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Abstract 

Mechanical stimulation, including wind exposure, is a common environmental factor for plants and can significantly 
impact plant phenotype, development, and growth. Most responses to external mechanical stimulation are defined 
by the term thigmomorphogenesis. While these morphogenetic changes in growth and development may not be 
immediately apparent, their end‑results can be substantial. Although mostly studied in dicotyledonous plants, 
recently monocot grasses, particularly cereal crops, have received more attention. This review summarizes current 
knowledge on mechanical stimulation in plants, particularly focusing on the molecular, physiological, and phenologi‑
cal responses in cereals, and explores practical applications to sustainably improve the resilience of agricultural crops.
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mainly refers to forces arising from external sources, 
predominantly wind and precipitation, but also includ-
ing touch, gravity, and vibration/sound. The responses 
to such external stimuli are generally known as thigmo-
morphogenesis, which manifest in a range of morpho-
logical changes and physiological adjustments [1, 2]. 
Mechanical stimulation can also occur endogenously, 
mediated by the plant’s own growth, cellular movement, 
division, and morphogenesis [3]. Endogenous mechanical 
stimulation will not be explored in this review as there 
is a substantial amount of literature in this field (see e.g., 
[4–8]). Similarly, thigmotropism (directional growth or 
movement in response to touch), such as tendril coil-
ing, and thigmonasty (rapid movements not dependent 
on the direction of the stimulus), such as the closure of 
a Venus flytrap (Dionaea muscipula Ellis), falls beyond 
the scope of this review. Instead, we focus on thigmo-
morphogenesis and the broader, long-term morphologi-
cal and physiological adaptations to mechanical stimuli, 

†Annalene Hansen, Agnieszka Gladala‑Kostarz and Rebecca Hindhaugh 
contributed equally to this work as co‑first authors.

*Correspondence:
Maurice Bosch
mub@aber.ac.uk
1 Institute of Biological Environmental and Rural Sciences (IBERS), 
Aberystwyth University, Aberystwyth, Gogerddan, UK
2 Department of Biosciences, Durham University, Durham, UK
3 Newbury, UK

Mechanical stimulation: an underappreciated force 
affecting plant development and adaptation
Despite their sessility, plants possess an extraordinary 
ability to perceive and respond to their environment. 
Numerous environmental factors, such as light, tempera-
ture, water availability, and nutrient levels, profoundly 
influence plant growth and development. Among these, 
mechanical stimulation, an often underappreciated fac-
tor, can induce dramatic changes in plant phenotypes. 
For the purpose of this review, mechanical stimulation 
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with a particular emphasis on monocot grasses including 
cereals.

The ancient Greeks recognized that mechanical stimu-
lation could affect the growth and development of plants. 
As early as 300 BC, the Greek philosopher Theophrastus 
observed that trees growing in windy environments were 
shorter and had denser wood compared to those grow-
ing in sheltered areas [9]. In this context, “wind” primar-
ily refers to airflow rather than the effect of wind-carried 
particles, though such particles may add abrasive stresses 
in specific environments. During the late 20th and early 
twenty-first centuries, various types of mechanical stim-
ulation have been imposed on plants to investigate the 
thigmomorphogenic response in both above- and below-
ground tissue. These stimuli include water-spray to simu-
late precipitation, wind, brushing or rubbing to simulate 
touch, sound, vibration, gravity, and wounding (reviewed 
in [10]). Brushing and rubbing are commonly used as 
surrogates for natural stimuli like wind and typically 
involve calibrated, repeated physical contact to mimic the 
forces plants experience in their environments. Despite 
some responses being idiosyncratic to specific plant spe-
cies [11, 12], common thigmomorphogenic phenotypes 
include reduced plant height, decreased shoot elonga-
tion and stem length, decreased above-ground biomass, 
increased uniformity, increased radial expansion, lignifi-
cation of the stem, and increased stem and petiole flex-
ibility [1, 11–19].

The discovery of touch-inducible genes (TCH genes) 
in 1990 [20] was seminal, offering an initial glimpse into 
the complex molecular underpinnings of thigmomor-
phogenesis. Subsequent research has elucidated some of 
the molecular signaling cascades and networks involved, 
particularly in Arabidopsis (Arabidopsis thaliana). This 
focus on dicots likely stems from the availability of well-
established model organisms, such as Arabidopsis, which 
have been extensively studied due to their genetic trac-
tability and experimental convenience. However, dicots 
and monocot grasses exhibit notable differences in some 
of their structural and compositional traits, which high-
lights the need for dedicated research into the responses 
of monocots to mechanical stimulation. Despite their 
importance in food security and ecology, these responses 
remain relatively underexplored.

As our climate changes, the prevalence and intensity of 
mechanical forces such as wind and rain are expected to 
increase [21]. This makes it essential to understand how 
plants, especially cereal crops, respond to these stim-
uli. Grasses are particularly well-adapted to withstand 
mechanical stresses, including wind, especially during 
their vegetative stages. Several anatomical and physiolog-
ical traits contribute to both their resilience and potential 
vulnerability (Fig. 1).

In its most extreme form, mechanical forces can lead 
to lodging, where cereal crops are bent or flattened to 
the ground, resulting in dramatic yield losses. Increas-
ing resistance to lodging is therefore a major trait for 
cereal crop improvement. While lodging can be regarded 
as a mechanical failure rather than an example of thig-
momorphogenesis, it represents an extreme response 
to mechanical stress and is thus an important aspect to 
include in this review. We will provide a brief overview 
of lodging and genetic interventions and management 
strategies that can improve lodging resistance. While 
mechanical stimulation can have negative effects, it also 
holds significant promise for agriculture by promoting 
beneficial adaptations in plants. In vertical farming con-
texts, where crops are grown in stacked layers within 
controlled indoor environments to maximize space 
and resource efficiency, the dwarfing effects induced by 
mechanical stimulation are desirable. It has also recently 
been shown that repeated mechanical stimulation can 
increase antioxidant compounds and sensory profiles of 
leafy vegetables and basil, respectively [22, 23]. For cere-
als, the dwarfing and cell wall strengthening mechanisms 
induced by mechanical stimulation [24] may provide a 
tool to ameliorate lodging frequency and severity. The 
practical applications of mechanical stimulation in agri-
culture extend beyond preventing lodging. For instance, 
the enhanced structural integrity of plants following 
mechanical stimulation can make them more resistant 
to environmental stresses. The agricultural applications 
of mechanical stimulation are diverse and could even 
lessen the reliance on chemical inputs. We will discuss 
the potential of mechanical stimulation to prime or con-
dition cereals to improve their resilience against environ-
mental stresses.

The molecular underpinnings 
of thigmomorphogenesis
Mechanical stimulation triggers a cascade of responses. 
Among these, transcriptomic alterations represent a 
critical step, as they collectively drive the morphologi-
cal and physiological changes characteristic of thigmo-
morphogenesis. Stress signals generated by mechanical 
stimulation are detected by a variety of mechanosensors, 
which convert these signals into complex downstream 
signaling pathways, initiating changes in gene expres-
sion, phytohormone signaling, protein phosphorylation, 
and metabolic feedback, ultimately resulting in a range 
of morphological adaptations [25, 26]. In this section, we 
will provide a brief overview of some of the key molec-
ular components and events that have been identified 
in dicots (Fig.  2A), predominantly Arabidopsis. While 
many of these pathways are likely conserved across plant 
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species, the precise molecular mechanisms involved in 
thigmomorphogenesis are still being elucidated. For a 
more detailed exploration of the molecular and cellular 

mechanisms underpinning this phenomenon, we refer 
readers to recent comprehensive reviews on the topic 
[25–28].

