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One may think that plants seem relatively immobile.
Nevertheless, plants not only produce movement but
these movements can be quite rapid such as the closing
traps of carnivorous plants, the folding up of leaflets in
some Leguminosae species and the movement of floral
organs in order to increase cross pollination. We focus this
review on thigmotropic and thigmonastic movements,
both in vegetative and reproductive parts of higher plants.
Ultrastructural studies revealed that most thigmotropic
and thigmonastic movements are caused by differentially
changing cell turgor within a given tissue. Auxin has emerged
as a key molecule that modulates proton extrusion and thus
causing changes in cell turgor by enhancing the activity of
H*ATPase in cell membranes. Finding conserved molecules
and/or operational molecular modules among diverse types
of movements would help us to find universal mechanisms
controlling movements in plants and thus improve our
understanding about the evolution of such phenomena.

Introduction

When observing plants, usually it will not be clearly noticeable to
see them moving by their own. They seem relatively immobile,
stuck to the ground in rigid structures. But for careful watchers
as Darwin was in the 19 century,' it is quite clear that plants do
produce movements, and sometimes rapid ones. Fast responses by
plants (especially those induced by mechanical stimuli) are gen-
erally the product of natural selection exerted by environmental
stimuli that require the plants to respond immediately upon the
application of stimuli. These reactions are usually called tropic
and nastic responses (depending on the influence of stimulus
position on the direction of the movement?), and when they are
touch-induced, the prefix thigmo is used. Therefore thigmotropic
and thigmonastic responses differ from each other as thigmotro-
pisms occur in a direction determined by the position of where
the plant was touched, while thigmonastisms are movements
that occur independently of the direction of the stimulus.? An
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example of thigmotropism is the coiling movement of tendrils in
the direction of an object that it touches. On the other hand, the
folding movement of the Mimosa pudica leaflets, can be consid-
ered as an example of thigmonastism. No matter where the leaf or
leaflet is touched, the stimulus is propagated through neighbor-
ing leaflets and the folding movement is always in the same way.
not all touch-induced fast.
Thigmomorphogenesis, for example, is the physiological and

However, responses  are
morphological adaptation produced by plants in response to
environmental mechanical influences generating morphogenetic
changes.”? The mechanical influences could be natural factors as
wind, vibrations and animal rubbing.?? Wind, for example, can
influence photosynthetic rates, gaseous exchanges, growth, plant
architecture and can even contribute to shape the evolutionary
history of land plants.*>

We will focus this review on thigmotropic and thigmonastic
movements, both in vegetative and reproductive parts of higher
plants, because recent findings pointed to conserved molecules
and/or operational molecular modules among diverse types of
touch-induced plant movements that could help us to improve
our understanding of how the plants transduce mechanical stim-
uli. These findings are so important and inspiring that they are
already priming research with biomimetic material such as the
design of electroactive polymers.®”

Active Vegetative Parts

Folding up of leaflets in Leguminosae. Some Leguminosae spe-
cies keep their leaves and/or leaflets unfolded during daytime in
order to intercept light and fold them up at night. These move-
ments, known as nyctinasty—the stimulus being the presence
or absence of light—are present in many legumes including
Mimosa, Albizzia, Samanea, Pterodon, Robinia and Phaseolus,
and are regulated by the circadian clock.’!" Studies concerning
nyctinastic movements in Leguminosae, specially in Mimosa has
been undertaken since the 1950s and these were already covered
by other reviews in references 9, 12 and 13. However, Mimosa
species such as M. pudica Linn., for example, in addition to light
induction, also responds to touch stimulus by folding up its leaf-
lets (Fig. 1). This thigmonastic movement is faster than the nyc-
tinastic one,” and the stimulus can be dispersed from one of the
smallest leaflets (called pinnule) to other pinnules in the same
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Figure 1. Thigmonastic movement of leaflets in Mimosa pudica. (A) Leaflets open; (B) leaflets closing due to touch-induced changes in cell turgor of
cells within the pulvinus, a structure located at the base of each leaflet. (C) Leaflets closed. The time-lapse between each photograph is about 1 sec.
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Figure 2. Schematic representation of the variation in motor cell shape. The cell remains swollen if pulvini movement is inactive (A), whereas it

