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e Background and Aims Mechanical perturbation is known to inhibit elongation of the inflorescence stem of
Arabidopsis thaliana. The phenomenon has been reported widely for both herbaceous and woody plants, and
has implications for how plants adjust their size and form to survive in mechanically perturbed environments.
While this response is an important aspect of the plant’s architecture, little is known about how mechanical prop-
erties of the inflorescence stem are modified or how its primary and secondary tissues respond to mechanical
perturbation.

e Methods Plants of the Columbia-0 ecotype were exposed to controlled brushing treatments and then submitted
to three-point bending tests to determine stem rigidity and stiffness. Contributions of different tissues to the
inflorescence stem geometry were analysed.

e Key Results Perturbed plants showed little difference in stem diameter, were 50 % shorter, 75 % less rigid and
70 % less stiff than controls. Changes in mechanical properties were linked to significant changes in tissue geo-
metry — size and position of the pith, lignified interfascicular tissue and cortex — as well as a reduction in density
of lignified cells. Stem mechanical properties were modified by changes in primary tissues and thus differ from
changes observed in most woody plants tested with indeterminate growth — even though a vascular cambium is
present in the inflorescence axis.

e Conclusions The study suggests that delayed development of key primary developmental features of the stem in
this ecotype of Arabidopsis results in a ‘short and flexible’ rather than a ‘short and rigid’ strategy for maintaining
upright axes in conditions of severe mechanical perturbation. The mechanism is comparable with more general
phenomena in plants where changes in developmental rate can significantly affect the overall growth form of the
plant in both ecological and evolutionary contexts.

Key words: Arabidopsis thaliana, biomechanics, interfascicular extraxylary tissue, mechanical perturbation,

stem rigidity and stiffness.

INTRODUCTION

Plant stems are constantly affected by mechanical perturbation
in the natural environment, with the result that timely and
appropriate reactions of the plant stem are necessary for
acclimatized growth, reproduction and even survival.
Morphological changes resulting from the net combination
of (a) repeated mechanical solicitations on the plant body
and (b) changes engendered by the plant produce the pheno-
type that will or will not survive in a mechanically perturbed
environment.

Variation of the response and growth form diversity

Since the earliest studies of the phenomenon it is known that
different species respond differently to mechanical pertur-
bation (Jaffe er al., 1984; Biddington, 1986). This seems
likely, since contrasting growth forms and life histories, such
as self-supporting and climbing, herbaceous and woody, per-
ennial and annual, and determinate and indeterminate forms,
develop different mechanical architectures (Speck and Rowe,
1999) and thus probably do not share the same mechanical
constraints.

Inhibition of stem elongation is often cited as a response to
mechanical perturbation in many herbaceous and woody
species — also known as thigmomorphogenesis, the term
used for describing how plants react to mechanical stimulation
(Jaffe, 1973). It has been recorded in detailed studies of strictly
herbaceous plants such as Zea mays (Goodman and Ennos,
1998), in species with determinate secondary growth such as
Helianthus annuus (Smith and Ennos, 2003) and Solanum
lycopersicum (=Lycopersicon esculentum; Coutand et al.,
2000), in plants with indeterminate woody development
including gymnosperms such as Pinus taeda (Telewski and
Jaffe, 1986a), woody angiosperms such as Nicotiana
tabacum (Anten et al., 2005) and Ulmus americana
(Telewski and Pruyn, 1998) as well as the climbing species
Phaseolus vulgaris (Jaffe et al., 1984).

Effects of perturbation on primary and secondary growth

In contrast to the almost universally observed shortening
effect of mechanical perturbation, changes in stem diameter
are more variable and possibly linked to growth form variation
(Biddington, 1986). Some studies indicate an increase in stem
diameter among self-supporting woody plants such as Pinus
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(Telewski and Jaffe, 1986a) and Ulmus (Telewski and Pruyn,
1998), as well as partially woody, climbing stems of
Phaseolus (Jaffe et al., 1984). Other reports suggest a decrease
in stem diameter, for example in a species of the neotropical
pioneer genus Cecropia (Cecropia schreberiana; Cordero,
1999). Detailed studies on herbaceous plants with limited or
no secondary growth have reported little overall increase or
decrease in stem diameter — for example, Helianthus and
Zea (Smith and Ennos, 2003), though, interestingly, both
species showed increased ellipticity of the stem section in
the direction of flexure. In general, responses in terms of
stem diameter and the mechanical roles of the tissues compris-
ing the stem have been less well documented than the effects
on extension growth, particularly whether changes are due to
primary growth and differentiation, secondary growth of the
bifacial vascular cambium or periderm, or a combination of
these. Such details are crucial for interpreting which tissues
are directly affected by mechanical perturbation and how
changes in tissue composition influence mechanical properties
and ‘strategies’ for surviving chronic perturbation.