Fig. 1 Anatomical and physiological adaptations of grasses influencing their responses to mechanical stimulation. Key adaptations of grasses 
that affect their response to mechanical forces are highlighted. Features such as stem structure, leaf shape, tillering, and root systems contribute 
to the resilience of grasses against mechanical stress, while vulnerabilities during the reproductive stage highlight the trade‑offs between growth 
and stability. These adaptations balance productivity with structural integrity
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Fig. 2 Responses of grasses to mechanical stimulation. Mechanical stimulation induces various phenotypic changes across plant, organ, 
tissue, and cellular levels. However, the molecular mechanisms driving these morphogenetic changes in grasses are not fully understood. 
The current model of mechanosensing and signal transduction, which leads to transcriptional and posttranslational modifications affecting 
thigmomorphogenesis, is primarily based on research from dicot model species. The figure illustrates the effects of mechanical stimulation 
across three levels. At the molecular level A, mechanical signals are perceived through mechanosensitive channels (MSCs) and receptor‑like 
kinases (RLKs), triggering a cascade of intracellular events, including increases in calcium  (Ca2⁺) and reactive oxygen species (ROS). Calmodulin 
(CaM) decodes the  Ca2+ signatures, which along with the involvement of various hormones such as jasmonic acid (JA), gibberellins (GA), 
brassinosteroids (BR), ethylene (ET), abscisic acid (ABA), and auxins (AUX), leads to transcription factor (TF) mediated transcriptional changes 
that helps shape the thigmomorphogenetic response. At the tissue and cellular level B, mechanical stimulation can increase or decrease vascular 
bundle area, promote cell wall thickening, and enhance the synthesis of cell wall components like cellulose and lignin. Cortical sclerenchyma 
and cell walls of nodal roots also become more robust, enhancing the structural support. Mechanical stimulation impacts overall plant architecture 
C, affecting traits such as stem diameter, internode elongation, tiller number, and root architecture. Aboveground biomass (AGB) is typically 
reduced, while adventitious roots (ARs) increase, enhancing the overall resilience against mechanical forces. Interactions between aboveground 
and belowground responses, as well as the effects of soil compaction, further modulate the plant’s adaptive responses to mechanical stimulation
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Mechanoperception
Mechanoperception, the ability to sense and respond to 
mechanical stimuli, involves many components, includ-
ing cell walls, mechano-sensitive ion channels (MSCs), 
receptor-like kinases (RLKs), and the cytoskeleton 
[27, 29–31]. One of the earliest detectable responses to 
mechanical stimulation is the generation of action poten-
tials across the plasma membrane [19]. The deformation 
of the cell membrane triggered by mechanical stimulation 
activates force-sensing MSCs. These proteins, embedded 
in the cell membrane, act as gated conduits facilitating ion 
influx from the apoplast, particularly  Ca2+, in response to 
mechanical stimulation, altering the membrane potential 
and ultimately allowing for signal transduction and cell-
to-cell communication [32]. Various MSC families are 
implicated in mechanoperception including homologs 
of bacterial mechanosensitive channels of small con-
ductance (MscS-like), Mid1-complementing activity 
proteins (MCA), two-pore potassium protein channels 
(K2P), reduced hyperosmolality-induced  [Ca2+] increase 
(OSCA), and Piezo channels [25, 28, 29].

In addition to MSCs, RLKs play an important role 
in transducing mechanical signals into biochemical 
responses. RLKs have an extra-cellular domain that rec-
ognizes specific ligands including cell wall components, 
a membrane-spanning domain, and a cytoplasmic kinase 
domain responsible for initiating intracellular signal-
ing cascades. This structural configuration positions 
RLKs as ideal candidates for mechanosensors, bridging 
the extracellular mechanical environment and intracel-
lular biochemical machinery [33]. Among the various 
RLKs, members of the Catharanthus roseus RLK1-Like 
(CrRLK1L) family have been implicated in mechanoper-
ception. FERONIA (FER) and THESEUS1 (THE1) are 
notable examples. FERONIA, in particular, has been 
shown to be crucial for  Ca2+ signaling in response to 
mechanical stimuli such as touch and bending [34]. 
Arabidopsis mutants lacking FER exhibit impaired 
calcium signaling and reduced expression of touch-
responsive genes, highlighting FER’s essential role in 
mechanotransduction [34]. The extracellular domains of 
FER and other CrRLK1Ls, like THE1, display homology 
to animal malectin domains, which are involved in car-
bohydrate binding, suggesting their potential to bind cell 
wall polysaccharides. This binding ability supports the 
hypothesis that these RLKs can monitor cell wall integ-
rity and mechanical changes, acting as cell wall sensors. 
In vitro studies have shown that FER can bind to pectin, a 
key cell wall component, which could enable it to detect 
and respond to cell wall deformations [35]. Besides being 
an activator of responses to mechanical stimulation, 
FER has also been shown to have a repressive role in the 
regulation of the jasmonic acid (JA)-dependent response 

to mechanical stimulation [29]. This may be because of 
differences in the type of mechanical stress imposed or 
the organ being studied. Other CrRLK1Ls [36] and mem-
bers of other RLK families [37–39] participate in various 
processes like cell expansion, tip growth, and cell wall 
modification, which involves changes in cell biomechan-
ics, and it is possible that some of these other RLKs are 
mechanosensory although this is yet to be demonstrated.

Calcium and ROS signaling
Mechanical stimulation in plants triggers rapid 
increases in cytosolic  Ca2+, which appear to be primar-
ily facilitated by the influx of  Ca2+ through the afore-
mentioned MSCs. However, earlier work in Nicotiana 
plumbaginifolia implicated wind-induced increases in 
cytosolic  Ca2+ to be of intracellular origin [40]. This 
suggests that initial  Ca2+ influx through stretch-acti-
vated channels in the plasma membrane may trigger 
calcium-induced calcium release from intracellular 
organelles [14]. It is still unclear if  Ca2+ signatures, 
encoding information of defined stimuli and which are 
crucial for determining the appropriate physiologi-
cal response to different mechanical stimuli, are solely 
a result of  Ca2+ influx through the plasma membrane 
or if there is also a significant contribution from intra-
cellular  Ca2+ release. Calcium-binding proteins, such 
as calmodulin and calmodulin-like proteins, play a 
pivotal role in transducing these  Ca2+ signatures. The 
expression of genes encoding these proteins, such as 
TCH1, TCH2, and TCH3, is rapidly upregulated fol-
lowing mechanical stimulation, highlighting their 
importance in early signaling events [20]. Other  Ca2+ 
sensors potentially involved in the decoding of the  Ca2+ 
signatures include calcium-dependent protein kinases 
and calcineurin B-like proteins [41, 42]. These calcium-
binding proteins can transduce  Ca2+ signatures into 
phosphorylation events, changes in protein–protein 
interactions, or regulation of gene expression [42].