becomes shrunken after pulvini response (B). Motor cells contain two vacuole types, one tannin-rich (TnV) located near the nucleus (N), the other
aqueous and central (V). During shrinkage both vacuoles change their shape. K and CI- fluxes mediate movement by triggering osmotic movement
of water. In a cell gaining volume the energy-dependent pumping of protons out of the cell drives K* uptake through specific inward-directed K*
channels. In a cell losing volume the flux of CI- out of the cell down its concentration gradient drives K* efflux through specific outward-directed K*

channels. The electrochemical gradient that enables rapid ion transport through plasma membranes is generated by H*-ATPase.

pinna (which is the set of pinnules plus the raquis) and even to
adjacent pinnae and finally to the hole set of pinnae (the actual
leaf) if the stimulus is more intense, like an injury.'" Therefore,
when an animal passes near the plant, rubbing it, the thigmo-
nastic movement of the leaves would make the plant appear
“shrunk,” thus eventually avoiding predation.

A specialized motor organ located at the base of the leaflets
and leaves, called pulvinus, plays the primary role in the nastic
phenomena.®'®*" The pulvinus has two groups of specialized
parenchymatous cells, arranged in two opposite zones, the flexor
or ventral zone and the extensor or dorsal zone. These specialized
cells, called motor cells, are capable of changing their volume
and shape very fast due to changes in cell turgor (Fig. 2).%° Right
after a touch stimulus, a first action potential transmits a signal
from the stimulated site to the pulvinus.'® Another action poten-
tial triggers the rapid movement in the pulvinus, generating dif-
ferential flows of K* and Cl- between the symplasm and apoplasm
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that are followed by massive water flows, resulting in loss or gain
of turgor by the cell (i.e., changes in the vacuole volume) #1718 As
the ions are pumped out of the extensor motor cells the internal
water potential increases, leading to water loss and consequently
to the shrinkage of these cells.”>" At the same time, the oppo-
site occurs with the flexor zone cells, leading them to a turgid
condition and the leaflet folds up.”">" The turgor recovery of the
extensor cells occurs when the ions and, concomitantly, water,
are pumped back into them.”"!" The role of calcium ions during
the nastic movements has also been investigated. Ca?* channels
in the tannin vacuole tonoplast would release Ca?* to the aqueous
vacuole and these ions would bind to microfibrillar content dur-
ing the closing movement of the pulvinus."” Lately, other studies
reinforced Ca?* as an important regulator of turgor changes in
pulvinus, being responsible for the closure of inward-directed K*
channels causing cell shrinking® and as a part of the signal trans-
duction events (Fig. 2).%
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It has become clear that the physiological processes involved
in pulvinus movement are highly related to its structural features.
Anatomical and ultrastructural analysis has been undertaken in a
number of Leguminosae species, showing changes in the vacuole
size and shape during the movements.*!*!""> The pulvinus motor
cells usually have two distinct vacuole types. One is called the
tannin vacuole, as it contains great amounts of tannins. These
vacuoles are located near the nucleus and they are supposed to
function as a potential Ca?* store.'®>" The non-tannin or aque-
ous vacuoles are electron-transparent, do not contain tannin, are
much larger than the tannin vacuoles and occupy a central posi-
tion in the cells.”? The aqueous vacuole is responsible for most
of the changes in the motor cell volume during nastic move-
ments.®'*!21522 When the pulvinus is open, i.c., when the leaflets
are unfolded, the aqueous vacuole of the extensor cell is large,
occupying almost all the cell volume and restricting the remain-
ing cytoplasm and nucleus to the cell periphery.®'*'*> The flexor
zone cells are generally multivacuolated with sinuous walls.®>10105
When the pulvinus straightens, the extensor cells often become
highly sinuously shaped and the aqueous vacuole gets frag-
mented.>'*15 On the other hand, the flexor cells become uni-
vacuolated and less sinuous, but the changes in size and shape
are less obvious when compared with the changes observed in
extensor cells.*!%!25 This vacuolar reorganization allows the sur-
face area of the tonoplast to remain the same.t.** Changes in
the apoplasm, defined by wall thickness and elasticity of cortical
cells, are also important for the movement.*!"1>24 Still, cortical
cell walls also behave as cation exchangers and temporary reser-
voir of ions.” Features such as the presence of plasmodesmata
grouped in pit fields in the motor cells, indicating simplastic con-
tinuity ensure the communication among the cells supporting
ions transport.”