Growth form and organization of mechanical tissues
in Arabidopsis

Arabidopsis thaliana normally develops for much of its
growth cycle as an herbaceous plant with limited secondary
tissues. A bifacial vascular cambium can develop significant
volumes of wood in the hypocotyl under short-day growth con-
ditions (Chaffey et al., 2002; Nieminen et al., 2004), and is
known to develop significantly in the inflorescence stem
after decapitation of inflorescences (Lev-Yadun, 1994), or
after applying weights to the inflorescence stem (Ko et al.,
2004). Arabidopsis shows a marked response to mechanical
stimulation that has been documented in terms of overall mor-
phology with bushier phenotypes and shorter inflorescence
stems (Braam and Davis, 1990; Braam, 2005; Chehab et al.,
2009). Inflorescence stems of A. thaliana are upright and self-
supporting, relying on a band of lignified, extraxylary interfas-
cicular tissue that is linked with xylary tissue (xylem and
fibres) for mechanical stiffness and rigidity. Recent studies
have highlighted the possible roles of auxin (Little ez al.,
2002) as well as the genes implicated in the differentiation
of interfascicular fibre tissue (Zhong et al., 1997; Zhong and
Ye, 1999). Studies investigating cellulose and lignin synthesis
in Arabidopsis (Turner and Somerville, 1997; Jones et al.,
2001) have pointed to the importance of the interfascicular
extraxylary fibre tissue for mechanical stability and strength
of the inflorescence axis.

The present study aimed to investigate how mechanical per-
turbation influences the development of the mechanical prop-
erties of inflorescence stems in A. thaliana. Such information
is missing in terms of how chronic mechanical perturbation
influences the mechanical properties of the stem or the organ-
ization of the tissues that contribute to its mechanical stability.
The study therefore aimed to address the following questions.
(a) Mechanical perturbation is known to influence extension
growth; but does it also influence radial growth and primary
and secondary differentiation of the axis? (b) If changes in
growth and differentiation occur in the stem, do they involve
an increase or decrease in rigidity and stiffness? (c) Do
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changes in mechanical properties involve changes in tissue
composition, geometry or density, or a combination of
these? (d) How are responses to mechanical perturbation
linked to short-lived, small-bodied, herbaceous life histories
and their survival in mechanically perturbed environments?
How do these responses compare with strategies of woody
species with indeterminate growth?

MATERIALS AND METHODS
Plant growth

Seeds of Arabidopsis thaliana (L.) Heynh [ecotype
Columbia-0 (Col-0)] were kept at 4 °C for 1 week and sown
in standard horticultural grade compost (Neuhaus Humin
Substrat N2) in free-draining pots (9x9 cm wide and 10 cm
deep). Plants were grown in a growth chamber and exposed
to a cycle of 16 h light at 150 wmol m ™% s~ ' and 8 h darkness,
with a daytime temperature of 23 °C and 45-60 % humidity.
Seedlings were thinned on emergence to leave four plants
per pot approx. 2 cm apart and watered every 2—3 d. Plants
were cultivated with minimum disturbance and separated
into two sets at 12 days after sowing (DAS). One set of
plants (16 pots) was cultivated with no perturbation (control
plants); the other set (16 pots) was grown in the same
cabinet under the same growth conditions but with mechanical
perturbation (perturbed plants).

Mechanical perturbation

An electric motor mounted outside the cabinet drove a
chariot (40cm wide) at 0-05m s '. The chariot was
mounted on rails above the perturbed plants, and a polythene
sheet (15 cm length) was suspended along its length. Chariot
speed and polythene thickness and length were adjusted so
that leaves of emerging rosettes (apparently before the appear-
ance of the inflorescence axis) were lightly brushed without
the plants being uprooted. Mid-point inflorescence stems
were deflected at 45—-65° from vertical on each pass of the
chariot in both directions. Plants were brushed for four
periods per day at 4 h intervals; in each period the chariot
made 20 passes (ten in each direction). At the end of each
day, perturbed plants had been brushed 80 times (40 times
in each direction).