Mechanical stimulation has also been shown to 
induce the production of reactive oxygen species (ROS) 
in Arabidopsis and tomato (Lycopersicon esculentum), 
among other species [43, 44]. The role of ROS in thig-
momorphogenesis is underscored by studies showing 
that plants with altered ROS scavenging systems exhibit 
modified responses to mechanical stimuli. For exam-
ple, tomatoes overexpressing glutathione peroxidase, 
an enzyme involved in ROS scavenging, show a signifi-
cantly reduced thigmomorphogenetic response, indi-
cating the importance of ROS in this process [45]. It has 
been suggested that ROS may activate  Ca2+-permeable 
cation channels [46], further amplifying the  Ca2+ sig-
nal. Further research is needed to elucidate the pre-
cise mechanisms by which  Ca2+ and ROS signals are 
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integrated and propagated within the plant. Moreover, 
mechanical stimulation has been shown to lead to apo-
plastic alkalinization and cytoplasmic acidification in 
Arabidopsis roots [47]. While the former will alter the 
cell wall properties, the importance of cytosolic acidifi-
cation in regulating plant cellular signaling networks is 
becoming increasingly appreciated [48, 49] and needs 
to be further investigated in the context of mechanical 
stimulation.

Transcriptional and posttranscriptional regulation
Mechanical stimulation triggers extensive transcrip-
tomic changes; for instance, over 2.5% of the Arabidopsis 
genome and 6% of the poplar genome were inducible and 
differentially expressed respectively, following mechani-
cal stimulation [50, 51], highlighting the complexity and 
importance of mechanosensory responses. Transcripts 
commonly upregulated by mechanical stimulation 
include those encoding various calcium-binding proteins, 
such as calmodulin and calmodulin-like proteins (e.g., 
TCH1, TCH2, and TCH3). Another prominent class of 
induced transcripts are those related to cell wall modifi-
cation, including xyloglucan endotransglucosylase/hydro-
lases (XTHs) like TCH4, pectin esterases, and cellulose 
synthases. These enzymes are crucial for modifying cell 
wall architecture, thereby enabling plants to adapt their 
structural properties in response to mechanical stress. 
The upregulation of genes involved in disease resistance 
and defense responses is also notable, suggesting an over-
lap of common pathways activated by mechanical stimu-
lation and other environmental stresses, such as pathogen 
attack or abiotic stress. Such crosstalk between different 
signaling pathways enables plants to mount a coordinated 
response to a variety of challenges, enhancing their overall 
resilience. Moreover, mechanical stimuli affect the expres-
sion of numerous kinase and transcription factor genes; 
over 10% of the genes encoding kinases and transcription 
factors were increased in touch-stimulated Arabidopsis 
plants [50, 52], indicating that signal transduction path-
ways and transcriptional regulation are heavily influenced 
by such perturbations [14, 50].

There is considerable variability in the temporal expres-
sion profiles, with changes in differential expression 
depending on the time after mechanical stimulation (see 
e.g., [50, 51]). Additionally, significant differences are 
observed across plant tissues and developmental stages 
[53]. Transcriptional responses also depend on the type 
and frequency of mechanical stimulation, highlighting 
the complex nature of these responses. Besides changes 
in expression profiles, it has been shown that proteome-
wide protein phosphorylation is a rapid and broad 
response to mechanical stimulation in Arabidopsis and 

may play a critical role in the mechano-response path-
ways of plants [54].

Hormonal response to mechanical stimulation
Plant hormones play an essential role in every aspect 
of plant life, including responses to mechanical stimu-
lation. Most plant hormones, including JA, ethylene, 
abscisic acid (ABA), auxin, brassinosteroids, and gibber-
ellins (GA), have been shown to be involved in thigmo-
morphogenesis [27]. These hormones can interact both 
antagonistically and synergistically to coordinate stress 
responses, maintaining homeostasis during thigmomor-
phogenesis to support growth and development [25].

JA is an integral component of thigmomorphogen-
esis. For instance, it was shown that mechanical stimu-
lation dramatically increased the levels of a metabolic 
intermediate of JA biosynthesis in Bryonia dioica and 
bean (Phaseolus vulgaris) [55]. Likewise, mechani-
cally stimulated Arabidopsis plants displayed a two-fold 
increase in JA levels. Moreover, loss of function mutants 
of allene oxide synthase, a key enzyme in JA biosynthe-
sis, did not show typical thigmomorphogenic responses 
[56]. Mechanically induced JA accumulation is directly 
controlled by MYC2/3/4 transcription factors, through 
a positive feedback loop that regulates JA-biosynthesis 
and also triggers a network of downstream transcription 
factors and effectors involved in defense responses [57]. 
A  Ca2+-induced signaling network is responsible for the 
systemic increases in JA levels induced by wounding. 
The de-coupling of an inhibitory complex of JA-synthesis 
genes is initiated by the perception of elevated  Ca2+ levels 
by calmodulin. In a calmodulin-dependent fashion, phos-
phorylation of Jasmonate-Associated VQ-Motif Gene1 
(JAV1) occurs, resulting in the disintegration of the 
inhibitory complex JAV1-JAZ8-WRKY51. This alleviates 
repression of allene oxide synthase transcription, leading 
to JA production [58, 59]. As there is a significant overlap 
in the transcriptomic responses between wounding and 
mechanical stimulation, a similar signaling network may 
be responsible for the increases in JA levels induced by 
mechanical stimulation. However, classic touch-induc-
ible marker genes such as calmodulin-like TCH2 and 
TCH3, and TCH4, an XTH family member involved in 
cell-wall modification, remain inducible by mechanical 
stimulation in Arabidopsis mutants defective in JA syn-
thesis and signaling (e.g., allene oxide synthase and myc2 
myc3 myc4) [56, 57]. This indicates that mechanical stim-
ulation also triggers a JA-independent signaling pathway. 
Indeed, it has been found that calmodulin-binding tran-
scriptional activators CAMTA1/2/3 activate the expres-
sion of JA-independent touch-responsive genes including 
TCH2, TCH3, and TCH4 [29].
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Levels of the phytohormone gibberellin are gener-
ally lower following mechanical stimulation, suggesting 
that GA depletion may be responsible for the gener-
ally observed growth inhibition induced by mechanical 
stimulation [11]. For instance, mechanical stimulation-
induced growth retardation was restored by exogenous 
application of GA in cucumbers (Cucumis sativus) 
[60]. Similarly, in Arabidopsis, mechanical stimula-
tion decreased gibberellin levels, but the induced mor-
phological changes could be reversed through the 
application of a bioactive form of gibberellin [61]. 
Moreover, mechanical stimulation induced the expres-
sion of AtGA2ox7, which encodes a GA catabolism 
enzyme, potentially leading to decreased levels of 
GA. This is supported by loss-of-function mutants for 
GA2ox7 not responding to mechanical stimulation [61]. 
As there is crosstalk between the phytohormone signal-
ing pathways of JA and GA, a model was proposed on 
the balance between GA catabolism and JA accumula-
tion that governs thigmomorphogenesis, with factors 
affecting this balance including duration and intensity 
of mechanical stimulation as well as the developmental 
stage of the plant [25].