The electrochemical gradient that enables rapid ion transport
through plasma membranes is generated by H*-ATPase, which
is present in the motor cells (Fig. 2). In plants, it is known
that K* flows are coupled with inverse H* flows."*?® A large
amount of plasma membrane H*-ATPase was found in Mimosa
pudica phloem parenchyma and companion cells, suggesting
that these cells are resting potential maintainers in the sieve
element system, a condition required for the transmission of
action potentials in response to stimuli, and are fundamental in
the recovery of ions in stimulated sieve elements.” Anatomical
studies contributed to confirm the role of the vascular system
in the redistribution of ions and in the transmission of stimuli.
The occurrence of a sheath of live septate fibers around the vas-
cular tissues, vascular parenchyma cells lacking lignification,
with abundant cytoplasm and extensive symplastic connec-
tions was observed in some Caesalpinioideae, Faboideae and
Mimosoideae species. Taken together, these characterisitics
would enable lateral exchanges of ions and stimuli among all
pulvinus cells.' Also, it has been suggested that high water per-
meability across the vacuolar membrane and energization of the
vacuole are crucial for the shrinking of the motor cells. Such
features are based on the presence of a great amount of vacu-
olar H*-ATPase and aquaporins in the tonoplast of the aqueous
vacuole in M. pudica.”’
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It was demonstrated that pulvini movements are likely to be
controlled by auxin.?®3? It is known that auxin, in addition to
mediate physiological states that involves gene regulation, also
affects short-term cellular events and one of these alterations con-
cerns the activity enhancing of H*-ATPase in cell membranes,
stimulating proton extrusion.”

Application of IAA to the cut end of excised pinna rachises
induced leaflet opening in M. pudica and Cassia fasciculata.*®**%
Later, experiments applying 2,4-D in C. fasciculata inhibited leaf-
let folding induced by darkness and promoted the leaflet open-
ing induced by light.*? Similar results were found for Phaseolus
vulgaris, using protoplasts isolated from laminar pulvinus.®' The
application of IAA induced cell swelling on either extensor and
flexor cells and when K* and CI blockers or vanadate, an inhibi-
tor of plasma membrane H*-ATPase, were added to the bath-
ing medium, the [AA-induced swelling response was repressed.?!
Taken together, these experiments emphasize that the swelling
response depends on K* and CI fluxes and that auxin stimulated
the vacuolar H*-ATPase activity, making the permeability of
motor cells to these ions to be mainly directed toward an influx
of K* into the cells.*

There is not much information about the effects of ABA on
the osmoregulation of pulvinus motor cells. Experiments with P.
vulgaris showed that, in-opposition to the results obrained with
the application of IAA, ABA application causes cell shrinking
and its effect is suppressed by an anion-channel inhibitor, sug-
gesting the efflux of Cl through the activated channels and thus,
the charge balance efflux of K*.*!

The involvement of aquaporins-in order to sustain the rapid
water transport in nastic movements was suggested by the obser-
vation that plasma membrane-localized aquaporine genes are
expressed in pulvinus motor cells of Samanea saman® and by
immuno-localization of aquaporins in M. pudica pulvini.”’ The
roles of aquaporins in leaf movements were recently reviewed in
reference 35.