The aims of the set-up were to ensure the following. (a) Young
rosettes received mechanical stimulation prior to the emergence
and growth of the inflorescence stem. This would test whether
mechanical perturbation played a role in modifying growth
and differentiation of the stem from the earliest stage of develop-
ment. (b) Perturbation would cause flexing and brushing of each
stem and plants to brush against each other, thus mimicking the
mechanical interactions in an herbaceous community exposed to
wind. (c) The relatively high frequency of mechanical stimuli
would be consistent with the magnitude of stimulation experi-
enced in a wind-prone environment.

Bending properties of the inflorescence stem

Controls and mechanically perturbed plants (20 of each)
were selected randomly after 37 d growth and their stems
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were submitted to three-point bending tests. This stage of
development was selected because (a) plants of both treat-
ments had flowered and (b) inflorescence stems showed no
sign of senescence, which was observed to modify measure-
ments of rigidity and stiffness in previous trials. It was necess-
ary to ensure that all plants were tested at precisely the same
age, therefore sampling was limited to the number of
bending tests possible in 1 d, which was 40.

Inflorescence stems of Arabidopsis are narrow (approx.
0-9 mm diameter), providing little resistance for measuring
bending properties on most standard equipment. Also, stems
were more conveniently tested using three-point rather than
four-point bending procedures (Vincent, 1990). Stems of
Arabidopsis contain hydrated parenchyma tissue in the pith
and cortex that probably contributes to stem mechanical prop-
erties. Initial trials were carried out to evaluate (a) the
minimum span-to-depth ratio necessary for avoiding signifi-
cant levels of shear in the calculation of bending rigidity
(Vincent, 1990; Lahaye et al., 2005) and (b) a ‘turgor test’
where excised stem segments were submitted to bending
tests at 5 min intervals for up to an hour in order to assess
how loss of turgor influenced bending properties. Span tests
indicated that stems had to be tested at a span to depth ratio
of 35-40; turgor tests indicated a 10 % loss in stiffness after
I5 min at room temperature and humidity — extended to
25 min when the cut ends of the stem were sealed with
molten paraffin wax. To eliminate significant turgor loss,
stems were sealed with wax and tested within 5 min of being
cut from the plant.

Each bending test was carried out on 5 cm long segments
from the base of each stem on an Instron 5544 testing
machine equipped with a 1 N force transducer and at a cross-
head speed of 0-5 mm min~'. Software was programmed to
record the slope constant (N mm~ ') (used for calculating
rigidity) from the steepest, linear part of the curve, which
occurred early in the test.

Stem bending rigidity (EI; N mm?) was calculated as:

El = I} x c/48 (1)

where L is the distance in mm between the two supports in
three-point bending and c is the slope of the force deflection
curve (N mmfl).

Values of Young’s modulus (E; MPa) measured in bending
were derived from the above formula by

E=EI/I (2)

where I (mm®*) represents the axial second moment of area of
the stem approximated as an ellipse via:

I =d’bm/4 (3)

where a represents the mean vertical radius in the direction of
the applied load and b the mean horizontal radius based on the
central two-thirds portion of the tested stem using a dissecting
microscope. These measurements, obtained as indicated
below, were used to calculate the second moment of area
used for calculating the bending modulus.
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Morphological and anatomical measurements

Inflorescence stem length was measured prior to bending
tests. Morphological and anatomical observations were made
from the central portion of each basal 5 cm segment of each
tested stem. Stem segments were stored in water at 4 °C for
up to a week, sectioned by hand to a thickness of approx.
0-2 mm and stained in 0-02 % toluidine blue. Thick sections
of fresh Arabidopsis stem material studied here were routinely
stained with 0-02 % toluidine blue. This stains lignified cell
walls blue as opposed to non-lignified cell walls that were
coloured violet. Staining of lignified tissues can vary depend-
ing on the species, maturity of tissues and preservation/prep-
aration of the material. The presence of lignified tissues was
double checked by staining with HCI (35 %) and phlorogluci-
nol (3 %) in 95 % ethanol.

Stem diameters and whole cross-section second moments of
area used for calculating tissue contributions to stem geometry
were based on measurements of the major axis and the minor
axis of stem segment transverse sections. Second moments of
area were calculated as elliptical geometries parallel to the
major axis and minor axis of the stem cross-section producing
maximum and minimum values of second moment of area.

Three tissue areas were considered representative for
approximating the mechanical architecture of the stem: (1)
the innermost layer of parenchymatous pith (Fig. 1A); (2)
the middle, mostly lignified tissues; and (3) the outer layer
of thin-walled cortex and epidermis. Areas were measured
for each tissue using Image analysis software Optimas.

