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Mechano-sensory signal transduction in plants
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The sessile organism plants, unlike animals, do not possess the central nervous system, but they
can rapidly perceive local environmental stimuli, such as salt, drought and mechanical stresses
including insect/pathogen attack, touch and gravitational force, transmit this information
throughout the plant body and activate systemic responses (bottom panel)!. However, the
molecular mechanism underlying such fast sensory and plant-wide signal transduction remains
largely unknown.

We have been developing novel imaging technologies, such as ultra-sensitive photon-counting
camera system” >, centrifuge microscope®® and wide-field real-time fluorescent imaging system®
8 in order to visualize plant mechano-sensory responses. Recently, our research group created
Arabidopsis thaliana’, Mimosa pudica and Dionaea muscipula (Venus Flytrap)'® expressing
genetically-encoded indicators, such as Ca?* biosensors
(GCaMPs/GECOs) and a glutamate (Glu) biosensor (iGluSnFR), insects
which enable high-resolution real-time cytosolic Ca’** and pathogen
apoplastic Glu imaging in the entire plant. Using these unique touch
imaging devices, we have tried to understand the molecular natures
of Ca®"-based rapid systemic resistance responses against insect
attack/mechanical wounding and rapid movements of leaves in the

mobile signal

light
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“sensitive” plant Mimosa pudica and the carnivorous plant Venus '
nutrient

Flytrap.
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Ca**-based rapid systemic resistance responses in wounded Arabidopsis thaliana

When a leaf is mechanically damaged with scissors and forceps or fed upon by insects, such as a caterpillar
of the cabbage white butterfly (Pieris rapae), plants produce the stress hormone jasmonic acid (JA) not only at
the wound site but also in distal unwounded leaves within a few minutes. Although previous papers suggest
that changes in cytosolic Ca®" concentration ([Ca®']. or Ca®’ signal) are involved in this systemic resistance
response, neither the role of [Ca**]. nor the underlying mobile signal has been elucidated.

We have created Arabidopsis thaliana expressing genetically-encoded GFP-based Ca*'-biosensors, such as
GCaMP3, to clarify a possible role of cytosolic Ca?" in this systemic signaling network. We found that
mechanical wounding of rosette leaves (i.e., cutting a leaf-petiole junction) and herbivory by caterpillars of the
cabbage white butterfly triggered an immediate [Ca®']. increase at the wound site that was transmitted through
the vasculature (at 1.1 + 0.1 mm/s), arriving within 1-2 minutes at specific distant target leaves. This
spatiotemporal pattern of the Ca®" signal transduction is consistent with that of the systemic JA production in
wounded Arabidopsis leaves.

Phloem-specific GCaMP3 driven by promoter SUC2 indicated that this Ca®* signal propagates through the
phloem and/or companion cells. In the target leaf, JA/JA-Ile rapidly accumulated and JA-responsive defense
marker genes were highly up-regulated. Furthermore, plasmodesmatal mutants showed an abnormal Ca**



transduction pattern moving through target leaves and reduced JA marker gene induction. These data led to my
model where Ca”" acts as a systemic wound signal triggering JA-related defense responses propagated over
long-ranges through the phloem and then generating local responses through cell-to-cell communication via
plasmodesmata.

To elucidate the molecular machineries utilized to sense the initial signal of wounding and the nature of the
intracellular Ca®" signaling network, we expressed GCaMP3 in a variety of mutants, such as in the
GLUTAMETE RECEPTOR LIKE (GLR) family of ion channels. g/r3.3 gir3.6 double mutants showed no
wound-induced Ca*" transmission upon cutting leaf-petiole junctions. Interestingly, when a glutamate (Glu)
solution was applied to a leaf, similar long-distance Ca*" transmission and defense gene induction were
triggered in wild type but not g/r3.3 glr3.6 mutants. We also expressed the GFP-based Glu biosensor
(1GluSnFR) targeting to the apoplastic region and addressed the question whether apoplastic Glu level ([Glu]apo)
is increased upon mechanical wounding in plants. When a leaf was mechanically damaged with scissors, there
was a local wave of increase in [Glu]apo at the cut region of the leaf. These results support our model where the
plant GLRs act as a sensor to monitor the apoplastic Glu levels. When symplastic Glu leaks out of wounded
tissues, the GLR rapidly creates a Ca®" signal propagating throughout the entire plant, activating systemic
resistance responses in distant organs (Fig. 1).