The rearrangement of the actin cytoskeleton is also involved
in the pulvinus movement. During bending, the actin filaments
undergo fragmentation and are distributed diffusely throughout
the cytoplasm playing an important role in the movement.*® The
actin present in the M. pudica pulvinus is heavily tyrosine-phos-
phorylated and changes in the extent of phosphorylation could
be correlated with pulvinus movement.” It has also been dem-
onstrated that M. pudica pulvini can be stimulated by the appli-
cation of a low voltage to the pulvinus, allowing the analysis of
electrical charges in the petiole and pulvinus.?®%

Carnivorous plants. “Carnivory” in plant kingdom is an
adaptation to low nutrient habitats and molecular data support
multiple, polyphyletic origins of the carnivorous plants (reviewed
in ref. 40). Many of the carnivorous plants have developed trap
mechanisms that involve a highly modified leaves. Some of these
modified leaves have “acitve traps,” i.e., exhibit thigmotropic or
thigmonastic movements, as in the genera Pinguicula, Drosera,
Dionaea, Aldrovandra and Utricularia (Fig. 3).1*

Both Aldrovandra and Dionaea produce traps that rapidly
snap-shut.* Dionaea muscipula Ellis, the Venus flycrap, for exam-
ple, rapidly reacts to mechanical stimulus. Dionaea modified
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within these regions contain many plasmodesmata which
in turn are largely related to the sensitivity of the trigger
hairs.*®

As in legume pulvini, the movement of the Venus fly-
trap lobes is caused by changes in cell volume of oppos-
ing tissue groups by differential water flow linked to ion
fluxes.” Nevertheless, despite the fact that researchers
have investigated the mechanisms by which the trap closes
so fast, only in the past 6y, the dynamic of the movement
started to become more clear, notably thanks to Forterre
et al. and Volkov et al.#4446:5053 Forterre et al. divided the
Venus flytrap movement into two components: an active
biochemical component, pertinent to the mechanisms
causing microscopic changes, and a passive elastic com-
ponent, which is the macroscopic closing process deter-
mined by the doubly-curved leaf. A difference in turgor
pressure constantly maintained between the upper and
the lower cell layers of the leaf provides elastic curvature
energy storage locked in the leaves.**>* The transference of
fluid from the upper to the lower cell layer after a stimu-
lus in the sensitive trigger hairs, induces the trap to close
due to the return to an equilibrium state of the leaf.**%
The rapid changes in the curvature of each lobe, rather
than the movement of the leaf as a whole; are responsible
for the closing movement.” More recently, the total hunt-

ing cycle of the Venus flytrap was defined as consisting

Figure 3. Dionaea sp, the Venus flytrap (A and B) and Drosera sp (C-E). (A)

it acts as a mechanical stimulation which causes the leaf to curl toward and
around the prey.

Dionaea modified leaves are divided in two parts, the upper (ul) and the lower
leaf (Il). (B) The upper leaf has two lobes which center is brightly colored red and
contains three sensitive trigger hairs (arrows). The free edge of each lobe is lined
with spine-like projections or cilia. (C) Drosera have sticky, highly modified col-
orful leaves that are capable to move acting like small insect traps. (D and E) The
leaves have several glandular trichomes with mucilage droplets on their apex,
commonly called hairs or tentacles. When an insect gets stuck to the tentacles,

of five different states: open, closed, locked, constriction/
digestion and semi-open.*® When opened, the trap has a
convex shape and in the other phases, the trap changes its
curvature to a concave format.%

D. muscipula can also perceive artificial electrical
signals and can be stimulated to close the trap with the
same speed as when mechanical stimulation is applied.**>°

Furthermore, it was demonstrated that this plant has a

short-term electrical memory by the fact that it can accu-

leaves are divided in two parts, the upper and the lower leaf.#-%*
The upper leaf has two lobes attached by a central vein or mid-
rib.#"% The center of each lobe is brightly colored red due to an
anthocyanin pigment and contains three sensitive trigger hairs
(Fig. 3B).”" Also, the lobes are lined up with UV-reflective
glands.”"* The free edge of each lobe is lined with spine-like pro-
jections or cilia. The lower leaf, also known as the footstalk, has
an expanded leaf-like structure.*