Vascular cambial activity was recorded by the presence of two
or more radially aligned files of cambium-derived cells inter-
preted as secondary xylem adjacent to the primary xylem in
and around the fascicular bundles. Such areas correspond to pre-
viously described tissues in basal segments of A. thaliana (Little
et al., 2002; Ko et al., 2004; Sehr et al., 2010).

The relative density of the lignified tissues was measured for
comparison between control and perturbed plants from high mag-
nification, light microscopy, transverse sections. For each stem
segment, four images of the interfascicular tissue were taken at
approximately equidistant positions around the stem. For each
image, lumen diameters (longest internal diameter and that at
90 ° to it) and double wall thicknesses (the thickness of two adja-
cent cell walls totalling four thickness measurements per cell)
were measured for 18 cells that represented six three-cell transects
sampling the outermost, second and third cell row from the outer
limit of the tissue (Fig. 1B).

Statistical analyses

Inflorescence stem length, diameter, flexural rigidity,
bending modulus and axial second moment of area of controls
and mechanically perturbed plants were investigated using
non-parametric Mann—Whitney tests because (a) of small
sample size (n = 20), (b) some measurements were not nor-
mally distributed and (¢) some measurement variances were
significantly different. Lumen diameter and wall thickness of
interfascicular tissue were investigated with linear models
using the statistical package R with aov and Im functions (R
Development Core Team, 2009). Lumen and cell wall data
were log-transformed to meet the assumptions of the analyses.
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FiG. 1. (A) Cross-section of an inflorescence stem of A. thaliana showing
three layers of tissues used to define its mechanical architecture and response
to mechanical perturbation: (1) outer layer: epidermis (ep), cortex (co),
primary phloem (ph); (2) middle layer: primary xylem (xy) and interfascicular
fibre tissue (if); (3) inner layer: pith (pi) (staining — toluidine blue). (B) Detail
of the main stiffening tissue of the middle layer comprised of interfascicular
fibres. Tissue density was measured via wall and lumen dimensions of three-
cell transects that crossed the three layers of lignified cells (e.g. arrows).

RESULTS

Inflorescence stem morphology

Mechanical perturbation had a significant effect on stem length.
Perturbed plants were 12-38 +1-69 cm long, about half the
length of the controls which were 24-38 +3-26 cm long (P <
0-0001, Table 1, Fig. 2). In contrast, perturbation had little
effect on stem diameter. Although measurements suggested
that perturbed stems were marginally narrower than controls,
the difference was not significant in Mann—Whitney tests for
stem major axis diameter (P > 0-05, Table 1) or stem minor
axis diameter (P > 0-1, Table 1). Both perturbed plants and
controls developed slightly elliptical cross-sectional areas,
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TaBLE 1. Morphological and biomechanical traits
(means + s.d.) with P-values of Mann—Whitney tests comparing
medians of control and perturbed plants (n = 20)

Control Perturbed

Term plants plants P-value
Height (cm) 2438 +3-26 12-38 + 1-69 <0-0001
Diameter major axis length 0-968 +0-084 0914+ 0-104 0-052
(mm)

Diameter breadth (mm) 0-865 4+ 0-069 0-825 4+ 0-077 0-102
Cross-section area (mm?) 0-651 +£0-104  0-577 +0-120 0-038
I max (mm”) 0-040+0-013  0-033+0-015 0-049
I min (mm*) 0-032+0-010  0-027 +0-010 0-063
EI (N mm?) 38-23 +15-14 9:53+5-158  <0-0001
E (MPa) 1103 +273 336 +119 <0-0001

Fic. 2. Self-supporting growth forms of A. thaliana, 30 d after sowing; (A)
controls, (B) perturbed plants after 80 solicitations per day by brushing
(1 square = 1 cm).

with values of ellipticity (major axis length/minor axis length)
varying around 1-1, which were not significantly different
(P > 0-5).
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The stem cross-sectional area of perturbed plants
(0-58 +0-12mm?) was slightly less than that of controls
(0-65 +0-10 mm?; P < 0-05, Table 1), supporting the sugges-
tion that perturbed plants had slightly smaller stem diameters.
It was therefore of interest to investigate how much this slight
difference in size would influence the rigidity of mechanically
perturbed stems. Second moments of area of perturbed plant
stems calculated parallel to the major diameter axis differed
only slightly (P =0-049, Table 1) from those of controls;
values calculated perpendicular to the main axis were not sig-
nificantly different (P > 0-05, Table 1).