A role for ethylene has been proposed based on the 
observation that mechanical stimulation of plants led to 
ethylene evolution and exogenous ethylene application 
resulted in thigmomorphogenic-like changes [62]. Eth-
ylene levels increased in response to mechanical stim-
ulation in both bean and pea (Pisum sativum) [63, 64]. 
Moreover, mechanical stimulation of mung bean (Vigna 
radiata) led to increased expression of 1-aminocyclo-
propane-1-carboxylic acid (ACC ) while the expression 
of both ACC  and 1-aminocyclopropane-1-carboxylate 
synthase (ACS6), along with key regulatory enzymes of 
ethylene biosynthesis, was increased in Arabidopsis [65, 
66]. Nevertheless, ethylene involvement was questioned 
as Arabidopsis ethylene receptor mutants and tobacco 
(Nicotiana tabacum) ethylene-insensitive transgenic 
lines showed no significant morphogenetic changes in 
response to mechanical stimulation when compared to 
wild-type plants [62, 67]. Recent studies in Arabidopsis, 
however, have shown that ethylene is directly involved 
in mediating thigmomorphogenesis by regulating pectin 
degradation [68] and by modulating GA levels indepen-
dently and antagonistically from JA [69].

Although data suggest the involvement of auxin, 
ABA, and brassinosteroids in thigmomorphogene-
sis, the extent of their roles remains to be fully eluci-
dated. Studies have shown changes in the expression 
of ABA biosynthetic genes and reduced ABA levels 
following mechanical stimulation [57], as well as clas-
sic thigmomorphogenic phenotypes induced by exog-
enous ABA application [15]. Similarly, the expression 

of TCH4, encoding an XTH, is regulated by auxin and 
brassinosteroids [70], indicating their potential role in 
mechanical stress responses. Additionally, differential 
regulation of auxin-responsive genes has been observed 
following mechanical stimuli, although direct applica-
tions of auxin did not significantly affect thigmomor-
phogenesis in certain plant species [25]. Despite these 
findings, more research is needed to comprehensively 
understand the specific contributions of these hor-
mones to thigmomorphogenesis.

Mechanical stimulation in cereals: the knowns 
and unknowns
The grass family (Poaceae) includes all the major cereal 
crops such as wheat (Triticum aestivum), maize (Zea 
mays), barley (Hordeum vulgare), oat (Avena sativa), 
and rice (Oryza sativa). As these provide over half of the 
daily global calorific intake for humans, and also play an 
essential role in livestock nutrition, cereal crops arguably 
represent the most important plant species for human 
civilization [71]. The consequences of mechanical stimu-
lation on the grasses, and cereal crops in particular, are 
therefore relevant to food security, a critical issue due 
to the continually growing global population and antici-
pated climate changes. Members of the grass family are 
among the most resilient to various mechanical stresses, 
especially when compared to many dicotyledonous spe-
cies. Grasses often dominate wind-prone habitats, such 
as coastal and mountainous regions, and some species 
even exhibit tolerance to direct physical damage, such as 
animal trampling (e.g., Kentucky bluegrass (Poa praten-
sis L.) and perennial ryegrass (Lolium perenne L.)) [72, 
73]. However, during reproduction, grasses are particu-
larly sensitive to mechanical stimulation which has eco-
nomic and food security implications. The heavy seed 
heads formed at the stem’s extremities present a signifi-
cant physical challenge to plant stability (Fig.  1), affect-
ing harvestability and quality traits. Despite these known 
factors, knowledge about the morphogenetic response of 
the grasses to mechanical stimulation and its impact on 
relevant agronomic traits remains limited, with a greater 
understanding and appreciation of its importance only 
recently emerging [16, 17, 74].

Similarly to dicots, the most widely observed responses 
of cereal crops to mechanical stimulation include 
decreases in shoot elongation, leading to shorter stems, 
and a general reduction in aboveground biomass 
(Fig.  2C). These effects have been observed in several 
cereals, including wheat, rice, maize, sorghum (Sorghum 
bicolor), as well as the model grass Brachypodium (Brach-
ypodium distachyon) [16, 17, 75–77]. A reduction in stem 
length is strongly correlated with a decrease in internode 
length (Fig. 2C). For example, rubbing rice stems caused 
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a decrease in the length of the second internode, though 
no differences were observed in the third and fourth 
internode [78]. In Brachypodium, mechanical stimula-
tion reduced the length of most internodes [16], whereas 
in wheat and sorghum, reductions of particular internode 
lengths related to the age of the plant when mechanical 
stimulation commenced [17, 77].

In contrast to the more universally observed stem 
shortening, changes in stem diameter are more variable. 
For instance, increases in stem diameter were observed in 
sorghum after bending [77] and in rice after rubbing [78] 
while no changes were observed after mechanical stim-
ulation in maize and Brachypodium [16, 79]. A recent 
study on wheat plants suggested that increases in stem 
diameter induced by mechanical stimulation may be age-
dependent. An increase in stem diameter was observed 
in young wheat seedlings after brushing while no effect 
was observed after brushing of older seedlings [17].

While some studies have examined the effect of 
mechanical stimulation on the phenotypic traits of cere-
als, little attention has been given to how such stimula-
tion may affect anatomical features, particularly those 
of stem tissues (Fig.  2B). Earlier work suggested that 
mechanical stimulation may be positively correlated 
with the number, area, and layout of vascular bundles in 
oats [80] and tall fescue (Festuca arundinace) [81]. More 
recent studies indicate that changes in anatomical fea-
tures in response to mechanical stimulation may vary 
between genotypes within a species. For instance, the rice 
genotype Shengbasimiao showed no significant differ-
ence in vasculature after rubbing [78] while the genotype 
Simiaoxuan developed larger areas of vascular bundles 
[82]. A comparison of two Brachypodium genotypes also 
revealed differences in vasculature responses; mechanical 
stimulation decreased the area of both inner and outer 
vascular bundles in Bd21, while in ABR6 it increased the 
area of vascular bundles [16]. These findings indicate that 
morphological responses to mechanical stimulation may 
vary based on how and when the stimulation is applied 
and that there is genetic variation in responses not only 
between different species but also among genotypes 
within the same species.

Plant cell walls are highly dynamic and complex cel-
lular structures supporting plant growth, development, 
physiology, and adaptation. They are primarily composed 
of the polysaccharides cellulose, hemicellulose, pectin, 
and the phenolic polymer lignin, but the abundance and 
organization of the different cell wall components dif-
fer depending on developmental stage, organ type, and 
cell type [83]. The sophisticated composite structures 
of plant cell walls are crucial for maintaining structural 
integrity and enabling plants to adapt to various stresses 
and environmental conditions. However, until recently, 

surprisingly little was known about how cell wall com-
ponents change in response to mechanical stimulation. 
Mechanical stimulation of Brachypodium increased the 
cell wall lignin content by up to 40% when compared to 
controls. The abundance of several cell wall monosac-
charides was also affected; particularly an increase in 
glucose, primarily derived from cellulose, and structural 
changes to pectins were observed. These alterations in 
cell wall characteristics induced by mechanical stimula-
tion, which also included an increase in cell wall thick-
ness (Fig. 2B), increased the resistance of the biomass to 
enzymatic sugar release [16], an important factor when 
considering suitability for biorefining into biofuels and 
commodity chemicals. The increased lignin content may 
increase the energy content of the biomass [84]. These 
aspects are relevant as the straw of cereal crops, and the 
biomass of dedicated biomass grasses such as Miscanthus 
and switchgrass (Panicum virgatum), can be used for 
renewable energy production and biorefining [85].