An insect, attracted to the red center of the lobe and to the UV
reflective glands, touches the trigger hairs activating mechani-
cal sensitive ion channels that generate an action potential that
activates the Dionaea motor cells.* The action potential, char-
acterized by a large transient depolarization, allows the rapid
transmission of information via plasmodesmata or conductive
bundles.** The leaves snap together in a fraction of a second con-
fining the insect, but maintaining the angle between the lobes
and the middle of the midrib.®% Analyzing the ultrastructure
of the trigger hairs, three metabolic active cell regions could be
distinguished: indentation, anticlinal and podium.?”*® The cells
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mulate previously applied small electrical charges, closing
the trap when a threshold value is reached.’>*

Species from the carnivorous plant genera Drosera and
Pinguicula have sticky, highly modified colorful leaves that are
capable to move acting like small insect traps (Fig. 3C-E). The
leaves have several glandular trichomes with mucilage droplets
on their apex, commonly called hairs or tentacles.”>* When an
insect gets stuck to the tentacles, it acts as a mechanical stimula-
tion which causes the leaf to curl toward and around the prey.*">
Differently from Dionaea, an action potential causes a rapid cell
growth in Drosera and Pinguicula leading do the leaf movement
that, in this case, is obviously slower, during minutes to hours.!
In the case of Drosera, the tentacles also bend to retain the prey,
and the tentacle movements are usually faster than the leaf curl-
ing movement, since the action potential in this case causes rapid
cell expansion due to an increase of cell internal pressure.”! In
Drosera capensis L., IAA enhances the speed of the movement by
a growth stimulus when applied to the leaf. Interestingly, when
glass balls are used as artificial preys, the plant does not produce
any movement.”® On the other hand, the application of TIBA,

Volume 6 Issue 12



which reduces auxin transport between the leaf
tip and the prey, inhibits the growth reaction.”
The aquatic plants from the genus Utricularia
L., popularly known as bladderworts, represent
another example of carnivorous moving plants. In
this case, the traps are highly modified leaves in
tiny, hollow, thin, oval or spherical capsule-like
structures called “bladders” or “utricules.”’
The traps bear a single entrance which is sealed
by a flat, semicircular and two-cell layered thick
valve, also named trapdoor.?"*” Some species have
appendages: trigger hairs or “antennae,” on the
entrance that attracts the prey and which are sen-
sitive to mechanical contact.”” The bladder is
under negative hydrostatic pressure by pumping
out water. At this state, the outer walls are con-
cave and an elastic instability is maintained.>*®
After a touch stimulus on the trigger hairs, the
valve opens within 300-700 s, the walls take on
a slightly convex shape and the prey is suctioned
inside the bladder along with water by the differ-

ence in pressure.>#

This opening movement is
the fastest ever recorded for carnivorous plants.’®

Tendrils. The climbing habit is widespread
throughout plants, since it has evolved in many
lineages of ferns, gymnosperms and many angio-
sperms as Bryonia, Pisum, Vitis and Passiflora,
for example (Fig. 4).” One of the attachment
mechanisms by which vines can raise con-
cerns the tendril coiling movements that can be
thigmonastic or thigmotropic, depending on the
type of the tendril.

Jaffe and Galston® described that tendrils

are capable of three types of movement: circum-

nutation, contact coiling and free coiling. The

circumnutation bears on the habitual growth of
the tendril, and increases the chances to contact
a support. The contact coiling happens when the
tendril coils around a support. When the tendril
touches an object, the tip grows in length forming

a spiral coil to involve it. The reaction time var-

Figure 4. Tendril coiling movement in Passiflora edulis (passion fruit vine). (A) The terminal
portion of the tendril touches the stem of a neighboring branch. (B) About 2 h after the
photograph shown in (A) was taken, the same tendril presents touch-induced coiling
(contact coiling) movement around the branch. About 4 h after the photograph shown in
(A) was taken, the touch-induced coiling process is irreversible and a spiral begins to form
due to tendril differential growth.