Mechanical properties

Inflorescence stems of both controls and perturbed plants
were self-supporting and vertically stable. Although the brush-
ing treatment systematically flexed and displaced plant
stems through angles of up to 45-65° from vertical, perturbed

TaBLE 2. Contributions of main tissues to stem cross-sectional
area (A) (means + s.d.) with P-values of Mann—Whitney tests
comparing medians of control and perturbed plants, n = 20

Tissue contribution to A (%)

Tissue Control Perturbed P-value
Pith 43.13 +2.53 39.84 + 228 0-0002
Lignified tissues 24.76 + 1-85 21-38 +1-89 <0-0001
Cortex 32124223 38-78 +1-88 <0-0001

TaBLE 3. Contributions of main tissues to second moment of
area (1) (means+s.d.) with P-values of Mann—Whitney tests
comparing medians of control and perturbed plants, n = 20

Tissue contribution to 7 (%)

Tissue Control Perturbed P-value
Pith 19-35+227 16-85+1-98 0-0022
Lignified tissues 27-32+2-19 21-32+1-86 <0-0001
Cortex 53-32+2:97 61-84 +2-03 <0-0001
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plants returned immediately to an upright self-supporting
orientation after each treatment. None of the perturbed plants
showed evidence of observable plastic deformation, creep or
failure (Fig. 2). Perturbed stems had significantly lower
values of flexural rigidity of around 10 N mm? only a
quarter that of controls of around 38 N mm? (P < 0-0001,
Table 1). The Young’s modulus of perturbed plants varied
around 340 MPa, only a third of that measured for controls
of around 1100 MPa (P > 0-0001, Table 1).

Tissue organization

Mechanically perturbed plants differ significantly in terms
of tissue organization compared with controls. Perturbed
plants developed proportionally less pith and lignified interfas-
cicular tissue but more outer cortex compared with controls, in
terms of both cross-sectional area (Table 2) and second
moment of area (Table 3). Evidence of cambial activity was
identified in both controls and perturbed plant stems, and
was largely confined to areas adjacent to fascicular vascular
bundles (Fig. 3A, B, arrows). These areas were limited com-
pared with the total area of lignified tissue and were not
present in all fascicular bundles in each stem. The presence/
absence determinations of cambium-derived tissue indicated
that 18/20 controls showed evidence of cambial growth com-
pared with 10/20 perturbed plants (x>=12-8, P > 0-001).

The anatomy of perturbed stems differed from the sub-
apical organization of control stems (Fig. 4). The sub-apical
parts of the controls (Fig. 4A, B) showed a less mature organ-
ization, with narrower, lignified tissue areas with fewer, less
variable sized cells than observed in the base of perturbed
stems (Fig. 4G, H).

Density of interfascicular tissue

Mechanical perturbation had a significant effect on inter-
fascicular tissue density. In perturbed plants this tissue con-
tained wider lumens (Table 4, Fig. 5) and thinner walls than
controls (Table 5, Fig. 6). This was observed consistently in
all three outer cell layers of the interfascicular tissue
where cell wall thickness approached half that of the controls
(Fig. 6).

Fi1G. 3. Cross-sections of an inflorescence stem with evidence of early cambial growth (arrows). (A) Control plant. (B) Perturbed plant. Cambium-derived tissues
occupied only small areas of the total lignified tissue area and were more often expressed in controls than perturbed plants: co, cortex; ph, primary phloem; xy,
primary xylem; if, interfascicular fibre tissue; pi, pith (staining — toluidine blue).
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Fic. 4. Anatomical organization of controls and perturbed plants. (A—F) Control stem anatomy showing variation of the main tissue types from (A, B) 15-5 cm

from the apex; (C, D) 20-5 cm below the apex and (E, F) the centre of the mechanically tested segment near the base (25-5 cm from the apex). (G, H) Perturbed

stem anatomy at the centre of the mechanically tested segment near the base (11 cm from the apex). Perturbed stem anatomy compares closely with the organ-
ization seen at the base of controls, differing largely in terms of tissue density.

Effects of changes in stem diameter, tissue geometry and lignified —reduction in flexural rigidity but not for the 4-fold difference
tissue density on bending properties in rigidity — assuming the same bending modulus in both
stems. This suggests that the large reduction in stem rigidity,
though at least partly attributable to a difference in size,
must also be due to a large change in stiffness of the tissues
comprising the stem.