systemic defense
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Fig. 1. Glu/GLR/Ca**-based rapid systemic resistance model in Arabidopsis thaliana

Ca?*-based rapid movements in Mimosa pudica and Venus Flytrap

The sensitive plant Mimosa pudica, also known as touch-me-not or shameplant, and the carnivorous plant
Dionaea muscipula (Venus Flytrap) sense mechanical stimuli, such as touch and wounding, transmit this
information toward specific motor cells/organs, such as pulvinus cells, and shut their leaves rapidly'® '
Although many electrophysiological studies suggest that a cytosolic Ca*" signal is critical for rapid signal
transduction and the following leaf movements, the plant-wide spatial and temporal [Ca*"]. dynamics and its
physiological role remain to be determined.

We have created a stable transgenic Mimosa pudica and Venus Flytrap expressing GCaMP6f and visualized
the rapid propagating Ca®" increases during the leaflet closure in response to mechanical stimulation.
Interestingly, touch and wounding to a leaflet causes a rapid [Ca®']. increase in a tertiary pulvinus cell and
subsequently the leaflet directly connected to this pulvinus cell shuts in Mimosa pudica. This Ca** response
followed by leaf movement propagates on a rachilla (the central axis of the pinna) sequentially toward leaf tip
(at 3.9 £ 0.5 mm/s). In Venus Flytrap, mechanical touch to a sensory hair in a leaf blade triggers long-distance
rapid Ca”" transmission toward the surface of the lobe and midrib (at 53.0 + 8.2 mm/s) and the subsequent trap



closure. Although molecular machineries underlying the rapid Ca* signal transduction and leaf movements
have not been identified yet, we propose the Ca’"-based rapid movement model in Mimosa pudica and Venus
Flytrap, where mechanical stimuli activate Ca®’-permeable channels, such as GLRs and mechano-sensitive ion
channels, leading to long-range rapid Ca®" signal transduction toward motor organs, in which turgor loss via

water channel activities triggers leaf (trap) movements (Fig. 2)
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Fig. 2. Ca**-based rapid movement model in Mimosa pudica and Venus Flytrap

To investigate whether the [Ca®"]. increase in motor cells/organs is an upstream signal triggering rapid leaf
movements, we will use an optogenetic tool, a photoactivatable Ca?*-releasing protein consisting of a
photosensitive protein domain and a Ca*" binding protein (Fig. 3). By expressing this protein in planta, we
should be able to increase [Ca?']. by illumination of blue light of specific cells/organs. A further goal of this
project is to optically regulate both Ca** signal in the motor cells/organs and modulate leaf movement without
any associated touch stimulation and thus to elucidate the role of long-range Ca®" signaling in plant rapid

movements.
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Fig. 3. Optogenetic tool: a photoactivatable Ca**-releasing protein
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Cytoskeletal proteins and motor proteins are powering various movements of

living cells such as cell deformation, inner transport, migration, division and so on. Inspired from

the cooperative behaviors of these powering molecules in natural system, I have been developing

active materials employing kinesin and microtubule which are representative combination of

motor protein and the rail. So far, based on a method to reproduce sliding movements of

microtubules by kinesins decorated on a glass substrate, methods to scale up the motions by

forming network structure of the moving microtubules has been established. Here, attempts to

clarify the uniqueness of movements and to measure the forces generated by the networked

microtubules driven by kinesins are reported with aim to improve the functionality for future