ies from 25 sec to 10 min. Frequently, the maxi-
mum sensibility of the tendril is approximately in the one fourth
of the length near the tip, so the ability for the coiling movement
is greater in this portion.®® If the object is withdrawn, the tendril
often uncoils, but the uncoiling movement is substantially slower.*
This reversible eatly phase is thought to be osmotically driven with
contraction of the ventral side and expansion of the dorsal side.*’
Maintaining the mechanical stimulus, the coiling process is irre-
versible and the spiral begins to form due to differential growth.®
Free coiling refers to a spiral shape formation of the tendril due to
a coiling movement around its own axis without a touch stimulus
that could happen, for example, in the beginning of senescence.®
As in other movements already described here, increase of
transmembrane proton and calcium fluxes are related to the

beginning of the coiling movement in tendrils® in addition to
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the involvement of ATP and light.®> The cytoskeleton seems to
mediate the physical stimuli and biochemical responses, in par-
ticular the microtubuli, that play a central role on the perception
of touch stimuli in tendrils of Pisum and Bryonia.®*** In Bryonia
dioica Jacq. epidermal cells of the tendril tip seem to be related
to the perception and transmission of the stimulus, specially the
protrusions formed by a differentiation of the outer peripheral
cell walls, called tactile bleps."* These sub-cellular zones have
a unique arrangement of actin microfilaments and microtubule,
and a large amount of membrane-associated calcium, in addition
to a thinner cell wall and a peculiar chemical composition when
compared with the rest of the cell. All these characteristics are
apparently necessary to ensure its mechanoreceptor and trans-

ducer function.®"¢
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Redvine tendrils develop a cylinder of 56 cell layers of gelat-
inous-type fiber between the vascular tissue and the cortex, that
appear to be crucial to the ability to elicit the shape changes on
the coiling movement and also generating the tensile strength,
considering that tendrils that fail to coil also fail to produce the
gelatin layer.”® Furthermore, anatomical analysis showed that
there is a correlation between the arrangement of the gelatin layer
and the tendril ability to coil, that can be in any direction, in a
single direction as in Echynocistus lobata, or spontaneously free-
coil without touch stimuli.®

Treatments with jasmonates led to an increase of endogenous
levels of TAA and 12-oxo-phytodienoic acid (PDA) inducing
tendril coiling in B. dioica.”
are not inducers of coiling response, and auxins are more likely
related to the mechanical induced reaction.®” The hormonal roles
in tendril responses as signal mediators and inducers of differential

However, in Pisum, jasmonic acids

growth remain uncertain, but auxin is certainly a common player.
Active Flowers, the Sexual Reproductive Parts

Despite the fact that there are numerous studies concerning
movements of vegetative parts, it is known that many plant spe-
cies have developed touch-sensitive floral organs and fruits capa-
ble of thigmotropic or thigmonastic movements, but there are less
precise studies about their physiological and biochemical aspects,
being most of them about pollinator visits and the macroscopic
description of the movement. These movements are apparently
maintained by evolutionary pressure to prevent self-pollination
and increase cross-pollination, ensuring the placement of pollen
grains on pollinators such as birds and insects.

Portulaca grandiflora Hook, known as moss-rose, has thigmo-
tropic stamens that bend in 0.25 s after a mechanical stimulus,
returning to its original position in about 5 min.®® The process
is ATP dependent and induced by auxin.®® Mechanically stimu-
lated stamen movements were also seen in the genera Opuntia
(Cactaceae).®” These flowers have many whorls of stamens that
are longer on the outer whortls and shorter in the inner ones.”
When a visiting bee mechanically stimulates the stamen fila-
ments, they instantly bend toward the style (i.e., the center of
the flower) and the longer filaments covers the shorter ones,
hindering the access of pollen foragers to the source of nectar.”’
Interestingly, the bees that effectively pollinate these flowers are
the ones capable of crawling down the space between the inner-
most stamen and the style, having access to the majority of pollen
and nectar resources.”