A comparison of mean flexural rigidity between treatments
indicates that the small difference in mean second moment of
area observed (Table 6) could account for up to a 20 %
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TaBLE 4. ANOVA table from the linear model of lumen size with treatment and position fitted as factors

Term d.f. Sum squares

Mean square F P-value

39-11
363-8

3.01
851-4

Treatment 1
Position 2
Treatment:position 2
Residuals 5718

39-11 262-6

18191 1222 <0-0001

15 10-094 <0-0001
0-15 - -

<0-0001

20

+

O Control
O Perturbed

N

H

il

Lumen diameter (um)
=
T

in mid out
Cell layer position

Fi1G. 5. Barplot of cell lumen diameter according to the cell layer position (in,
mid, out) and treatment (control and perturbed plants, as indicated) with 95 %
confidence interval bars.

A comparison of recalculated values of EI based on (a) the
mean percentage second moment of areas of the main tissues
and (b) the same representative values of Young’s modulus for
each tissue in both control and perturbed tissue configurations
(Table 6) indicates that, in terms of tissue geometry alone, the
mechanically perturbed organization with a more central ligni-
fied tissue could account for a reduction of up to 20 % of flex-
ural stiffness of the stem but not for the 4-fold reduction in EI
observed.

Perturbed plants developed thinner walled fibres in all three
outer bands of interfascicular tissue where cell density was
half that of controls. Stems of Arabidopsis are too small to
dissect out effectively and mechanically test each tissue and
its influence on stem rigidity (Hepworth and Vincent, 1999;
Niklas et al., 2003; Isnard and Rowe, 2008). However, a
50 % drop in density would be expected to modify the
elastic modulus of the tissue significantly. First order approxi-
mation suggests that the observed reduction in density would
reduce tissue stiffness by approx. 50 % assuming that factors
such as microfibril angle and cell wall chemistry were approxi-
mately the same (Rowe et al., 1993; Speck and Rowe, 2003).
A 50 % reduction in stiffness of the main thick-walled tissue of
the stem is consistent with the lower Young’s moduli of entire
stems observed in perturbed plants that is <50 % that of the
controls.

In summary, a slightly smaller cross-sectional area recor-
ded for perturbed plants would only reduce rigidity by

approx. 20 %, whereas the modified development of the fibre
tissue, in terms of both position and density, would be
expected to lower the rigidity by >50%. In other words,
rearrangement of tissue geometries and fibre density would
account for most of the reduction in rigidity rather than a
marginally smaller cross-section.

DISCUSSION

Mechanical perturbation by controlled brushing has a pro-
found effect on the mechanical architecture of the
Arabidopsis Col-0 ecotype. Perturbed plants are not only
much shorter but develop less rigid stems composed of less
stiff material. Brushing plants before and after the appearance
of the inflorescence stem influenced primary radial growth and
differentiation in terms of tissue geometry and density of lig-
nified fibre tissue. It is these effects on stem differentiation,
more than changes in stem diameter, that had a major effect
on the mechanical properties of the stem.

Extension growth

Responses observed here on Arabidopsis are not easily com-
pared with previous studies where differing intensities, frequen-
cies and types of perturbation, as well as traits measured, vary
widely — a problem pointed out by Coutand et al. (2000).
Reduced extension growth at the stem apex is consistent with pre-
vious reports of petiole and stem bending in Arabidopsis (Braam
and Davis, 1990). Other woody herbaceous plants tested in single
bending treatments (Coutand et al., 2000) show a decrease in
extension growth as did the monocot Zea (Goodman and
Ennos, 1998; Smith and Ennos, 2003). Most reports from exper-
imental bending treatments or open wind-prone conditions
demonstrate that self-supporting woody plants also show
reduced elongation growth (Telewski and Jaffe, 1986q;
Telewski and Pruyn, 1998; Leblanc-Fournier e al., 2008), as
has been shown for the climber Phaseolus (Jaffe et al., 1984);
though see Telewski (1995), Cordero (1999), Countand et al.
(2010) and Jaffe (1973) (for stem rubbing experiments) where
this has not been observed or been equivocal. A shortening
effect on stem length is consistent with the notion that reduced
height will limit the bending moment of the stem and lower the
risk of a range of excessive mechanical strains, plastic defor-
mation, uprooting, stem buckling and failure. Reduction of
stem length in Arabidopsis is consistent with the response of
many herbaceous and woody species with determinate and inde-
terminate growth or with diverse types of mechanical pertur-
bation at both moderate and chronic frequencies.
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TABLE 5. ANOVA table from the linear model of double wall thickness with treatment and position fitted as factors

Term d.f. Sum squares

Mean square F P-value

925-4
132.2
16-46
1279

Treatment 1
Position 2
Treatment:position 2
Residuals 2

925-4 8280 <0-0001
66-1 591-5 <0-0001
823 737 <0-0001

0-11 - -

30

H

O Control
O Perturbed

i

2:5

2-0F —==—

1.5 -

1.0F

Double wall thickness (ium)

05+

0-0

in mid out
Cell layer position

Fi1G. 6. Barplot of double wall thickness according to the cell layer position
(in, mid, out) and treatment (control and perturbed plants, as indicated) with
95 % confidence interval bars.