applications.
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Measuring the Vertical Density Profiles of the Earth’ s Upper Atmosphere from Its Occultations of the
Crab Nebula with X-Ray Astronomy Satellites Suzaku and Hitomi
B 47 (Satoru KATSUDA)
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We present new measurements of the vertical density profile of the Earth's atmosphere
at altitudes between 70 and 200 km, based on Earth occultations of the Crab Nebula
observed with the X-ray Imaging Spectrometer onboard Suzaku and the hard X-ray Imager
onboard Hitomi. The data from 219 occultation scans at low latitudes in both northern
and southern hemispheres from September 15, 2005 to March 26, 2016 are analyzed. We
found no significant long-term density variation within our data. Also, there is no clear
density difference compared with past observations. Thus, we generate a single, highly
averaged (in both space and time) vertical density profile. The density profile is in good
agreement with the Naval-Research-Laboratory's-Mass-Spectrometer-Incoherent-Scatter-
Radar-Extended NRLMSISE-00) model, except for the altitude range of 70—110 km, where
the density measured is ~50% smaller than the model. Given that the NRLMSISE-00
model was constructed some time ago, the density decline could be due to the radiative
cooling/contracting of the upper atmosphere as a result of greenhouse warming in the
troposphere, although we cannot rule out a possibility that the present NRL model is
simply imperfect in this region.
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Nuclear data for Fission Fragments deduced from Time-dependent Microscopic Nuclear Theory
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We investigate nuclear dynamical effects for the charge polarization (CP) of fission fragments (FF).
The CPs of FF for 23°U+n thermal fission reaction has been deduced by using the static microscopic
mean-field calculation in the previous study. The charge distribution of FF is an important quantity to
calculate several statistical quantities, such as neutron yields from FF. The CPs of major fission reactions
on the nuclear power plants are compiled in the evaluated data library (Wahl systematics). From the
comparison between the library and our results, the extra effects from the static theory are indicated for
the CP. We consider the effects to be dynamical effects and investigate them using the canonical-basis
time-dependent Hartree-Fock-Bogoliubov theory. We report the CPs considering the nuclear dynamics

and nuclear pairing functional dependence.
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Invariant measures for Iterated Function Systems with inverses
Yuki Takahashi
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1. Tterated Function Systems (IFS)

A finite collection of strictly contractive maps on the real line is called an Iterated Function System (IFS).
Let F = {fi}ica be an IFS. It is well-known that there exists a unique nonempty compact set K such that

K = fi(K).
ieA
The set K is called the attractor of F.

ExaMPLE 1.1. Let ] 1 5
fo(x) = 3% fi(z) = §$+ 3

Then the attractor is the middle-1/3 Cantor set. See Figure 1. It is easy to see that we have
K = fi(K)U fao(K).

K()Z
Kll

Kg: _ = —_ — —_ — _ =
K4Z -—— - -— == -— == -- --

FIGURE 1. K :=(),_, K, is the middle-1/3 Cantor set.

Let F = {fi}ica be an IFS, and let p = (pg)aca be a probability vector. Then it is well-known that
there exists a unique Borel probability measure v, called the invariant measure, such that

v = Zpa 'fiyv

ac
where f;v is the push-forward of v under the map f; : R — R.

ExXAMPLE 1.2. Let

fole) = 5o, file) = 3o+ 3 and p=(5,3),

Then the associated self-similar measure v satisfies
1 1
V= ifonL §f1V7

whose support is the middle-1/3 Cantor set. See Figure 2.
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FIGURE 2. measure v

When the construction does not involve complicated overlaps (say, under the open set condition) the
invariant measure is relatively easy to understand. For example, if the open set condition holds then the
dimension of v is given by

dimy = —,

where h = h(p) is the entropy and x = x(®,p) is the Lyapunov exponent. However, the situation is dramat-
ically more difficult in the overlapping case.

EXAMPLE 1.3. Let 0 < A < 1/3, and let

fole) = 32, fil) = g+ 2 and fylx) = 1o+

Then the IFS F = {fo, f1, f2} have an “overlap”.