Orchids are known to have developed outstandingly special-
ized structures in order to increase reproductive success and it is
not surprising that some genera belonging to this family present
examples of moving floral parts. The orchid genus Catasetum,
for example, has sexually dimorphic flowers with significantly
differences between male and female flowers, which are polli-
nated exclusively by male euglossine bees that collect chemical
attractants.”””! When the bee sits in the center of the male flower
and touches its sensitive antenna (a exclusively feature of male
flowers), the pollinium is ejected and strikes the bee throwing
it out of the flower.””" The force of the pollen mass that strikes
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the bee is 2.90 x 10 Newtons and the speed of the release varies
from 2.65 to 3.03 m/s.®”! This is not enough to cause injuries to
the male euglossine bee, but sufficiently strong to glue the pol-
linium to the body of the bee, inducing it to avoid further visits to
male flowers. The bee would thus prefer the female flowers for its
next visit.”®”! Similarly, in the bisexual flowers of Listera cordata
(L.) R. Br., the pollinium is released when an insect touches the
trigger hairs located at the tip of the floral structure called rostel-
lum.”* Altough, right before releasing the pollinium, the rostel-
lum rapidly shots a droplet of a sticky material that hits the insect
and will help to fix on it the pollinium that will be released. The
insect with the pollinium glued on it will probably carry the pol-
len mass to other flowers, pollinating them.”

In the case of the orchid Bulbophylum penicillium E. C. Parish
and Rchb the specialized petal called lip looks like a caterpillar,
and actually moves like one.”> When a Drosophyla fly, attracted
by the flower rotting-fruit odor lands on the lip, the lip starts to
move up and down or swings left and right.”> This movement
presses the fly toward the column apex, and the fly touches the
anther removing the pollinia.”? This fly will visit other flowers
carrying the pollinia in its torax, and because of the same moving
lip phenomena, the pollinia from the first flower is left on the sec-
ond one, and cross-pollination probably will occur successfully.”?

Passiflora (Passifloraceae) is-a genus with a large morphologic
diversity of floral structures that defies the explanations given so
far to its evolutionary origins.”*”> The movement a floral struc-
ture called androgynophore of some Passiflora species from ses-
sion Xerogona (Fig. 5), is probably related to the pollination of
these species, as a mechanism to-increase the chances of pollen
deposition on the bodies of their effective pollinators, similar to
the other examples above (our unpublished observations).

Studying molecular and physiological aspects involved in the
mechanisms related to the movement of reproductive parts in
plants is of utmost importance in order to clarify the coevolu-
tionary relationships between the different floral morphologies
and their pollinators.

Conclusions

Mechanically-induced movement of plant parts evolved as the
product of natural selection exerted by environmental stimuli
that require the plants to respond immediately upon the applica-
tion of a given stimulus. These movements might be as diverse as
the closing traps of carnivorous plants, the folding up of leaflets
in some Leguminosae species and the movement of floral organs
in order to increase cross pollination. The nature of these move-
ments might sound diverse but recently, shared key characteristic
features of these movements have emerged, indicating that com-
mon mechanisms may underlie all of them. Ultrastructural stud-
ies revealed that most thigmotropic and thigmonastic movements
are caused by differentially changing cell turgor within a given
tissue. Auxin has emerged as a key molecule that modulates pro-
ton extrusion and thus causing changes in cell turgor by enhanc-
ing the activity of H*ATPase in cell membranes. Additionally,
the observation of moving reproductive parts, based on simi-
lar mechanisms involved in the movement of vegetative parts,
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Figure 5. Androgynophore movement in Passiflora sanguinolenta. The
image is the result of the superposition of two photographs of flower
partially dissected to show the entire androgynophore column. The
photographs were taken before (t = 0) and after (t = 1.7 sec) the tip

of the androgynophore was touched. The androgynophore column
moves toward the stimulus regaining its original position after about

3 min if no further stimulus is applied.

indicates a role for pollinating agents as “genome tinkerers,” at
least partially responsible for the selection of such characteris-
tics. Finding conserved molecules and/or operational molecu-
lar modules among diverse types of movements would help us
to find universal mechanisms controlling movements in plants
and thus improve our understanding about the evolution of such

phenomena.
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