Anatomical features, stem diameter, and perhaps most 
importantly, cell wall characteristics, will affect the bio-
mechanical properties of the stem. While studies on bio-
mechanical properties in cereals have primarily focused 
on identifying lodging-resistant and lodging-susceptible 
variants [86–89], limited attention has been given to 
changes induced by mechanical stimulation. Never-
theless, mechanical stimulation increased the stiffness 
of stem internodes in Brachypodium, suggesting that 
changes in cell wall characteristics, in particular increases 
in lignin content, are associated with increased stiff-
ness [16]. Additionally, studies on wheat and sorghum 
have shown varying responses to mechanical stimula-
tion; wheat exhibited increased stem stiffness [17] while 
sorghum developed stems that were less stiff and more 
flexible [77]. The increased flexibility increased the force 
required to cause failure under bending tests, indicating 
that plants may resist greater external loads. This sug-
gests that even within the Poaceae family, species have 
evolved different biomechanical adaptations to mechani-
cal stimulation.

While most studies on the response of cereal crops to 
mechanical stimulation focus on plant growth and devel-
opment, biomechanical aspects, and molecular signaling 
events, there is a notable lack of data on reproductive 
traits in contexts other than lodging. Grain production is 
a critical trait in cereal crops because of their economic 
value and one might expect a trade-off where more 
resources are allocated toward strengthening stems at 
the expense of reproductive output. Indeed, studies have 
shown that mechanical stimulation of young Brachypo-
dium and wheat plants delayed flowering and reduced 
seed yield [16, 17]. However, more research is needed to 
fully understand the effects of mechanical stimulation 
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on reproductive traits in cereals, including its impact on 
grain yield and quality.

Above-ground mechanical stimulation can also affect 
the below-ground root system, indicating long-range 
signal transduction. Roots of flexed maize plants were 
thicker and more numerous than those of plants that 
received no mechanical stimulation [79]. Moreover, 
besides the morphology of roots, their mechanical prop-
erties were also affected; roots were stronger, more rigid, 
and stiffer than those of unstimulated plants [79, 90]. 
Mechanical stimulation of perennial ryegrass increased 
the root biomass in conditions of low water availability 
[91]. More recently, windy conditions have been shown 
to induce the development of shoot-born adventitious 
roots (ARs; Fig. 2C), roots formed from non-root tissues, 
from the leaf nodes in Brachypodium [92]. These ARs 
make wind-acclimated plants less susceptible to lodging. 
The formation of ARs is mediated by auxin and is trig-
gered by direct physical contact of the leaf nodes with 
soil particles. This initiates the transcriptional induction 
of the auxin-responsive transcription factors WUSCHEL-
related homeobox (WOX) and lateral organ boundary 
structural domain (LBD) [92]. Another study showed 
that mechanical forces transduced from the shoot to the 
root stimulate cell wall thickening of the cortical scleren-
chyma of nodal roots in Brachypodium, altering the root 
mechanical properties and improving resistance to lodg-
ing [93]. The effect of above-ground mechanical stimu-
lation on below-ground roots, including root growth 
and architecture, requires further investigation to better 
understand these interactions and their implications for 
plant development and resilience.

In addition to the influence of above-ground mechani-
cal stimuli, roots are also directly subjected to mechani-
cal forces as they penetrate the soil, which significantly 
impacts their growth and development. Compacted soil, 
for example, could be considered a form of mechani-
cal stimulation [26]. Decreased macroporosity in com-
pacted soil leads to increased mechanical impedance 
and decreased fluid transport rates, resulting in reduced 
root growth and crop productivity [94, 95]. It should be 
noted that soil compaction not only physically limits 
root penetration, it also increases ethylene buildup in the 
rhizosphere, which further inhibits root growth. Interest-
ingly, roots lacking the ethylene response pathway show 
improved growth through compact soil, highlighting 
potential avenues for crop improvement in increasingly 
degraded soils [96]. Soil compactness causes a reduc-
tion in root system size (Fig. 2C), often accompanied by 
thickening of the roots, anatomical changes, and root 
architecture alterations; this has been observed in cereals 
including wheat, oats, barley, and rice [97–101].

Most of our knowledge about molecular responses to 
mechanical stimulation has been derived from dicots, 
particularly Arabidopsis. While Arabidopsis is a valuable 
model for dicots, there are distinct differences between 
dicots and monocots related to their morphological and 
anatomical features as well as cell wall composition [102]. 
Hence, not all findings from dicots can be directly trans-
lated to monocot cereal species and our understanding of 
the molecular responses of cereals to mechanical stimu-
lation remains very limited (Fig. 2A).

Early studies in the 1990s suggested that JA-dependent 
signaling occurs in cereals following mechanical stimula-
tion, with increased JA levels observed after wounding 
in oats and an increase in the expression of lipoxyge-
nase LOX1, involved in JA biosynthesis, after mechanical 
stimulation in wheat [103, 104]. Recent in-depth analysis 
showed that cereals are highly responsive to mechanical 
stimulation at the transcriptional level, with many key 
aspects of signaling and plant growth being affected [74]. 
The most prominent changes were detected 10–25  min 
after mechanical stimulation, with 1–2% of the tran-
scriptome responding. The involvement of JA and 
other hormones such as ethylene, cytokinin, and auxin 
was observed in response to mechanical stimulation. 
Increased expression profiles of genes encoding enzymes 
involved in cellulose, hemicellulose, and pectin biosyn-
thesis suggested that the composition of cell walls may be 
altered by mechanical stimulation in cereals. In contrast, 
genes related to lignin and phenylpropanoid biosynthesis 
were rapidly downregulated after mechanical stimula-
tion in barley, oats, and wheat [74]. Additionally, several 
gene-families involved in cell wall modification not pre-
viously associated with responses to mechanical stimu-
lation were upregulated in Brachypodium, including the 
glycosyl hydrolase (GH) family 17, involved in modifying 
β−1,3-glucans, GH18, encoding chitinases, and cellulose 
synthase-like F6 (CslF6), involved in (1,3;1,4)-β-glucan 
biosynthesis (mixed-linkage glucan) [105]. Mechanical 
stimulation of sorghum stems revealed enrichment of 
genes associated with cell wall biology, hormone signal-
ing, and general stress responses in response to mechani-
cal stimulation [24].

