
www.landesbioscience.com	 Plant Signaling & Behavior	 1057

article addendum
Plant Signaling & Behavior 6:7, 1057-1059; July 2011; © 2011 Landes Bioscience

Addendum to: Anten NPR, Alcalá-Herrera R, 
Schieving F, Onoda Y. Wind and mechanical 
stimuli differentially affect leaf traits in Plantago 
major. New Phytologist 2010; 188:554–64;  
PMID: 20663062; DOI: 10.1111/j.1469-8137.

Key words: biomechanics, leaf anatomy, 
phenotypic plasticity, plant architecture, 
signal transduction thigmomorphogen-
esis, wind

Abbreviation: MS, mechanical stress

Submitted: 03/28/11

Accepted: 03/28/11

DOI: 10.4161/psb.6.7.15635

*Correspondence to: Niels P.R. Anten; 
Email: N.P.R.Anten@uu.nl

Understanding plant response to 
wind is complicated as this factor 

entails not only mechanical stress, but 
also affects leaf microclimate. In a recent 
study, we found that plant responses to 
mechanical stress (MS) may be differ-
ent and even in the opposite direction 
to those of wind. MS-treated Plantago 
major plants produced thinner more 
elongated leaves while those in wind did 
the opposite. The latter can be associ-
ated with the drying effect of wind as 
is further supported by data on petiole 
anatomy presented here. These results 
indicate that plant responses to wind 
will depend on the extent of water stress. 
It should also be recognized that the 
responses to wind may differ between 
different parts of a plant and between 
plant species. Physiological research on 
wind responses should thus focus on 
the signal sensing and transduction of 
both the mechanical and drought signals 
associated with wind, and consider both 
plant size and architecture.

Wind is one of the most ubiquitous envi-
ronmental stresses, and can strongly affect 
development, growth and reproductive 
yield in terrestrial plants.1-3 In spite of 
more than two centuries of research,4 plant 
responses to wind and their underlying 
mechanisms remain poorly understood. 
This is because plant responses to mechan-
ical movement themselves are compli-
cated and also because wind entails not 
only mechanical effects, but also changes 
in leaf gas and heat exchange.5-7 Much 
research on wind has focused primarily 
on its mechanical effect. Notably, several 
studies that determine plant responses to 
mechanical treatments such as flexing, 
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implicitly extrapolate their results to wind 
effects.8-10 Our recent study11 showed 
that this may lead to errors as responses 
to wind and mechanical stimuli (in our 
case brushing) can be different and even 
in the opposite direction. In this paper, 
we first separately discuss plant responses 
to mechanical stimuli, and other wind-
associated effects, and then discuss future 
challenges for the understanding of plant 
responses to wind.

It is often believed that responses to 
mechanical stress (thigmomorphogen-
esis) entail the production of thicker and 
stronger plant structures that resist larger 
forces. This may be true for continu-
ous unidirectional forces such as gravity, 
however for variable external forces (such 
as wind loading or periodic flooding) 
avoiding such mechanical stress by flex-
ible and easily reconfigurable structures 
can be an alternative strategy.12-14 How 
plants adapt or acclimate to such variable 
external forces depends on the intensity 
and frequency of stress and also on plant 
structures. Reduced height growth is 
the most common response to mechani-
cal stimuli.15,16 This is partly because 
such short stature increases the ability 
of plants to both resist forces (e.g., real-
locating biomass for radial growth rather 
than elongation growth), and because 
small plants experience smaller drag forces 
(Fig. 1). Some plant species show a resis-
tance strategy in response to mechanical 
stress by increasing stem thickness1,10 and 
tissue strength.7 But other species show an 
avoidance strategy by a reduction in stem 
or petiole thickness and flexural rigidity 
in response to MS.11,15-18 These different 
strategies might be associated with plant 
size and structure. Stems of larger plants 
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the complicated responses of plants to 
wind.
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required under wind. Our results suggest 
that drying effect of wind can at least to 
some extent override its mechanical effect.

Physiological knowledge on plant 
mechanoreception and signal transduc-
tion has been greatly increased during the 
last decades. Plants sense mechanical stim-
uli through membrane strain with stretch 
activated channels21 and/or through some 
linker molecules connecting the cell wall, 
plasma membrane and cytoskeleton.4,22,23 
This leads to a ubiquitous increase in  
intracellular Ca2+ concentration. The 
increased Ca2+ concentration is sensed 
by touch induced genes (TCHs),24,25 
which activates downstream transduc-
tion machineries including a range of 
signaling molecules and phytohormones, 
consequently altering physiological and 
developmental processes.26 Extending this 
knowledge to understand plant pheno-
typic responses to wind however remains 
a challenge. As responses to wind have 
been found to differ among parts of a 
plant (e.g., terminal vs. basal stem) and 
also across species, physiological studies 
should be extended to the whole-plant as 
integrated system rather than focusing on 
specific tissue level. Furthermore to under-
stand the general mechanism across spe-
cies, it is required to study different species 
from different environmental conditions. 
Advances in bioinformatics, molecular 
and physiological research will facilitate 
cross-disciplinary studies to disentangle 

such as trees and tall herbs are restricted 
in the ability to bend as they carry heavy 
loads7,10,19 (Fig. 1). Conversely short plants 
are less restricted in this respect and may 
also be prone to trampling for which 
stress-avoidance would be the only viable 
strategy.18,20 Systematic understanding 
of these various responses to mechanical 
stress remains to be achieved.

Wind often enhances water stress by 
reducing leaf boundary layers and reduces 
plant temperature by transpiration cool-
ing. The latter effect may be minor,11 
but the former could significantly affect 
plant development. Anten et al. (2010) 
compared phenotypic traits and growth 
of Plantago major that was grown under 
mechanical stimuli by brushing (MS) and 
wind in the factorial design. Both MS 
and wind treatments reduced growth and 
influenced allocation in a similar manner. 
MS plants, however, had more slender 
petioles and narrower leaf blades while 
wind exposed plants exhibited the oppo-
site response having shorter and relatively 
thicker petioles and more round-shaped 
leaf blades. MS plants appeared to exhibit 
stress avoidance strategy while such 
responses could be compensated or over-
ridden by water stress in wind exposure.11 
A further analysis of leaf petiole anatomy 
(Fig. 2) supports this view. The vascular 
fraction in the petiole cross-section was 
increased by wind but not by MS, sug-
gesting that higher water transport was 

Figure 1. A graphical representation of how wind effects can be considered to entail both a drying and a mechanical effect. Adaptation or acclimation 
to the latter can be through a force resistance strategy or a force avoidance strategy, the benefit of which may depend on the size and architecture of 
plants as well as the location of a given structure within a plant.
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Figure 2. Representative images of petiole cross-sections of Plantago major grown in 45 days in continuous wind and/or mechanical stimuli (A–D). 
Petiole cross-section area (E) and vascular bundle fraction in the cross-section of petiole (F). Mean + SD (n = 12) are shown. Significance levels of 
ANOVA; ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05.