Radial growth

The small and equivocal reduction in radial growth was linked
to only a marginal decrease in cross-sectional area and second
moment of area — even though these properties scale to the
second and fourth power, respectively, of the radial dimension.
In any case, stem diameter did not increase as a result of mech-
anical perturbation, which has been widely reported for most
woody species (Telewski, 2006; Leblanc-Fournier et al., 2008;
Coutand er al., 2010), the relatively large-bodied monocot Zea
and the woody herbaceous Helianthus (Goodman and Ennos,
1998; Smith and Ennos, 2003). Furthermore, Arabidopsis does
not modify cross-sectional shape in response to bending that
has been reported in woody plants (Telewski, 1995) and in
Helianthus and Zea (Goodman and Ennos, 1998).

Bending properties

A reduction in stiffness of the stem observed in Arabidopsis is
consistent with reports of woody plants including conifers such as
Abies fraseri (Pursh) (Telewski and Jaffe, 1986b) and Pinus
(Telewski and Jaffe, 1986a), as well as angiosperms such as
climbing stems of Phaseolus (Jaffe et al., 1984) and self-
supporting species such as Ulmus (Telewski and Pruyn, 1998)
and Nicotiana (Hepworth and Vincent, 1999; Anten et al.,
2005). Among herbaceous species studied in detail, Zea showed
a small increase and the woody herbaceous Helianthus showed
a small reduction in modulus (Goodman and Ennos, 1998).

A common feature of tested stems of woody plants with
indeterminate growth is an increase in flexural rigidity
despite a decrease in elastic modulus (Telewski and Jaffe,
1986b, c; Pruyn et al., 2000; Kern et al., 2005). This results
from an increase in diameter of the stem apparently counteract-
ing the reduction in stiffness of the material comprising the
stem. The lower elastic modulus of the tissues in such stems
might be linked to resistance to failure and fracture propa-
gation (Niklas, 1992).

Determinate and indeterminate growth

In Acer saccharum, leaf petioles of wind-exposed trees are
shorter and narrower with less lignified tissues and show a
90 % decrease in rigidity and 50 % decrease in bending
modulus (Niklas, 1996). Apart from the notable reduction in
petiole diameter, these results are similar to those found in
Arabidopsis and consistent with several woody herbs
(Biddington and Dearman, 1985). A study on the response
of determinate peduncles of Allium sativum to mechanical
stress (Niklas, 1990) also showed a significant shortening of
the axis, but differed from the results of the Arabidopsis
stem by showing no change in values of flexural rigidity or
Young’s modulus. Determinate axial organs such as fertile
shoots and leaf petioles may not respond to mechanical pertur-
bation in the same way as indeterminate woody stems.
However, the tendency to produce structures with lower
moduli is not always the case: leaves of Festuca submitted
to wind-blown perturbation produced higher moduli with
higher volumes of fibre tissue (Grace and Russell, 1977).

Effects on primary and secondary development

Some traits observed in mechanically perturbed Arabidopsis
that influence stem mechanical properties are consistent with
a net inhibition of development. They include elongation
growth, wall thickening of lignified tissue cells and a slight
reduction in overall stem diameter. The change in tissue geome-
try of a smaller pith, and a smaller and more central area of lig-
nified tissue, suggest a delay in procambial differentiation and
expansion prior to the onset of lignification. Basal segments
of perturbed plants (positioned about 10 cm below the apex)
do not show the same organization as those 10 cm below the
apex of the controls. This suggests that the difference between
perturbed plants and controls does not simply reflect the dis-
tance from the apex and that an inhibition or a delay in devel-
opment has affected only certain developmental traits.