Another class of genes most affected by mechani-
cal stimulation in cereals included orthologs of well-
known touch-inducible genes from Arabidopsis such as 
the calmodulin-like TCH2 and the XTH encoding gene 
TCH4, which were upregulated immediately following 
stimulation of oats, barley, and wheat [74]. Mechani-
cal stimulation of Brachypodium roots also resulted 
in the upregulation of classic touch-responsive genes, 
including orthologs of the calmodulin (CaM) and calm-
odulin-like (CML) genes TCH1-3 and the XTH TCH4 
[105]. While this indicates conservation of mechanical 
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stimulation responsive gene expression between mono-
cots and dicots, several cereal-specific genes induced by 
mechanical stimulation were identified. These include 
genes involved in suberin synthesis, a callose synthase, 
and several malectin-like domain receptor-like kinases 
[74]. Their results indicate that, similar to Arabidopsis, 
JA-dependent and JA-independent signaling pathways 
are activated in response to mechanical stimulation in 
cereals. A model was proposed in which  Ca2+ or ROS are 
involved in the systemic spreading of touch-induced sig-
nals to other parts of the plant, resulting in various mor-
phogenetic and defense-related responses [74].

In conclusion, significant progress has been made 
recently in identifying molecular components involved in 
the responses of cereals to mechanical stimulation, point-
ing towards mostly conserved but also unique signaling 
pathways compared to dicots. However, key questions 
remain, such as how these molecular responses translate 
into the observed morphological and structural adapta-
tions triggered by mechanical stimulation and how these 
molecular pathways integrate with other environmen-
tal stress responses. Further research is needed to fully 
understand these processes and their implications for 
crop resilience and productivity.

Mechanical stimulation and lodging
In its most extreme form, mechanical stimulation can 
cause mechanical failure and result in lodging, a perma-
nent displacement of plant stems from their upright posi-
tion, resulting in plants leaning horizontally [106]. This 
phenomenon is primarily caused by high wind-loading 
on above-ground plant tissues, exacerbated by rainfall or 
high moisture levels, but is also affected by topography, 
soil type, pests, disease, and husbandry practices [107, 
108]. Cereal lodging mostly manifests in two primary 
forms: stem lodging, where the stem either bends or 
breaks, and root lodging, which results from the failure 
of the root system to maintain anchorage. The implica-
tions of lodging can be severe and include reductions in 
grain yield and quality, as well as difficulty with harvest-
ing the crop, leading to significant economic losses. Stud-
ies highlight substantial yield reductions across various 
cereal crops due to lodging; for instance, wheat can suf-
fer average yield losses of up to 25% annually in the UK, 
but in extreme lodging years 60–80% of yield may be lost 
[107, 109]. Similarly, global annual yield losses due to 
lodging in maize are estimated at 5–20% [110], in bar-
ley as high as 28–65% for the UK [111], and in rice up 
to 50% for Japan following heavy storms [112]. Despite 
these figures, quantitative data on the extent and impact 
of lodging in cereals is scarce, and the information avail-
able is geographically limited. More comprehensive data 
is needed to fully understand the broader impact of 

lodging on cereals. Questions remain about the preva-
lence of lodging, its exacerbation by climate change, with 
stronger winds and heavier precipitation being predicted 
[113], and the potential for improved prediction mod-
els. Advances in technology, such as unmanned aerial 
systems or satellite imagery combined with artificial 
intelligence and machine learning can offer promising 
methods to obtain more accurate data on the prevalence 
and impact of lodging [114, 115].

Given the agronomic importance of cereals, signifi-
cant progress has been made in developing varieties 
that reduce the incidence of lodging. Most research has 
focused on improving lodging resistance in wheat and 
rice, whereas other small grain cereals have received 
somewhat less attention. Plant height is a crucial fac-
tor determining susceptibility to lodging [116]. The final 
height of cereals is mainly a result of internode elonga-
tion, which is regulated by genes involved in the bio-
synthesis of gibberellins, brassinosteroids, and related 
signaling networks [117]. During the Green Revolution 
of the 1960s and 1970s, semi-dwarf wheat cultivars were 
developed with Rht (reduced height) alleles, which cause 
an insensitivity to GA. This resulted in shorter plants 
with an increased harvest index (ratio of grain to total 
shoot dry weight) and reduced lodging (Fig.  3). Dwarf 
and semi-dwarf varieties of oats, barley, and rice with 
increased lodging resistance have also been developed 
[107, 118]. Niu et  al. provide an excellent summary of 
genetic improvements to reduce plant height, including 
dwarfing genes and their functions in cereals [117, 119]. 
Plant height is directly correlated with the center of grav-
ity, with shorter plants having a lower center of gravity, 
which enhances stability and further reduces lodging 
risk. Despite advances in breeding modern dwarf and 
semi-dwarf cultivars that exhibit reduced lodging, lodg-
ing remains a prevalent challenge. Increasing lodging 
resistance, therefore, remains a major trait for cereal crop 
improvement. It has been suggested that the minimum 
height for optimal grain yield is being approached for 
modern cereal varieties [107]. Further height reductions 
may compromise photosynthesis and limit metabolic 
processes, potentially leading to yield stagnation or even 
reduction [116, 120]. Therefore, other plant traits may 
need to be targeted to increase lodging resistance with-
out negatively impacting yield.

Stems need to be both strong and flexible to resist 
lodging. The material properties of the stem, which 
determine its mechanical strength and elasticity, are 
primarily determined by the cell wall composition and 
architecture, as well as the anatomical features of the 
stem. Lignin, a complex phenolic polymer tightly cross-
linked with other cell wall components, plays a vital 
structural role in secondary cell walls. Its accumulation 
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contributes significantly to the plant’s overall strength 
and increased lignin accumulation is typically associ-
ated with improved lodging resistance [121–124]. For 
instance, transcript profiling and metabolite analy-
ses of stems from maize plants with different lodging 
susceptibilities identified several lignin biosynthesis 
genes and lignin-associated metabolites implicated in 
regulating lodging resistance [125]. Crystalline cellu-
lose microfibrils are another important determinant 
of the mechanical properties of plant cell walls, with 
higher levels of cellulose crystallinity correlating posi-
tively with the breaking force of wheat stems [126]. It 
was recently shown that the increased expression of the 
transcription factor OsTCP19 in rice, which increased 
cellulose biosynthesis and decreased lignin biosyn-
thesis, improved lodging resistance without affecting 
grain yield [127]. However, it has also been reported 
that a reduction of cellulose crystallinity in rice caused 
by a mutation of a cellulose synthase gene (CESA9) 
improves lodging resistance [128]. Overall, it seems 
that while individual cell wall components can impact 

lodging resistance, it is the composite structure of the 
cell wall, primarily comprised of cellulose, hemicellu-
lose, and lignin, and their respective interactions, that 
is the main determinant of the cell wall’s structural 
properties, integrity, and impact on lodging resistance 
(Fig. 3).

Anatomical and structural features of the stem also 
play a crucial role in determining lodging resistance in 
cereal crops [116, 126]. Specifically, a higher number 
of vascular bundles and increased cell wall thickening 
of sclerenchyma cells, particularly those located under 
the epidermis and crucial for bending stress resistance, 
appear to be important for increasing stem lodging 
resistance [129] (Fig. 3).

