al., 2023. Induced defense strategies of plants against Ralstonia solanacearum. Front
Microbiol, 14:1059799. https://doi.org/10.3389/fmicb.2023.1059799

Sohrabi R, Paasch BC, Liber JA, He SY, 2023. Phyllosphere microbiome. Annu Rev Plant Biol, 74:539-568.
https://doi.org/10.1146/annurev-arplant-102820-032704

Telewski FW, Jaffe MJ, 1986. Thigmomorphogenesis: the role of ethylene in the response of Pinus taeda and

12


https://doi.org/10.3785/j.issn.1008-9209.2023.03.292

368
369

370
371

372
373
374

375
376

377
378
379

380
381

382
383
384

385
386

387
388

389
390

391
392
393

394
395

396
397

398

399

400

401

Abies fraseri to mechanical perturbation. Physiol Plant, 66:227-233. https://doi.org/10.1111/j.1399-
3054.1986.tb02413.x

Trivedi P, Leach JE, Tringe SG, et al., 2020. Plant-microbiome interactions: from community assembly to
plant health. Nat Rev Microbiol, 18:607—621. https://doi.org/10.1038/s41579-020-0412-1

Van Moerkercke A, Duncan O, Zander M, et al., 2019. A MYC2/MYC3/MY C4-dependent transcription
factor network regulates water spray-responsive gene expression and jasmonate levels. Proc Nat!
Acad Sci USA, 116:23345-23356. https://doi.org/10.1073/pnas.1911758116

Vorholt JA, 2012. Microbial life in the phyllosphere. Nat Rev Microbiol, 10:828-840.
https://doi.org/10.1038/nrmicro2910

Wang L, Ma C, Wang S, et al., 2024. Ethylene and jasmonate signaling converge on gibberellin catabolism
during thigmomorphogenesis in Arabidopsis. Plant Physiol, 194:758-773.
https://doi.org/10.1093/plphys/kiad556

Wang Z, Song Y, 2022. Toward understanding the genetic bases underlying plant-mediated “cry for help” to
the microbiota. iMeta, 1:e8. https://doi.org/10.1002/imt2.8

Webster G, Mullins AJ, Cunningham-Oakes E, et al., 2020. Culturable diversity of bacterial endophytes
associated with medicinal plants of the Western Ghats, India. FEMS Microbiol Ecol, fiaal47.
https://doi.org/10.1093/femsec/fiaal47

Winnenburg R, Urban M, Beacham A, et al., 2007. PHI-base update: additions to the pathogen host
interaction database. Nucleic Acids Res, 36:D572-D576. https://doi.org/10.1093/nar/gkm858

Xu N, Zhao Q, Zhang Z, et al., 2022. Phyllosphere microorganisms: sources, drivers, and their interactions
with plant hosts. J Agric Food Chem, 70:4860—4870. https://doi.org/10.1021/acs.jafc.2c01113

Zhang J, 2025. Fine-tuning of MY C2-mediated Botrytis defense response by the LBD40/42-CRL3BPM4
module in tomato. Plant Cell, 37(11): koaf258. https://doi.org/10.1093/plcell/koaf258

Zhang X, Jin X, LiJ, et al., 2025. Common mycorrhizal networks facilitate plant disease resistance by altering
rhizosphere microbiome assembly. Cell Host Microbe, 33:1765-1778.¢7.
https://doi.org/10.1016/j.chom.2025.08.016

Zhou X, Wang J, Liu F, et al., 2022. Cross-kingdom synthetic microbiota supports tomato suppression of
Fusarium wilt disease. Nat Commun, 13:7890. https://doi.org/10.1038/s41467-022-35452-6

Zhu F, Cao M-Y, Zhang Q-P, et al., 2024. Join the green team: inducers of plant immunity in the plant disease
sustainable control toolbox. J Adv Res, 57:15—42. https://doi.org/10.1016/j.jare.2023.04.016

Supplementary information

Materials and methods; Figs. S1-S3; Table S1

13