FIGURE 3. overlapping case

We are interested in one-parameter family of IFS. Let F* be a parameter family of IFS with overlaps,
and let ¢ be the associated invariant measure. Using the so-called transversality method, in [5] the authors
showed that under the transversality condition the measure vy satisfies

h
dim v¢ = min {1, }
Xt

for a.e. t, and is absolutely continuous for a.e. t in

{tGU:h>1}.
Xt

For the transversality method see also [1], [2], [3], [4], [6].

2. Iterated Function Systems with inverses

In [7], T considered the case that the collection of maps contain inverses. We call such system an IFS
with inverse. 1 showed that analogous result to the above theorem holds for IFS with inverse. For the proof
we need to employ the ideas from random walks on (free) groups. We give an example of IFS with inverse
below, instead of giving the precise definition.
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ITERATED FUNCTION SYSTEMS WITH INVERSES

EXAMPLE 2.1 (IFS with inverse). Let A = {0,1,17'}, and let p = (pa)aeca be a probability vector. For
0 < k,l <1, define
1+z+1-1

Let fi-1 = fl_l. It is easy to see that we have fy(0) =0, f1(—1) = -1, f1(1) =1 and fi(k) =k, f1(1) = 1.

°
-1 —k 0 k 1

It is well-known that there exists a unique Borel probability measure v = v(k,[) that satisfies

v = Zpafal/~

a€A
The measure v is called a Furtenberg measure.

The following is the main result.

THEOREM 2.1 (Theorem 2.1. in [7]). Let v* be the invariant measure associated to a one-parameter
family of IFS with inverse. Assume that the transversality condition is satisfied. Then

(i) For a.e. t,

h
dim »* = min {1, RW } ,
Xt
where hrw = hrw (p) is the random walk entropy and x*t is the Lyapunov exponent.

t is absolutely continuous for a.e. t in

h
U—{t: R:V>1}.
X
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FSums and products of Cantor sets and separable
two-dimensional quasicrystal models |
iEiwaxag
Spectral theory, dynamical systems and fractal geom-
etry
(W55 DINE]
My recent research involves the study of Iterated
Function Systems (IFS). IFS is a finite collection of
strictly contractive maps on the real line. It is well-
known that for an IFS and an associated probability
vector there exists a unique Borel probability mea-
sure called the invariant measure. When the con-
struction does not involve complicated overlaps (say,
under the open set condition) the invariant measure
is relatively easy to understand. For example, if the
open set condition holds then the dimension of the
invariant measure is given by the entropy divided by
the Lyapunov exponent. However, the situation is
dramatically more difficult in the overlapping case.

I am interested in one-parameter family of IFS
(with overlaps). For a parameter family of IFS
with overlaps, it is known that under the so-called
transversality condition the invariant measure satis-

fies the dimension formula for almost every parameter

value. Moreover, the invariant measure is absolutely

33

continuous in the parameter region such that the en-
tropy is greater than the Lyapunov exponent.

I extended the above result to the case that the
collection of maps contain inverses. For the proof it
is necessary to employ the ideas from random walks
on (free) groups.

The motivation of the above question is the
Furstenberg measure. If a finite collection of SL(2,R)
matrices and an associated probability vector is given,
then there exists a unique probability measure, which
is called a Furstenberg measure, on the projective
space. Furstenberg measure has a natural connection
with, for example, mathematical physics and fractal
geometry. In some cases Furstenberg measure agrees
with the invariant measure of IFS with inverse.

One of my current interest is the Furstenberg
measure in the case that the collection of SL(2,R)
matrices is symmetric. This is a quite natural as-
sumption from the point of view of the random walks
on groups. However, obtaining the analogous results
for this case seems extremely hard and well beyond
the scope the above method. Currently I am working

on establishing a machenary to tackle this problem.
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[1] Y. Takahashi, Invariant measures for Iterated
Function Systems with overlaps, to appear in Jour-
nal of Fractal Geometry.

[2] B. Solomyak, Y. Takahashi, Diophantine property
of matrices and attractors of projective iterated func-
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