While stem lodging typically receives the most atten-
tion, root lodging is also a critical but often overlooked 
aspect of crop stability. For wheat, it has been suggested 
that varieties with greater root plate depth and a wider 
spread would improve anchorage, and thus exhibit 
reduced root lodging [130, 131]. Indeed, root plate 
spread from field-grown wheat plants correlated with low 

Fig. 3 Factors contributing to lodging sensitivity and resistance in cereal crops. Key factors that influence lodging sensitivity and resistance 
in cereal crops are contrasted. Environmental conditions, nutrient availability, management practices, and structural characteristics such as cell wall 
composition and root systems are highlighted, illustrating how they collectively affect crop stability and resilience under mechanical stress. PGR, 
plant growth regulators; Rht, reduced height
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lodging incidence and was found to be highly heritable 
[132]. Additionally, traits such as higher root density in 
subsoil may enhance root lodging resistance. For exam-
ple, in rice, tolerant varieties developed a larger amount 
of roots in deeper soil layers than susceptible varieties 
[133] (Fig. 3). However, the genetic basis of root lodging-
related traits in cereals remains poorly understood.

The extent and impact of lodging can be minimized 
through effective crop management [107]. Agronomic 
practices such as reducing plant density, increasing 
seed depth, delaying the date of sowing, reducing till-
age, reducing irrigation, and mixed crop cultivation 
have been found to reduce the incidence of lodging 
[130]. Crop nutrition, particularly the application of 
nitrogen fertilizer, plays a significant role in lodging 
susceptibility (Fig.  3). While high nitrogen application 
rates increase grain yield, they also increase the risk 
of lodging in cereals by weakening stem strength and 
reducing root anchorage [134]. On a molecular level, 
it has been shown that high nitrogen application rates 
down-regulate the expression of genes involved in 
lignin and cellulose biosynthesis, decreasing their dep-
osition in secondary cell walls, particularly for lignin in 
sclerenchyma cells, thereby decreasing the mechani-
cal strength and lodging resistance [121, 135, 136]. In 
contrast, the application of silicon, though considered 
a non-essential macronutrient for plants, has been 
shown to increase lodging resistance in both wheat 
and rice by improving stem strength [137, 138] (Fig. 3). 
Similarly, the application of potassium has been shown 
to increase the strength of rice and maize stems, sig-
nificantly decreasing lodging [139, 140]. Thus, carefully 
considered fertilization measures can substantially mit-
igate some of the lodging risks in cereals.

Plant growth regulators (PGRs) are widely used in 
cereal crops to further reduce plant height and increase 
resistance to lodging [107, 124]. Two common groups 
of PGRs are inhibitors of GA biosynthesis and ethyl-
ene-releasing compounds, both of which reduce elon-
gation and decrease the rate of cell division, resulting 
in shorter plants that are more resistant to lodging 
(Fig.  3). For example, the gibberellin biosynthesis 
inhibitor chlormequat is applied to most cereal crops 
grown in the UK for lodging control [141]. Interest-
ingly, another GA biosynthesis inhibitor, paclobutrazol, 
not only increased lodging resistance by reducing plant 
height but also increased the accumulation of lignin in 
wheat and maize [123, 142]. However, while PGRs are 
effective in reducing the occurrence of lodging, their 
use raises environmental concerns and future regula-
tions may limit their application [141]. Therefore, bal-
ancing the benefits of PGRs for lodging resistance with 

their potentially negative environmental impact is cru-
cial for sustainable cereal production.

Mechanical stimulation imposed on young plants 
has been demonstrated to modify morphological, ana-
tomical, and chemical properties that relate to lodging. 
Mechanical stimulation produces plants with reduced 
height, shorter internodes, and stronger stems with 
altered mechanical properties [1, 14, 24, 77]. Increases 
in lignin content in wheat have also been identified in 
response to mechanical treatment [143]. This therefore 
raises the question of whether mechanical treatment 
could be utilized as a form of thigmo-priming to improve 
crop resistance to lodging.

Mechanical conditioning and agricultural 
applications
It is clear that mechanical stimulation triggers intri-
cate signaling events that can eventually lead to a range 
of morphological adaptations in plants (Fig.  2). In this 
section, we explore potential agricultural applications 
of mechanical stimulation to improve the resilience of 
crops and thus enhance agricultural productivity and 
sustainability. The concept of using mechanical stimula-
tion to enhance quality-related characteristics is well-
documented in the horticultural sector. Various methods 
of mechanical stimulation have been employed to pro-
duce shorter, more uniform-looking plants that appear 
healthier and are studier [27, 144]. The shorter and more 
compact plants resulting from mechanical stimula-
tion not only improve aesthetic appeal but also improve 
volume-use efficiency, which is an important aspect in 
vertical farming systems [145]. Innovations in scaling 
up mechanical stimulation in the horticultural indus-
try include directed air stream systems that have shown 
comparable results to stimulation by traditional touch-
based methods [18].

The application of mechanical stimulation for field-
grown crops, including cereals, is not new. A classic 
example is the practice of “mugifumi,” a process whereby 
mechanical stress is applied to wheat and barley seed-
lings through treading on them or using a roller [146]. 
This centuries-old Japanese tradition has shown the 
potential to increase yields and improve lodging resist-
ance; however, its effectiveness depends on factors such 
as timing, frequency, genotype, and soil conditions, all of 
which require careful consideration [146].

Another example is the practice of co-cultivating rice 
and ducks in paddy fields, a technique with origins dat-
ing back over 400  years to China. Initially developed to 
combat grasshopper infestations in rice fields, this inte-
grated farming approach not only provides economic 
and ecological benefits, but also a notable enhancement 
in rice productivity [147, 148]. Interestingly, it has been 
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suggested that at least part of the beneficial effects of 
rice-duck farming systems on rice yield may be attributed 
to the mechanical stimulation exerted by ducks. This 
stimulation is believed to result in reduced plant height, 
increased stem diameter, a higher root/shoot ratio, and 
improved lodging resistance [149, 150].

While techniques like mugifumi typically involve 
repeated mechanical stress over a certain period of time, 
it has also been shown that a single mechanical stimula-
tion of wheat plants using a roller made them more resist-
ant to cold stress [143]. In addition, this treatment, which 
also induced a level of mechanical wounding, decreased 
plant height, increased the lignin content, and enhanced 
the mechanical strength and lodging resistance post-
anthesis, with no impact on yield [143]. These findings 
suggest that a singular mechanical stimulus can already 
prime plants to become more resilient when exposed to 
subsequent environmental stresses, offering the potential 
to develop novel management strategies for the produc-
tion of wheat, other cereals, and grass crops (Fig. 4).

Mechanical stimulation can also affect neighbor-
ing plants that are not directly stimulated. For instance, 
brushing young maize plants induced the production and 
release of volatile organic compounds, activating defense 
genes in adjacent maize plants that were not stimulated 
by brushing [151]. Moreover, it is not only direct physi-
cal contact that can benefit grass crops; vibration-treat-
ment of seeds, at 70  Hz, for instance, increased field 
germination rates, tiller numbers, and grain weight per 
plant in both a winter and spring wheat cultivar [152]. 
These findings suggest that mechanical seed priming is 
an additional avenue for exploration in optimizing crop 
performance.