From recent studies on woody plants with indeterminate
growth, there is evidence that primary meristems and the bifa-
cial vascular cambium might react differently to mechanical
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TaBLE 6. Comparisons of the effect of changes in size, tissue geometry and lignified tissue density on stem rigidity

EI Pith tissue

EI Lignified

EI Outer cortex EI Entire stem Reduction in stem

I entire stem (mm?) (N mm?) tissue (N mm?) (N mm?) (N mm?) rigidity (%)
Effect of overall size on rigidity*
Control 0-04 - - - 4412
Perturbed 0-033 - - - 36-40 17-50
Effect of tissue geometry on rigidity’
Control 0-04 0-15 43.71 1-28 45-15
Perturbed 0-04 0-13 34.11 1-48 35.73 20-86
Effect of infrafascicular tissue density on rigidity*
Control 0-04 0-15 4371 1.28 45-15
Perturbed 0-04 0-13 17-06 1-48 18-67 58-63

* Calculation is based on mean the second moment of area (maximum) of control and perturbed stems with the assumption that the Young’s modulus of

both stems is the same.

¥ Calculation compares two stems with the same second moment of area (based on maximum value of control stems) but applying the mean relative
contributions of second moment of area of the main tissues for each treatment. The comparison based on differences in tissue geometry compares theoretical
values of flexural rigidity (ET) based on the same values of Young’s modulus for controls and perturbed stems: each tissue type corresponding to Pith =
thin-walled parenchyma (20 MN m~?); moderately thick-walled primary fibre tissue (4000 MN m~2) and thin-walled cortical tissue (60 MN m ™). Values are
based on experimentally derived values of Young’s modulus of parenchyma and moderate—thick-walled fibre tissue (see Rowe et al., 1993).

* Calculation uses the same assumptions as the above but investigates the effect of lowering Young’s modulus of lignified tissue by 50 % as suggested by
density measurements. The first order approximation assumes no substantial changes in cell shape, microfibril angle, wall chemistry and mechanical properties

of pith and cortex.

perturbation, resulting in a net reduction in stem length and an
increase in diameter, which seems to make sense in a mechani-
cally perturbed environment. However, what about herbaceous
plants — or to put it more precisely, woody herbaceous plants
with highly determinate growth — such as Arabidopsis? The
study showed that several primary developmental processes
might be interpreted as delays in growth or inhibited growth
(Braam and Davis, 1990), but that the effect on establishment
growth of the stem diameter was slight.

Interestingly, the presence of cambial growth was observed
more frequently in the controls than in perturbed stems. While
this might suggest a delay or inhibition in development of sec-
ondary tissue, other studies have shown that wood develop-
ment in inflorescence stems of Arabidopsis is linked to the
length and weight of stem supported by the base of the inflor-
escence axis (Ko et al., 2004). This could correspond to the
situation observed here: longer stems bearing heavier loads
are more likely to produce wood than the shorter, lighter, per-
turbed axes. Interestingly it would appear that radial growth in
Arabidopsis might be responsive to static load stimulation but
unaffected or possibly reduced by frequent bending solicita-
tions, which otherwise stimulate radial growth in most indeter-
minate woody plants tested. Clearly additional detailed tests on
the same ecotype and line are required to explore this further.

Cambial development was not enhanced and certainly did
not increase radial dimensions of the stem nor increase stem
rigidity in perturbed stems of Arabidopsis. This suggests that
the developmental controls that underpin small body size
and ‘herbaceousness’ in Arabidopsis and which limit second-
ary growth were not ‘over-ridden’ by mechanical perturbation.
Instead tiny stems of Arabidopsis drastically modified their
mechanical properties, producing a lower elastic modulus,
which is, nevertheless, one of the mechanical traits achieved
by large-bodied woody plants.

From an evolutionary perspective different growth forms
and mechanical architectures may be derived within some
clades via heterochrony — by adjustments of an existing

growth trajectory in terms of developmental rate (Lahaye
et al., 2005; Rowe and Speck, 2005). Such adjustments can
explain striking changes in size, form and mechanical architec-
ture without implicating complex changes in development and
structural novelties. For example, species of shrubs with rela-
tively stiff stems may be phylogenetically derived from flex-
ible lianas simply by expressing and retaining juvenile traits.
The responses to mechanical perturbation in Arabidopsis
also appear to operate in terms of changes in developmental
rate: a tall, rigid mechanical architecture with a shorter more
flexible one by relatively simple changes in developmental
rate. The results also suggest that primary meristems impli-
cated in extension growth and thickening are affected differ-
ently by mechanical perturbation and that the responses of
secondary meristems vary according to differences in growth
form and life history.

The mechanisms and controls underlying plant responses to
mechanical perturbation are clearly complex and possibly
require a coordinated effort in terms of methods and
approaches. Future studies on the morphological, molecular
and developmental aspects of the phenomenon should all con-
tribute to uncovering not only how these mechanisms allow
plants to respond and survive in perturbed environments but
also the processes underlying the evolution of such a wide
diversity of mechanical architectures.
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