As previously highlighted, lodging poses a significant 
threat to both the yield and quality of cereal crops, par-
ticularly during the reproductive stages. While mechani-
cal stimulation has been proposed as a strategy to 
mitigate lodging risk in cereals, comprehensive studies on 
this subject are limited. A study comparing free-standing 
and supported wheat plants showed that free-stand-
ing plants produced more roots, resulting in a more 
robust root system with increased anchorage strength 
[153]. Beforementioned investigations in Brachypodium 
showed that mechanical stimulation resulted in the for-
mation of more adventitious roots and induced cell wall 
thickening in root cortical sclerenchyma cells, thereby 
increasing resistance to lodging [92, 93]. The identifica-
tion of SECONDARY WALL NAC7 as a putative regu-
lator of the cell wall thickening response [93] provides 
scope for the genetic manipulation of lodging resistance. 
Overall, it is evident that above-ground mechanical stim-
ulation induced by wind or otherwise, profoundly affects 
below-ground root growth and architecture. Changes 

to root systems induced by mechanical stimulation may 
have implications beyond increasing anchoring strength. 
Plant root systems are important for soil health and con-
tribute to soil organic carbon mainly through root litter 
and rhizodeposition, including root exudates [154, 155]. 
It will be interesting to see if increases in root biomass 
and alterations in root architecture induced by mechani-
cal stimulation have the potential to increase carbon 
inputs in the soil and improve soil health-related param-
eters more generally (Fig. 4). However, agricultural man-
agement practices aimed at improving crops through 
mechanical stimulation need to consider that the imple-
mentation of heavy machinery (e.g., tractors with roll-
ers) may aggravate the problem of soil compaction which 
reduces root growth and therefore resource access [156] 
(Fig. 4). Notably, soil compaction itself induces mechani-
cal stimulation to the root system, activating seemingly 
similar signaling pathways as those triggered by mechani-
cal stimulation to the shoots [67].

Plant height plays a crucial role in stem lodging suscep-
tibility. The use of semi-dwarfing genes, such as Rht in 
wheat and sd-1 in rice, mostly interfering with the action 
or production of gibberellin, was crucial for the Green 
Revolution as it reduced plant height and increased 
yield [157]. Despite the remarkable productivity gains 
achieved through the adoption of dwarfing genes, there 
are notable environmental trade-offs. The substantial 
yield improvements of modern varieties can only be 
achieved by the intensive use of fertilizers. As a result, 
the use of inorganic fertilizers has increased tenfold 
since the Green Revolution [158]. Moreover, modern 
semi-dwarf varieties are typically less drought tolerant 
compared to landraces [159, 160]. Since giving young 
wheat plants a dose of mechanical stimulation decreases 
their height [17], and potentially increases root biomass, 
root anchorage, and overall plant resilience to environ-
mental stresses, there is scope for mechanical stimula-
tion to improve lodging resistance, as corroborated by 
previously mentioned studies on mechanical stimula-
tion improving lodging tolerance [143, 146], and overall 
crop resilience while reducing reliance on agrochemical 
inputs (Fig. 4).

As previously mentioned, the mechanical proper-
ties of stem tissues, largely determined by the cell wall 
composition, represent another key determinant that 
affects stem lodging. For instance, several studies have 
shown that lodging-resistant varieties typically exhibit a 
higher lignin content [117, 123, 161]. Besides reducing 
plant height, mechanical stimulation of Brachypodium 
increased both stem lignin content and the rigidity of 
stem segments [16], providing further scope for improv-
ing lodging resistance through mechanical conditioning. 
Interestingly, mechanical stimulation has been shown 
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to substantially increase the activity of the cell wall 
remodeling enzyme pectin methylesterase (PME) in 
Brachypodium stems and leaves [16], suggesting a higher 
proportion of rigid de-methylesterified pectins in the 
cell wall, which may contribute to altering the mechani-
cal properties. The methylesterification status of cell 
wall pectins has been linked to resistance against vari-
ous biotic and abiotic stresses [162–164]. It remains to be 
seen if the increase in PME activity induced by mechani-
cal stimulation contributes to an improved resistance of 
stimulated crops against biotic and abiotic stresses.

The foregoing discussion underscores the potential 
of mechanical stimulation as a promising approach to 
improve the resilience of crops, particularly cereals, 
against environmental challenges. Plant priming is the 
phenomenon whereby the transient exposure to a stimu-
lus elicits an enhanced defense response when exposed 
to future environmental stress conditions. While many 
priming methods rely on chemical agents, predominantly 
phytohormone-related metabolites, their usage raises 
environmental concerns, contributing to pollution and 
adversely impacting plant ecosystems and microbiota, 
consequently affecting soil fertility and crop yield [165]. 

Fig. 4 Challenges and future directions of targeted mechanical stimulation for agriculture. Key considerations for implementing targeted 
mechanical stimulation in agricultural systems are highlighted, focusing on optimizing resilience, genetic diversity, seed quality, and sustainability. 
It also addresses practical aspects such as timing, technology, soil health, and economic feasibility, aiming to balance precision with large‑scale 
applicability
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In contrast, priming through mechanical stimulation, 
also known as thigmopriming, represents a promising 
alternative to chemical priming, offering an approach for 
the transition from traditional chemical agriculture to 
sustainable ecological farming practices.

Priming induces stress memory in plants, enabling 
them to respond more rapidly and robustly to subse-
quent environmental challenges. The duration of this 
memory depends, among other factors, on the expo-
sure time and intensity of the priming stimulus [166]. 
Stress memory in plants occurs predominantly as tran-
scriptional memory and epigenetic memory [166, 167]. 
Although it has been suggested that mechanical stimu-
lation may induce these types of memory [25], future 
work will need to establish if mechanical stimulation at 
the seedling stage indeed induces stress memory, lead-
ing to improved resilience later, when plants experience 
challenging environmental conditions (Fig. 4). Alterna-
tively, it remains to be determined if the morphological, 
developmental, and structural adaptations triggered by 
mechanical stimulation lead to improved resilience

Conclusions and future perspectives
In conclusion, the potential of mechanical stimulation 
to enhance crop resilience is evident, yet several cru-
cial questions remain unanswered. Firstly, it is essential 
to recognize that mechanical priming is not a “one size 
fits all” tool, and approaches may therefore need to be 
tailored for different species, cultivars, and local envi-
ronments. Moreover, considering the context of critical 
height and dwarfing genes, further research is needed 
to determine if additional height reduction through 
mechanical priming is feasible without compromising 
plant stature beyond critical levels. However, mechanical 
stimulation offers opportunities to be combined with the 
exploration of wider germplasm diversity for agricultural 
implementation. Furthermore, while there is a growing 
understanding of how mechanical stimulation impacts 
aboveground yield components, its effect on the grain 
quality of cereals and on root systems remains poorly 
understood. Future work should aim to clarify whether 
priming induced by mechanical stimulation primarily 
involves morphological and developmental adaptations 
or includes transcriptional memory and epigenetic mech-
anisms. Additionally, the duration of priming-induced 
memory remains to be established (Fig.  4). Lastly, the 
molecular mechanism linking the perception of mechan-
ical stimuli with the regulation of the responsive gene 
network that leads to subsequent morphogenetic adapta-
tions and stress memory is almost completely uncharac-
terized in cereals. Thus, while the potential of mechanical 
stimulation in agriculture is promising, further research 

is necessary to unlock its full benefits and address 
remaining uncertainties.
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